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Abstract
Innate immunity is crucial to living beings as it allows both multi-cellular and single cellular
organisms to detect and eradicate invading pathogens. The Toll-like receptors (TLRs) are pivotal
to the innate immune response as they bind microbial components and activate the prototypic
proinflammatory molecule, Nuclear Factor ĸB (NFκB). The activation of NFκB is critical to initiating
an anti-pathogenic state enabling the clearance of pathogens and the instigation of the adaptive
immune response.
Whilst the downstream signalling mechanisms of TLR signalling have been studied in great detail,
more focus on cross-talk between signalling pathways is required. The main aim of this thesis is
the examination of cross-talk between Janus Kinase-Signal Transducer and Activator of
Transcription (JAK-STAT) and TLR pathways, and the role STAT1 and STAT3 have in TLR-induced
inflammatory responses.
Following stimulation with TLR ligands, STAT1 and STAT3 were demonstrated to undergo a rapid
Ser-727 phosphorylation independent of tyrosine phosphorylation. The Ser-727 phosphorylation
of STAT1 and STAT3 was found to be dependent on Myeloid Differentiation Primary Response
Gene 88 (MyD88) and Toll/Interleukin-1 Receptor (TIR) Domain-containing Adapter Inducing
Interferon-β (TRIF) signalling but not secretion of Interferon-β (IFN-β). Bioinformatic analyses of
STAT1 and STAT3 identified putative Tumour Necrosis Factor Receptor-associated Factor 6
(TRAF6) Binding Motifs (T6BMs), a well-documented site important for association with TRAF6, a
central molecule in TLR signalling. STAT1 and STAT3 were shown to interact with TRAF6 through
overexpression assays and endogenous immunoprecipitations.
TLR stimulation was found to induce mitochondrial reactive oxygen species (mtROS) production
thought to be a result of STAT3 mitochondrial localisation. STAT3 and TRAF6 were found to
localise to mitochondria separately, although the two proteins colocalised in the cytoplasm.
STAT3 S727A mutants also failed to drive activation of the NFκB promoter Tripalmitoyl-S-glycerylL-Cys (Pam3Cys) stimulation demonstrating the ability of Phosphoserine (pSer)-727 STAT3 to
modulate cytokine production. Examination of cytokine production following TLR stimulation
showed that siRNA depletion of STAT3 abolished Interleukin-6 (IL-6) production and diminished
Tumour Necrosis Factor-α (TNF-α) levels. The findings here suggest that pSer-727 STAT3
colocalises to the mitochondria, where it is proposed to interact with the Electron Transport
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Chain (ETC) and generate ROS production, this in turn drives expression of proinflammatory
cytokines.
Confocal microscopy conducted on TLR-stimulated cells displayed rapid nuclear localisation of
pSer-727 STAT1, with Tyr-701 STAT1 only translocating to the nucleus at 60 minutes. A range of
TLR ligands was able to induce pSer-727 STAT1 nuclear localisation demonstrating this to be a
board TLR-induced response. Interestingly, STAT1 S727A mutants failed to drive NFκB and IL-6
activation, but not TNF-α following Pam3Cys stimulation. STAT1 S727A Bone Marrow-derived
Macrophages (BMMs) however, were found to produce less TNF-α, but not IL-6 or Regulated on
Activation Normal T Cell Expressed and Secreted (RANTES). Nuclear translocation of STAT1 was
not observed to be different in WT and STAT1 S727A BMMs, but may be an issue with being
unable to directly detect pSer-727 STAT1. To further assess STAT1s role in driving inflammatory
responses Glycoprotein 130 (gp130)Y757F/Y757F (F/F) STAT1-deficient Mice Embryonic Fibroblasts
(MEFs) were employed. Following TLR stimulation, TNF-α production was severely ablated, whilst
IL-6 production was not affected. This aligns with the BMM data, suggesting the pSer-727 STAT1
predominately regulates TLR-induced inflammatory responses through regulation of TNF-α
production.
My findings propose a new and novel means of regulating inflammatory responses by TLRs. The
rapid serine phosphorylation of STAT1 and STAT3 may be used by the TLRs as a means of finetuning the innate immune response, with STAT1 acting upon TNF-α and STAT3 predominately
regulating IL-6. Serine phosphorylation of the STATs is traditionally thought to increase
transcriptional activity, but this study is the first in demonstrating its ability to modulate
proinflammatory responses.
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Chapter 1: Literature Review
1.1 – Immune system
The immune system is essential to the survival of all living organisms, as it allows them to
eliminate pathogen threats from the host. The immune system in vertebrates consists of two
branches: the innate immune system which is also known as the first line of defence and the
adaptive immune system, known as the second line of defence. Innate immunity is a rapid
response that is mediated by white blood cells such as macrophages and neutrophils (Aderem
and Ulevitch, 2000). Whilst adaptive immunity primarily involves the elimination of pathogens
and occurs in the late phase of the immune response. The adaptive immune system is highly
sophisticated and involves the generation of specific receptors to antigens found within the body.
This is mediated through T and B cells and incorporates deoxyribonucleic acid (DNA)
rearrangement, giving the adaptive immune system the potential to recognise a wide range of
antigens (Akira and Takeda, 2004). Adaptive immunity differs from innate immunity through the
specificity of the response and the generation of immunological memory (Akira et al., 2006).

Unlike adaptive immunity which is only found in vertebrates, innate immunity is highly conserved
and is present in almost all multi-cellular organisms (Zhu et al., 2007). The innate immune
response has always been regarded as a non-specific system that destroys pathogens and
presents them to cells of the adaptive immune system. However, studies in the past decade have
shown that the innate immune response is far more specific than once thought, with a highly
developed ability to discriminate between self and foreign antigens (Akira and Takeda, 2004).

The innate immune system recognises microorganisms through a finite number of germ-line
encoded Pattern Recognition Receptors (PRRs). All PRRs share common characteristics, they
detect microorganisms through Pathogen Associated Molecular Patterns (PAMPs) and can
identify pathogens at any life cycle stage (Akira et al., 2006, Zhu et al., 2007). These PAMPs have
three common characteristics that make them ideal targets for innate immunity recognition. First,
they are produced by microorganisms, but not the host in which they reside; this allows
discrimination between “self” and “non-self” when PAMPs are detected. Second, PAMPs do not
vary among microbes of the same class, allowing a limited number of PRRs to identify the
existence of a microbial infection. Third, PAMPs are highly conserved among pathogens and these
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motifs are essential to the biology of the pathogen, therefore they are not subject to high
mutation rates (Medzhitov, 2001). PRRs are also constitutively expressed on cells of a certain type
that function independently of immunological memory. Different PRRs interact with specific
PAMPs, and these activate specific signalling pathways which lead to varied immune responses.
The basic mechanisms involving pathogen recognition in innate immunity is highly conserved,
even amongst different species (Akira et al., 2006).

With the discovery of the Toll-like Receptors (TLRs) came a renewed interest in innate immunity.
TLRs are now recognised as having an essential role in the innate immune systems recognition of
PAMPs, and the activation of the adaptive immune response in mammals (Schnare et al., 2001).
TLRs are pivotal in early host defence against microbial invasion, and it is now accepted that
activation of innate immunity is a prerequisite for the initiation of adaptive immunity (Akira and
Takeda, 2004).

Following the discovery of the TLRs, further families of PRRs have been identified that also
recognised PAMPs and shape the immune response. These include the membrane bound C-type
Lectin Receptors (CLRs), Cytoplasmic Protein-like the Nuclear Oligomerisation Domain (NOD)-like
Receptors (NLRs), and Retinoic Acid-inducible Gene 1 (RIG-1)-like Receptors (RLRs). The CLRs are a
family of membrane bound proteins that contain one or more C-type lectin domains and mainly
recognise PAMPs from fungi and bacteria (Robinson et al., 2006). The RLR family is made up of
three members; RIG-1, Melanoma Differentiation-associated Gene 5 (MDA5) and Laboratory of
Genetics and Physiology 2 (LGP2) (Yoneyama and Fujita, 2007). They recognise viruses and
activate type I interferons (IFNs) to aid in viral clearance. The NLR family contains more than 20
proteins, with some of these recognising various PAMPs. Some NLR members like NAcht Leucinerich Repeat Protein 1 (NALP1) and NALP3 form components of the inflammasome, leading to the
cleavage of pro-interleukin (IL)-1β to its mature form IL-1β (Martinon et al., 2009). In this review I
will be focusing on the function, structure and signalling pathways of the TLRs.

1.2 - Toll-like receptors
The TLR family were discovered through the identification of the gene Toll identified in Drosophila
melanogaster. Initially the Toll gene was found to regulate embryonic dorsoventral polarity in the
fruit fly (Hashimoto et al., 1988). Toll mutant flies were also shown to be highly susceptible to
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fungal infections, which demonstrated the importance of innate immunity as a means of
detecting invasion by microorganisms (Lemaitre et al., 1996). It was demonstrated that the Toll
gene and its extracellular ligand, spätzle, also activated an antifungal peptide gene, Drosomycin.
(Lemaitre et al., 1996)

Mammalian homologues of the Toll gene were subsequently discovered through expressed
sequence tags and database searches (Medzhitov et al., 1997). Functional studies performed in
vertebrates have not, thus far, uncovered a role for TLRs in development. Rather mammalian
TLRs have vital roles in the direct recognition of pathogens, the initiation of the Nuclear Factor κB
(NFκB) signalling pathway and the commencement of both innate and adaptive immunity (Leulier
and Lemaitre, 2008). To date, 13 mammalian TLRs have been discovered (Uematsu and Akira,
2007). Each member of the family detects distinct PAMPs and also signal through their respective
pathways resulting in varied immune responses that eliminate or halt the progression of an
infection (Takeda and Akira, 2004).

Ten functional TLRs have been identified in humans, each recognising different PAMPs (Werts et
al., 2006). An eleventh human TLR does exist; however it contains a stop codon in the gene
rendering the receptor non-functional. TLRs are expressed on various immune cells: including
macrophages, dendritic cells (DCs), B cells and certain types of T cells. Even non-immune cells
such as fibroblasts, mucosal epithelial and endothelial cells also express TLRs (Akira et al., 2006,
Verstak et al., 2007).

1.2.1 - Toll-like receptors structure and function
The TLRs are type I integral membrane glycoproteins, where all members of the TLR family
contain three domains; cytoplasmic, transmembrane and extracellular domains (Akira et al.,
2006, Kobayashi et al., 2006, Bowie and O'Neill, 2000). The cytoplasmic domain of the TLRs is
characterized by a common motif termed the Toll/interleukin-1 Receptor (TIR) domain that is
homologous to the Interleukin-1 Receptor (IL-1R) (Gay and Keith, 1991). The cytoplasmic domain
functions as a signalling component, recruiting signal adaptor molecules via TIR-TIR homotypic
interactions (Kobayashi et al., 2006). Within the TIR domain there are three motif sequences
(terminal boxes) that are conserved between TLRs and IL-1Rs; this region is crucial for signalling
and is ~200 residues in length (Figure 1.1) (Bowie and O'Neill, 2000). Sequence conservation is
relatively low between TIR domains, ranging between 20-30%, with domains varying in length
4
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Figure 1.1: Interleukin-1 receptor and Toll-like receptor.
The IL-1 receptor and TLR have a conserved cytoplasmic domain, known as the TIR domain. The
TIR domain is characterized by the presence of three highly homologous regions (Box 1, 2 and 3).
Adapted from Akira, S. and K. Takeda (2004). "Toll-Like Receptors Signalling." Nature Reviews:
Immunology. 4: 499-511.

5

Chapter 1: Literature Review

from 135 to 160 residues. This is a result of deletions and insertions in the loop regions (Song and
Lee, 2012). The monomeric structures of the TIR domains of TLR1, 2 and 10 have also been
determined (Xu et al., 2000, Nyman et al., 2008). They have similar structural homology and
mutagenesis studies have revealed several key regions that are crucial for signalling. Box 1 and
box 2 are essential for signalling as demonstrated through mutagenesis studies (Croston et al.,
1995). Other studies have found that box 3 may also play a role in signalling, though its role may
not be as important as boxes 1 and 2 (Slack et al., 2000). Crystal structures of the TIR domains of
TLR1 and TLR2 have revealed a central five stranded parallel β sheet that is surrounded by five αhelices on each side (Khan et al., 2004). These secondary structures are connected by loops, and
the conserved boxes 1 and 2 display their side chains for interaction with other adaptor proteins
(Xu et al., 2000). These repeats are comprised of an α-helix and a β sheet, which is connected by
loops. The loops are named according to the secondary structures that they connect i.e. the BB
loop joins strand βB and helix αB (Xu et al., 2000) (Figure 1.2). It has been published that the
interactions between the TIR domains take place at the BB loop regions between the second αhelix and second β-strand (Huyton et al., 2007). Mutations to this region in TLR2 abolished signal
transduction in response to yeast and Gram-positive bacteria, demonstrating the importance of
the BB loop (Underhill et al., 1999). The intracellular TIR domain and extracellular Leucine-rich
Repeat (LRR) domain is linked by a short transmembrane region (~2-10 residues) and a single
transmembrane α-helix.

The extracellular domains are characterized by a varying number of LRR motifs, each containing
24-29 amino acids (aa) and hydrophobic residues spaced at regular intervals. This LRR domain
contains the motif L-X-X-L-X-L-X-X-N-X-L and is directly involved in the recognition of pathogens
(Kajava, 1998). The LRRs form a solenoid structure with the hydrophobic residues in the interior,
and each repeat is a turn of the solenoid. This hydrophobic core confers stability to the LRR
solenoid, and the capping structures that form the ends of the first and last LRR residues are
thought to protect the hydrophobic core by further stabilizing this structure (Bella et al., 2008)
(Figure1.3). The central L-X-L motif forms the core of the β-strand, the two leucine residues point
towards the centre of the structure, forming the hydrophobic core. The different X residues in the
motif are exposed to solvent and are thought to interact with ligands (Song and Lee, 2012). The βstrands all align forming a parallel β sheet, as the β-strands are packed so closely, this causes the
solenoid to curve, producing a horseshoe like structure (Botos et al., 2011). The LRR solenoid is
protected by two modules called the LRRNT and LRRCT, which are respectively in the N- and Cterminal domains of the protein. These two modules have a different sequence to the LRR motif
6
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Figure 1.2: Structure of the TIR domain of TLR10 as a Dimer.
(A) Ribbon diagram of the TIR domain of TLR10. The two interacting BB loops are in gold and red.
(B) Molecular surface of TLR10 dimer.
Botos et al. (2011). “The Structural Biology of Toll-like Receptors.” Structure. 4: 447-459.
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Figure 1.3: Ribbon diagram of the LRR domain of TLR3.
The LRR motifs together form a solenoid structure, with the hydrophobic residues pointing
towards the centre, thus forming a stable core. The β-strands all align and form a parallel β sheet
that is held together by hydrogen bonds. As the β-strands are packed more closely together than
the LRR region, the solenoid adopts a curved shape.
Botos et al. (2011). “The Structural Biology of Toll-like Receptors.” Structure. 4: 447-459.
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and the LRRNT motif contains an anti-parallel β hairpin, which is stabilized through disulphide
bonds (Song and Lee, 2012). The LRRCT is a globular structure that is made up of two α-helices
and is further stabilized by two disulphide bonds (Botos et al., 2011) (Figure 1.4).

Despite the conservation of the LRR domains, they surprisingly recognise structurally unrelated
ligands. Structural studies have provided new insights to the mechanisms of TLR ligand
recognition. The family of TLRs can be very versatile in the way ligand recognition occurs as they
can practically use all the LRR motifs on them to identify PAMPs. In addition to this, the location
and variations in shape of the bound LRRs aids in ligand diversity (Lu and Sun, 2012). This
flexibility allows the limited number of TLRs to recognise a wide variety of ligands.

Unlike insect Toll which has a role in both embryonic development and immunity, the main
function of mammalian TLRs is the initiation of inflammation and induction of the adaptive
immune response (Kaisho and Akira, 2006). Signalling from TLRs can sustain a more vigorous
inflammatory state, inducing an increased production of inflammatory cytokines such as IL-6 and
Tumour Necrosis Factor-α (TNF-α). The production of these cytokines leads to activation of the
surrounding cells which in turn produce chemokines and adhesion molecules. The production of
these proteins recruits inflammatory cells to the site of infection. Macrophages and neutrophils
that are recruited to the area will become activated and phagocytose foreign antigens leading to
the internalization of PAMPs. These activated leukocytes will kill the pathogens through the
generation of nitric oxide (NO) and reactive oxygen species (ROS). The local inflammatory
response in this situation is pivotal to the resolution of the infection. However, inflammation itself
can be a double-edged sword, excessive amounts of cytokines can have detrimental effects on
the host, and thus tight regulation of inflammation is also an important component of the
immune response (Kaisho and Akira, 2006).

1.2.2 - Cell surface TLRs
1.2.2.1 - TLR2

TLR2 can form heterodimers with TLR1 or TLR6 and recognises a wide range of PAMPs from
bacteria, viruses, fungi and parasites (Takeuchi et al., 2001, Takeuchi et al., 2002). The TLR2/1
heterodimer recognises triacylated lipoproteins, whereas the TLR2/6 heterodimer recognises
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Figure 1.4: Overall TLR structure.
The extracellular domain and cytoplasmic domain of the TLR are in blue. The LLRNT and LLRCT are
in pink and green, respectively. The C-α trace displays the LRR loop, with the central hydrophobic
core and side chains from the conserved leucine and asparagine residues.
Song et al. (2012). “Sensing of microbial molecular patterns by Toll-like receptors.” Immunological
Reviews. 250: 216-229.
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diacylated lipoproteins. Jin et al. (2007) was able to show the crystal structures of the TLR1-TLR2
complex bound to a synthetic lipoprotein agonist, tripalmitoyl-S-glyceryl-L-Cys-Ser-(Lys)4
(Pam3CSK4). Binding of a triacylated lipoprotein to TLR2 occurs in a lipid-binding pocket that is on
the convex face of the extracellular LRR domains. Two of the three acyl groups bind to the pocket
of TLR2, whilst the remaining acyl group binds to a similar lipid-binding pocket of TLR1 (Jin et al.,
2007) (Figure 1.5). It is this structure that explains the heterodimerisation of TLR1 and TLR2.
Modelling of TLR6 by Jin et al. (2007) suggests that TLR6 does not contain a lipid-binding pocket,
therefore this may explain the differences in lipoprotein recognition.

TLR6 shares 56% sequence homology with TLR1 however, there are structural differences in its
ligand binding and dimerisation that is attributed to the variations in ligand binding specificity.
Binding of dipalmitoyl-S-glyceryl-L-Cys-Ser-(Lys)4 (Pam2CSK4) induces a “M” shaped dimerisation
of TLR2 and TLR6, where the N termini extends out to their opposite ends, and the C termini meet
in the middle (Kang et al., 2009) (Figure 1.6). In fact, this “M” shaped dimerization is found in all
TLR homo- or heterodimers and supports previous theories suggesting that dimerisation allows
activation of the intracellular TIR domains (Jin et al., 2007). Unlike the way Pam3CSK4 interacts
with the TLR2/1 heterodimer, the lipid chains of Pam2CSK4 are submerged in the TLR2
hydrophobic pocket, whereas the peptide portion forms hydrogen bonds with both TLR2 and
TLR6 (Botos et al., 2011).

TLR10 has recently been demonstrated to require TLR2 for ligand recognition (Guan et al., 2010).
TLR10 shares a variety of agonists with TLR1 as both receptors recognise triacylated lipopeptides
(Guan et al., 2010). It was further demonstrated that structurally, TLR2/TLR10 bound to
lipopeptide was similar to TLR2/TLR1/lipopeptide complex. TLR10 and TLR1 share 43% aa identity
in their ectodomains and similar to TLR1, TLR10 contains a hydrophobic channel which runs along
its convex side which facilitates interaction with ligands (Guan et al., 2010). LRRs 6-17 of TLR10
were demonstrated to be responsible for ligand specificity as substitution studies conducted with
the TLR1’s LRRs 6-17 retained lipopeptide recognition (Guan et al., 2010).

TLR2 also has two cofactors, CD14 (discussed later) and CD36 that have been shown to be critical
in activating downstream signalling for specific ligands. CD36 is a 476 aa membrane protein that is
part of the scavenger receptor class B family and is found in lipid rafts (Calvo et al., 1995). Using
fluorescent imaging techniques Triantafilou et al. (2006) demonstrated that the heterodimer
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Figure 1.5: Overall structure of TLR2/TLR1 bound to Pam3CSK4 lipopeptide.
TLR1 is represented in green, TLR2 in blue, the Variable Lymphocyte Receptor (VLR) fragment in
grey and Pam3CSK4 lipopeptide in red. The central domains of TLR1 and TLR2 are coloured in
green and blue, respectively. Disulphide bridges are represented in yellow. (A) Side view. (B) Top
view.
Jin et al. (2007). “Crystal structure of the TLR1-TLR2 heterodimer induced by binding of a triacylated lipopeptide.” Cell. 130: 1071-82.
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Figure 1.6: Overall structure of mouse TLR2/TLR6 bound to Pam2CSK4 lipoprotein.
TLR2 is represented in light green, TLR6 in light blue, VLR fragments in grey and Pam2CSK4
lipopeptide in red. (A) Side view. (B) Top view.
Kang et al. (2009). “Recognition of Lipopeptide Patterns by Toll-like Receptor 2-Toll-like Receptor
6 Heterodimer.” Immunity. 31: 873-884.
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TLR2/TLR6 directly interacted with CD36 in response to lipoteichoic acid (LTA) and diacylated
lipoproteins. TLR2 ligands induced formation of this receptor complex near the cell surface in lipid
rafts. The heterodimer TLR2/TLR1 however did not interact with CD36 following triacylated
lipoprotein activation. Recently, CD36 has been shown to be important for the full activation of
the NOD-like Receptor Family, Pyrin Domain Containing 3 (NLRP3) inflammasome in
atherosclerosis through engagement of oxidised low-density lipoprotein and the TLR2/TLR6
heterodimer (Sheedy et al., 2013). The two heterodimers TLR2/TLR1 and TLR2/TLR6 pre-exist in
the cell, upon ligand binding the receptors are internalised and then targeted to the Golgi
apparatus. As ligand recognition for TLR2 occurs on the surface, CD36 and CD14 must bind and
present the ligand to the receptor on the cell surface, allowing it to be internalised and trafficked
to the Golgi apparatus (Nilsen et al., 2008).

1.2.2.2 - TLR4

TLR4 is unique amongst all the TLRs as it is the only one capable of signalling through all four
adaptor molecules. TLR4 recognises lipopolysaccharide (LPS), an essential component of the
bacterial outer membrane (Raetz, 1990). Using the hybrid LRR technique, Kim et al. (2007a)
demonstrated that TLR4 bound to an accessory protein MD-2 (Figure 1.7). The TLR4-MD-2
complex is shown bound to eritoran, one of its ligands and an analogue of LPS. Eritoran was
demonstrated to bind within an internal hydrophobic pocket of MD-2 (Kim et al., 2007a). Kim et
al. (2007a) were able to demonstrate that there was no direct contact between eritoran and
TLR4. The four acyl groups of eritoran occupy nearly 90% of the space inside the hydrophobic
pocket, and the two phosphate groups of the diglucosamine backbone of eritoran form ionic
bonds with positively charged resides at the opening of the pocket (Figure 1.8).

LPS signals through TLR4 by binding to its co-receptor MD-2. MD-2 contains two anti-parallel β
sheets that are sandwiched together. The space between the two sheets enables it to form a
large internal pocket where hydrophobic ligands like LPS can be bound (Song and Lee, 2012). Park
et al. (2009) demonstrated that when LPS is complexed to TLR4-MD-2, five of its six lipid chains
bind the hydrophobic pocket of MD-2, and the remaining chain binds to TLR4 (Figure 1.9). Other
accessory proteins are also involved in the interaction of LPS and the TLR4-MD-2 complex (Kawai
and Akira, 2010). LPS-binding Protein (LBP) and CD14 bind LPS and deliver it to the TLR4-MD-2
complex, causing dimerisation of two TLR4-MD-2-LPS complexes, which initiates downstream
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Figure 1.7: Overall structure of mouse TLR4-MD-2 complex and MD-2.
The N-terminal domain is in blue, central domain in cyan and C-terminal domain in green. The βstrands are represented in red and pink. Disulphide bridges are shown in yellow. (A) Side view. (B)
Lateral view. (C) Top view. (D) Close view of mouse MD2, with cysteine residues labelled. Cys-133
is not used in the formation of a disulphide bridge.
Kim et al. (2007). “Crystal structure of the TLR4-MD-2 complex with bound endotoxin antagonist
Eritoran.” Cell. 130: 906-17.
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Figure 1.8: Overall structure of human MD-2 bound to eritoran.
Close up view of human MD-2 bound to eritoran. The carbon, oxygen and phosphorus atoms in
eritoran are coloured green, red and orange, respectively. The MD-2 residues that interact with
eritoran are coloured in magenta and are labelled.
Kim et al. (2007). “Crystal structure of the TLR4-MD-2 complex with bound endotoxin antagonist
Eritoran.” Cell. 130: 906-17.
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A

B

Figure 1.9: Overall structure of the TLR4-MD-2-LPS complex.
TLR4 is represented as a dimer in blue and green, MD-2 in grey, the lipid A component of LPS is
red and its inner core highlighted in pink. (A) Top view of the TLR4-MD-2-LPS complex as a dimer.
TLR4 and MD-2 are formed before binding of LPS occurs and binding of LPS induces dimerisation
of the receptor. (B) Side view of the complex. The N- and C-terminal domains of TLR4 are capped
off by the LRRNT and LRRCT modules, respectively.
Park et al. (2009). “The structural basis of lipopolysaccharide recognition by the TLR4-MD-2
complex.” Nature. 458: 1191-1195.
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signal transduction (Fujihara et al., 2003, Akashi et al., 2003). LBP is required for binding LPS from
the outer membranes of bacteria or vesicles and then transferring the bound LPS to a monomeric
form of CD14. CD14 itself cannot initiate downstream signalling, therefore this complex of LBP,
CD14 and LPS must be delivered to TLR4-MD-2 in order to activate immune responses.

LBP belongs to the Lipid Transfer or LBP (LT-LBP) family, its other members include Bactericidal
and Permeability-increasing Protein (BPI), Phospholipid Transfer Protein (PLTP) and Cholesterol
Ester Transfer Protein (CETP) (Mulero et al., 2002). Whilst the structure of LBP bound to LPS is yet
to be resolved, BPI has been used for homology modelling of LBP. Both BPI and LBP have a
conserved and characteristic boomerang-shaped structure, which is comprised of a central β
sheet, with the N-terminal and C-terminal sharing little sequence homology. (Beamer et al.,
1999). The N-terminus is where the LPS binding occurs, although the precise site of LPS binding is
still unknown (Krasity et al., 2011). The C-terminal domain is responsible for transferring LPS to
CD14 (Iovine et al., 2002).

CD14 can be found as a glycosylphosphatidylinositol (GPI)-anchored cell surface protein or in a
soluble form that can be found in serum (Jin and Lee, 2008). It is a monocyte differentiation
antigen, and is unique as it can bind multiple microbial products including LPS, peptidoglycan,
polyinosinic-polycytidylic acid (poly (I:C)) and 2’-deoxyribo(cytidine-phosphate-guanosine) (CpG)
DNA (Dziarski et al., 1998, Baumann et al., 2010, Hailman et al., 1994, Lee et al., 2006, Nakata et
al., 2006). It can therefore interact with multiple TLRs. The binding site for different TLR ligands
appears to overlap in CD14, as different TLR ligands can compete with each other for CD14
binding (Dziarski et al., 1998, Baumann et al., 2010, Lee et al., 2006). It belongs in the LRR family
of proteins, and binding of LPS by CD14 is slow without the presence of LBP to catalyse the
interaction (Hailman et al., 1994). Kelley et al. (2012) resolved the crystal structure of CD14 and
found it to have a bent solenoid shape formed by 11 LRRs. The structure also revealed five αhelices on the convex side, with eleven β sheets forming the concave side of the solenoid. In the
N-terminus of CD14 there exists a cavity that is believed to function as the LPS binding site. The
cavity is mainly comprised of hydrophobic residues, with some positively charged residues in and
around the rim of the cavity (Figure 1.10).

TLR4 Interactor with LRRs (TRIL) is an 811 aa type 1 transmembrane protein that contains 13 LRRs
in its extracellular domain (Carpenter et al., 2009). The LRR motif is similar to that of TLRs and has

18

Chapter 1: Literature Review

Figure 1.10: Overall structure of human and mouse CD14.
Human CD14 (red) is overlaid over mouse CD14 (grey). The N-terminal binding pocket of CD14 is
highlighted and it thought to bind LPS and other TLR ligands.
Kelley et al. (2012) “The Crystal Structure of Human Soluble CD14 Reveals a Bent Solenoid with a
Hydrophobic Amino-Terminal Pocket.” The Journal of Immunology.
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notably high expression in the brain. LPS upregulates the expression of TRIL and this greatly
increases the interaction between TLR4 and TRIL. TRIL can also interact with LPS, and knockdown
of TRIL attenuates TLR4 signalling (Carpenter et al., 2009). Carpenter et al. (2011) later found that
TRIL can also interact with TLR3, and its expression can also be induced by poly (I:C). TRIL appears
to act like CD14 however it is unclear whether TRIL can bind double-stranded ribonucleic acid
(dsRNA).

1.2.2.3 – TLR5

TLR5 recognises the bacterial PAMP, flagellin (Hayashi et al., 2001). Flagellae are made up of
three substructures, a long flagellin fibre and a hook which connects the fibre to the basal body.
This flagellin fibre comprises of a large number of fliC flagellin. The crystal structure of a zebrafish
TLR5 has been resolved in complex with a truncated part of Salmonella fliC (Yoon et al., 2012).
TLRs between fish and humans share a high sequence homology, thus allowing prediction of
similar structures and ligand binding mechanisms. The crystal structures revealed the D1 domain
of flagellin is involved in binding and the dimerisation of TLR5. Similar to when other TLRs bind
their ligands, the D1 domain binds two TLR5 molecules forming the characteristic “M” shape, with
the two C-termini joined at the centre and the two N-termini facing outwards (Song and Lee,
2012) (Figure 1.11).

1.2.3 - Intracellular TLRs
1.2.3.1 - TLR3

TLR3 is located in intracellular compartments like endosomes, and recognises poly (I:C), which is a
synthetic analog of dsRNA (Alexopoulou et al., 2001). Studies performed by Wang et al. (2010)
reveal that TLR3 is monomeric in solution, but forms dimers with 45 base pair (bp) segments of
RNA, the minimum length required for TLR3 binding and activation. Binding of RNA is also
independent of its sequence and only occurs at a pH of 6.5 or lower (Leonard et al., 2008).

The structure of TLR3 was first elucidated by analysis of the ectodomain of TLR3 bound to dsRNA.
Similar to other TLRs, TLR3 also has a horseshoe like structure, but the solenoid has a lack of twist
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Figure 1.11: Overall structure of zebrafish TLR5 bound to flagellin.
TLR5 fragments are represented in orange and yellow, VLR fragments in green and brown and
flagellin in magenta and grey. (A) Side view. TLR5 interacts with Salmonella fliC flagellin in a 2:2
ratio. This interaction brings the C-terminal domains of TLR5 inwards forming the characteristic
“M” shape. (B) Top view.
Yoon et al. (2012). “Structural Basis of TLR5-Flagellin Recognition and Signalling.” Science. 335:
859-864.
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due to irregular LRR motifs (Bell et al., 2006b) (Figure 1.12). At LRR12 and 20, TLR3 contains two
large insertions that follow the β-strand (Choe et al., 2005). This is unique among TLRs and is
conserved in all mammalian TLR3 orthologs. Deletion of LRR12 did not effect TLR3 stimulation,
but deletion of LRR20 resulted in significant loss of activity (Bell et al., 2006a). The TLR3
ectodomain is heavily glycosylated, except for the C-terminal side of the β sheet. This side
interacts with dsRNA and in the crystal structure, it is shown that dsRNA is sandwiched between
two TLR3 molecules, forming the “M” shape arrangement (Liu et al., 2008) (Figure 1.13). When
bound to ligand, TLR3 does not undergo any conformational change. dsRNA interacts with TLR3 at
two sites, one is close to the N-terminal domain and the other is near the C-terminal domain. The
ectodomains of both TLR3 molecules also interact at the LRRCT motif and mutation studies have
demonstrated that all three binding sites are crucial for dsRNA binding (Wang et al., 2010). The
interaction between the LRRCT motifs is mainly hydrophilic, comprised of hydrogen bonds and
salt bridges. This site is vital for dsRNA binding as it aligns the other four dsRNA binding sites and
also brings the C-termini of both TLR3 molecules close together (Wang et al., 2010). It is
hypothesised that within a cell, the interaction between the LRRCT motifs may occur on the
luminal side of the endosome, allowing two TIR domain containing proteins to come together,
forming a platform for adaptor molecules to bind and initiate downstream signalling.

The reason TLR3 can only recognise dsRNA at a length of 45 bp is due to the distance between the
N-termini of two TLR3 molecules (Leonard et al., 2008). As cells normally contain short segments
of dsRNA (micro RNA and transfer RNA), the inability of TLR3 to recognise anything shorter helps
avoid autoreactive immune responses to self dsRNA (Botos et al., 2011). When binding dsRNA,
TLR3 only interacts with the ribose-phosphate backbone, this is the reason behind the lack of RNA
sequence specificity. In addition, it also confers an advantage when detecting viruses, as mutation
of its own sequence still cannot aid it in avoiding TLR3 recognition.

Most of the interactions between TLR3 and dsRNA are hydrophilic and these include hydrogen
bonds and salt bridges. Of particular importance are the interactions between the phosphate
groups of the dsRNA backbone and the imidazole rings of four histidine residues, three found in
the N-terminal domain and one located in the C-terminal domain of TLR3 (Botos et al., 2011).
Mutation of the H39 and H60 residues to alanine abolishes binding to dsRNA demonstrating the
importance of the salt bridges that are formed between these molecules. These interactions may
also explain the pH dependency of dsRNA binding, as these side chains would only become
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Figure 1.12: Overall structure of TLR3.
TLR3 is represented in blue, N-glycosylation is green and the two sulphate ions are depicted in red
and yellow. (A) Side view. TLR3 is glycosylated along the lateral surfaces of the molecule. (B) Top
view. The dimerisation domain between the two TLR3 dimers displays a region with no glycan
groups that allows binding of dsRNA.
Bell et al. (2005). “The molecular structure of the Toll-like receptor 3 ligand-binding domain.”
Proceedings of the National Academy of Sciences. 102: 10976-80.
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Figure 1.13: Crystal structure of TLR3 bound to dsRNA.
TLR3 is represented in pink and light blue, dsRNA is in orange and N-linked glycans are in yellow.
Binding sites of dsRNA at the N- and C-terminus are shown in dark blue and magenta,
respectively. The dimerisation site of TLR3 is coloured in green. (A) Top view of the complex
displaying the dsRNA bound to TLR3 and running the span of the receptors. (B) Side view
illustrating the characteristic “M” shape induced upon ligand binding. (C) View of the complex
looking down the dsRNA.
Wang et al. (2010). “Dimerization of Toll-like Receptor 3 (TLR3) is required for ligand binding.”
Journal of Biology Chemistry. 285: 36836-41.
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positively charged below pH 6.5, allowing them to interact with the RNA backbone. The inability
of TLR3 to bind dsDNA can also be explained from its structure. dsDNA forms in a B form, whereas
dsRNA adopts an A form. Thus dsDNA would be structurally unable to bind into the two termini
binding sites (Botos et al., 2011).

1.2.3.2 - TLR7 & 8

Structures of TLR7 and 8 have yet to be achieved, but like TLR3, both TLR7 and 8 are found
intracellularly. Compared to the cell surface TLRs, TLR7 and TLR8 have a higher molecular mass
and therefore longer ectodomains. The aa sequence of TLR7 and TLR8 suggests that it is quite
different from TLR3. The ectodomains of both TLRs contain 25 LRR motifs and are heavily
glycosylated. TLR7 and TLR8 contain large insertions at LRR2, 5 and 8, which would form
structures that extend out from the ectodomains and may be involved in nucleic acid binding (Bell
et al., 2003). The ectodomains of TLR7 and 8 also contain segments of ~40 residues between LRRs
14 and 15 that don’t have a defined structure. These are the only segments that have the greatest
variability between species (Botos et al., 2011). TLR7 and 8 also have differential expression, with
TLR7 found in the lung, placenta and spleen, whereas TLR8 is more abundant in the lung and
peripheral blood leukocytes (Sandor and Buc, 2005).

TLR7 was first discovered to recognise imidazoquinoline derivatives such as resiquimod and
imiquimod, and guanine analogs like loxoribine (Akira et al., 2006). TLR7 also recognises singlestranded RNA (ssRNA) from RNA viruses like influenza A virus and human immunodeficiency virus
(HIV) (Kawai and Akira, 2006). Synthetic poly (U) RNA and certain small interfering RNAs (siRNAs)
can also be detected by TLR7 (Hornung et al., 2005). TLR7 is highly expressed on plasmacytoid
dendritic cells (pDCs), which are able to produce large amounts of type I IFNs following viral
infection. This would suggest that TLR7 is the main sensor for ssRNA viruses.

TLR8 is similar to TLR7 and recognises resiquimod and viral ssRNA (Akira et al., 2006). Mice lacking
TLR8 respond normally to TLR8 agonist, unlike TLR7-deficient mice which fail to mount an
immune response (Akira et al., 2006, Kawai and Akira, 2006).
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1.2.3.1 - TLR9

TLR9 recognises unmethylated CpG DNA, which is found in bacteria and viruses, but is low in
mammalian cells. CpG DNA drives a strong T helper type 1 (TH1) response and is used as a vaccine
adjuvant (Kawai and Akira, 2006). TLR9 can also detect non DNA components like hemozoin, a byproduct of haemoglobin digested by Plasmodium falciparum (Coban et al., 2010).

Similar to TLR7 and 8, TLR9 contains 25 LRR motifs, is heavily glycosylated, and also contains large
insertions at LRR2, 5 and 8 (Botos et al., 2011). In addition, unstructured regions can be found
within TLR9 that span between LRR14 and 15 and these stretches can be ~40 residues long. There
is high expression of TLR9 on pDCs, where TLR9 serves as the sensor for ssDNA virus infection.
Studies have shown that TLR9 moves into early endosomes where it is transferred into lysosomal
compartments. TLR9 can also redistribute itself from the endoplasmic reticulum (ER) into CpG
DNA containing compartments. In order for recognition CpG DNA and activation of TLR9,
internalization and acidification of the receptor is necessary (Latz et al., 2004).

Latz et al. (2007) demonstrated that upon binding to CpG DNA, TLR9 undergoes a conformational
change in the ectodomain, making it very different to TLR3. This ligand-induced conformational
change may occur at the ~40 residue span between LRR14 and 15, as this unstructured region
could allow for changes in the receptor. Several other studies have suggested that proteases are
required for TLR9 function. It is thought that TLR9 is cleaved between LRR14 and 15, within the
undefined region (Matsumoto et al., 2008, Park et al., 2008). Park et al. (2008) also found that the
C-terminus, containing LRR15 to LRR25 was active by itself, however a conflicting study by Peter
et al. (2009) demonstrated that N-terminal mutations inactivated TLR9. It would be unlikely that
such a large portion of the TLR9 ectodomain would be highly conserved, but not crucial in TLR9
ligand recognition. Further studies into the structure of TLR9 are needed to further elucidate the
mechanism of ssDNA binding and activation of this receptor.

TLR9, like TLR4, also has a variety of cofactors that aid in the delivery of its ligand to the receptor.
These include granulin, High Mobility Group Box 1 (HMGB1) and LL37. Granulin is produced from
the proteolytic cleavage of its precursor form, pro-granulin a 593 aa protein (Kessenbrock et al.,
2008). In its pro-form, granulin has anti-inflammatory properties, but when degraded by
neutrophil elastase, granulin peptides exhibit proinflammatory properties (Zhu et al., 2002). Park
et al. (2011) found that granulin fragments are able to interact with TLR9, and the addition of pro-
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granulin in cells increased production of TNF-α. Addition of elastase inhibitors attenuated TLR9
signalling, but did not have an effect on TLR9 cleavage, demonstrating that proteolytic cleavage of
granulin is required for TLR9 signalling. Granulin was also found to bind to CpG oligonucleotides,
and via fluorescent microscopy was shown to colocalise with CpG oligonucleotides. It is thought
that granulin may facilitate the delivery of CpG oligonucleotides to TLR9 in endolysosomes, and
TLR9 interaction with CpG oligonucleotides was also enhanced in the presence of granulin (Park
et al., 2011). It is still unclear whether granulin can bind dsDNA, though the structure is known
and further analysis is required to answer this question.

The family of HMGB molecules are nuclear proteins that interact with chromatin and are involved
in allowing several other regulatory proteins to complex with DNA (Lotze and Tracey, 2005).
HMGB1 is a 215 aa protein that contains two DNA binding domains. HMGB1 exhibits
proinflammatory properties when it is secreted by the cell in response to cytokine stimulation
(Wang et al., 1999). CpG oligonucleotides have been shown to interact with HMGB1, which
potentiates the immune response through a TLR9-dependent manner. In unstimulated cells,
HMGB1 binds to TLR9 and this complex localises to the ER-Golgi Intermediate Compartment
(ERGIC) (Ivanov et al., 2007). Stimulation with TLR9 ligand leads to the complex of CpG
oligonucleotides, HMGB1 and TLR9 localising with the early endosome marker EEA1. Their data
suggests that HMGB1 does not affect uptake of CpG oligonucleotides or its entry in early
endosomes, but rather it hastens TLR9s trafficking to early endosomes in response to CpG
oligonucleotides (Ivanov et al., 2007). Tian et al. (2007) found that CpG oligonucleotides bound to
HMGB1 and this augmented IFN-α production. IFN-α secretion was dependent on HMGB1
interacting with Receptor for Advanced Glycation End-products (RAGE) and TLR9. The absence of
HMGB1 attenuated the ability of CpG oligonucleotides to induce type I IFN production and the
secretion of other inflammatory cytokines (Ivanov et al., 2007).

In pDCs, LL37 has been reported to be another cofactor of TLR9 and has shown to be involved in
presenting self DNA to TLR9 (Lande et al., 2007). LL37 is a 37 aa antimicrobial peptide produced
from its precursor, cathelicidin following cleavage by serine proteases (Zanetti et al., 1997). In
psoriasis, LL37 can be detected at high levels in keratinocytes (Lande et al., 2007). LL37 breaks
tolerance to self DNA by forming a complex with it and triggering IFN production. The complexes
of LL37 and DNA cannot be broken down by deoxyribonucleases (DNases), and are taken up by
pDCs (Lande et al., 2007). These complexes are relocated to early endosomes where they come
into contact with TLR9 and induce IFN-α production (Lande et al., 2007). There is no evidence
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which suggests that LL37 binds to TLR9, instead LL37 is thought to function as a delivery molecule
bringing into contact self DNA and TLR9 during cell damage. LL37 has also been shown to form
complexes with self RNA and may also be cofactors to TLR7 and TLR8 (Ganguly et al., 2009). It has
further been reported that LL37 can bind self RNA from dying cells and transport it into
endosomal compartments, activating both TLR7 and 8 and inducing IFN-α, TNF-α and IL-6
production (Ganguly et al., 2009). Like HMGB1, LL37 can bind and deliver DNA/RNA to
intracellular TLRs, but whether it has a role in host defences is unknown.

1.2.4 – Cellular localisation of TLRs
The maturation and folding of the TLRs is dependent on two proteins, Glucose-regulated Protein
of 94 kDa (GRP94) and Protein-associated with TLR4 A (PRAT4A). GRP94 is an 803 aa ER protein,
and is a paralog of Heat Shock Protein 90 (HSP90), which facilitates protein folding (Lee et al.,
2012). GRP94 is ubiquitously expressed, and exists as a homodimer. GRP94 has been shown to
chaperone several cell surface TLRs, as well as several intracellular TLRs. It is also required for the
function of TLR1, 2, 4, 5, 7 and 9, but not TLR3 (Liu and Li, 2008, Randow and Seed, 2001, Yang et
al., 2007b). GRP94-deficient macrophages lack the ability to respond to ligands of TLR2, 4, 5, 7
and 9 (Yang et al., 2007b). The surface expression of TLR1, TLR2 and TLR4 requires GRP94, and it
is also involved in TLR9 maturation and cleavage (Randow and Seed, 2001, Yang et al., 2007b, Liu
et al., 2010). GRP94 must therefore facilitate TLR folding and maturation, and allow the receptors
to be trafficked from the ER. However, it is unknown where in the process GRP94 acts in TLR
folding and how it carries out this role. Similar to HSP90, GRP94 also requires co-chaperones to
aid in its action and this molecule is PRAT4A.

PRAT4A, like GRP94, is ubiquitously expressed. PRAT4A is a 276 aa protein that can be found in
the ER, and has been shown to interact with TLR4. PRAT4A associates with the premature form of
TLR4, though it does not interact with MD-2, and regulates the cell surface expression of TLR4
(Wakabayashi et al., 2006). Cells isolated from PRAT4A-deficient mice had lower levels of
inflammatory cytokine production in response to TLR1, TLR2, TLR4, TLR7 and TLR9 ligands.
Cytokine levels in response to TLR3 ligands however, were not affected (Takahashi et al., 2007).
This suggests that the trafficking of TLR3 and TLR9 from the ER are regulated by different
molecules. Takahashi et al. (2007) also found that PRAT4A-/- mice inhibited the trafficking of TLR1
and TLR4 to the plasma membrane and TLR9s translocation to lysosomes following ligand
stimulation. Like GRP94, PRAT4A is also crucial to the maturation of multiple TLRs in the ER.
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GRP94 was thought to act independently without the need of co-chaperones however, Liu et al.
(2010) discovered that GRP94 directly interacts with PRAT4A, and this complex dissociates in the
presence of Adenosine Triphosphate (ATP). Single aa substitutions of GRP94 (E103A) and PRAT4A
(M145K) rendered them unable to associate and in addition their TLR chaperoning function was
abolished (Liu et al., 2010). TLR9 can also form a complex with PRAT4A and GRP94, and
knockdown of either GRP94 or PRAT4A ablated TLR9s interaction with either molecule. GRP94
and PRAT4A alone cannot fold the TLRs, allowing them to reach full maturation (Liu et al., 2010).
This suggests that TLR9s interaction with either molecule is dependent on the presence of the
other, where both are critical to the folding and maturation of the receptor. It is thought that
other TLRs may also share a similar mechanism when being folded, though why this doesn’t affect
TLR3 is still unknown. TLR3 is heavy glycosylated, and this alone may serve as an effective
chaperoning method. Another possibility is that there may be a set of TLR3 specific chaperones
which have similar roles to PRAT4A and GRP94.

1.2.4.1 – TLR2

In unstimulated monocytes, TLR2 is expressed on the cell membrane, early endosomes and
lysosomes. TLR2 however, is not found in the Golgi apparatus and ER (Nilsen et al., 2008). Upon
stimulation TLR2 accumulates in lipid rafts and is then rapidly relocated to phagosomes
(Triantafilou et al., 2006, Underhill et al., 1999). Similar to TLR2, TLR1 and TLR6 are also expressed
on the plasma membrane, and following stimulation will gather in phagosomes (Underhill et al.,
1999). In contrast, TLR10 is highly expressed in B cell lines and pDCs (Hasan et al., 2005). The
complexes of TLR2/TLR1 and TLR2/TLR6 are gathered to the phagosomes, regardless of the
presence of Gram-positive bacteria, thus allowing them the potential to detect the existence of
other pathogens (Ozinsky et al., 2000). In response to zymosan, TLR10 and TLR2 can also be
detected to colocalise to phagosomes, suggesting that TLR2/TLR10 functions similar to the
TLR2/TLR1 complex (Guan et al., 2010).

Staphylococcus aureus needs to be engulfed before TLR2 activation can occur, as inhibition of this
process prevents TNF-α and IL-6 production (Ip et al., 2008). However, engulfment isn’t
mandatory for Gram-positive bacterial wall components zymosan and LTA when activating TLR2
signalling (Nilsen et al., 2008). This suggests that whole bacteria are engulfed and their individual
outer membrane components must be separated before TLR2 can recognise them.
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Inflammatory monocytes, which are rapidly recruited to sites of infection in a Chemokine
Receptor Type 2 (CCR2) -dependent manner, have been shown by Barbalat et al. (2009) to induce
type I IFN production through TLR2 signalling. This TLR2-induced type I IFN production is only
activated upon viral but not bacterial ligand stimulation. TLR2 internalisation is required for IFN
production but not for TNF-α, this demonstrates that like TLR4, cellular localisation of the
receptor can induce production of a different set of inflammatory cytokines.

1.2.4.2 – TLR4

Cells responsiveness to LPS is partly dependent on the levels of TLR4 expressed on the plasma
membrane. These levels of TLR4 receptor are regulated by the amount of TLR4 that is trafficked
from the Golgi apparatus to the cell surface and the levels of TLR4 inside of endosomes
(McGettrick and O'Neill, 2010). Surface expression of TLR4 is dependent on MD-2, as fibroblast
lacking MD-2 have TLR4 predominantly in the Golgi apparatus (Nagai et al., 2002).

In resting human monocytes, TLR4 can be detected in the Golgi apparatus and on the plasma
membrane (Husebye et al., 2006, Latz et al., 2002). Confocal studies conducted by Latz et al.
(2002) revealed that the TLR4-MD-2-CD14 complex is rapidly recycled between the Golgi
apparatus and the plasma membrane. Interestingly, LPS is also trafficked between the two areas
alongside the receptor complex. Trafficking of the TLR4-MD-2-CD14-LPS complex to the Golgi
apparatus was originally thought to be critical for TLR4 signalling, however inhibition of this
trafficking had no effect on the TLR4 pathway (Latz et al., 2002).

Following LPS stimulation, the TLR4-MD-2-LPS complex is translocated from the plasma
membrane to the endosome (Tanimura et al., 2008). This translocation occurs within 15 minutes
of LPS stimulation, and both MD-2 and CD14 greatly increased the binding and uptake of LPS
(Husebye et al., 2006). Inhibition of LPS internalisation leads to LPS-induced NFκB activation, and
it was therefore thought that TLR4 relocation to the endosome was for its subsequent
degradation. Where in fact, it was revealed that the internalisation of TLR4 was required for
complete signalling from this receptor. Kagan et al. (2008) also inhibited internalisation of LPS and
found that it had no effect on NFκB activation, but demonstrated that Interferon Regulatory
Factor 3 (IRF3) did not undergo phosphorylation. The internalisation of TLR4 was revealed to not
only dampen the LPS response; it was also required for TLR4 to signal through TRIF Related
Adaptor Molecule (TRAM) and TIR Domain-containing Adaptor Protein Inducing IFN-β (TRIF)
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(Kagan et al., 2008). This relocation of the TLR4 was required to induce type I IFN production. In
resting cells, TRIF is found diffusely in the cytoplasm (Honda et al., 2004). Upon LPS stimulation,
TRIF is relocated to lipid rafts close to the cell surface, it is also trafficked to early endosomes
where it localises with TRAM (Wong et al., 2009, Tanimura et al., 2008). In resting cells, TRAM is
found at the plasma membrane and early endosomes: in endosomes TRAM can colocalise with
CD14, but does not interact with TLR4 (Rowe et al., 2006, Tanimura et al., 2008). Within 30
minutes of LPS stimulation, TRAM is trafficked from the cell surface to early endosomes where it
colocalises with TLR4 (Palsson-McDermott et al., 2009). TLR4, MD-2 and CD14 are all required for
the translocation of TRAM, as cells that lack the expression of all three molecules fail to shuttle
TRAM from the plasma membrane to early endosomes (Tanimura et al., 2008).

TRAM Adaptor with Golgi Dynamics (GOLD) Domain (TAG) is a splice variant of TRAM. It has been
shown to negatively regulate TLR4 signalling by displacing TRIF from TRAM (Palsson-McDermott
et al., 2009). The GOLD domain is found in several proteins that are involved in the Golgi
apparatus secretion and localisation of proteins into vesicles (Anantharaman and Aravind, 2002).
In resting cells, TAG is found in the ER and early endosomes. Upon LPS stimulation, TAG relocates
to the membrane of late endosomes, there it interacts with TLR4 and TRAM. (Palsson-McDermott
et al., 2009). The complex TRIF and TRAM is disrupted by TAG and subsequently inhibits type I IFN
production (Palsson-McDermott et al., 2009). TAG also causes the degradation of TLR4, though it
is unknown if TLR4s translocation to late endosomes is dependent on TAG.

TLR4 internalisation and its requirement for inducing type I IFN production ended the controversy
involving TLR4 interaction with TRAM and Myeloid Differentiation Primary Response Gene 88
(MyD88) Adaptor-like (Mal). Following LPS stimulation, TLR4 dimerises and is recruited to
phosphatidylinositol-4,5-bisphosphate (PIP2) rich lipid rafts (Triantafilou et al., 2002). As Mal
contains a PIP2 binding domain, it is also trafficked to lipid rafts, where it colocalises with TLR4
(Kagan and Medzhitov, 2006). Following LPS stimulation, MyD88 is translocated to lipid rafts at
the plasma membrane where it colocalises with Mal and TLR4, and activates NFκB signalling.
Levels of PIP2 drop during the process of endocytosis, and this causes Mal to dissociate from TLR4
(McGettrick and O'Neill, 2010). TRAM can then bind TLR4 and initiate IRF3 signalling (Kagan et al.,
2008).

TLR4s ability to activate type I IFNs is unique among the cell surface TLRs. Whilst TLR4-mediated
MyD88-dependent signalling occurs at the plasma membrane, MyD88-independent signalling
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requires endocytosis of TLR4. In the endosome TLR4 can interact with TRIF and TRAM, which
recruits TNF Receptor(TNFR)-associated Factor 3 (TRAF3) (Kagan et al., 2008). TRAF3 then
undergoes TRIF-dependent lysine 63 (K63)-linked polyubiquitination, which is required for the
activation of TRAF-family-member-associated NFκB Activator (TANK) Binding Kinase 1 (TBK1) and
IκB kinase ε (IKKε) and phosphorylation of IRF3, resulting in IRF3 translocation to the nucleus and
induction of type 1 IFN production (Tseng et al., 2010). In contrast TLR2 is unable to induce IFN
production, as its expression is confined to the plasma membrane and TRAF3 is unable to be
recruited to the cell surface, furthermore internalisation of TLR2 would cause dissociation of
MyD88 and Mal disabling the receptors ability to propagate signalling (Kagan et al., 2008).

1.2.4.3 – Intracellular TLRs

TLR3, 7, 8 and 9 are found in intracellular compartments where they are needed to sense foreign
nucleic acids. Blockage of endolysosome acidification prevents TLR7 and TLR9 induced immune
responses (Kawai and Akira, 2010). This finding reveals that the internalising of nucleic acids is
crucial for the activation of intracellular TLRs. TLR7 and 9 are found in the ER of unstimulated
cells, and upon ligand stimulation they are promptly trafficked to endolysosomes (Kim et al.,
2008). These intracellular TLRs possess retention signals that allow them to remain in the ER.
These retention signals vary from TLR to TLR. For TLR9 either the ectodomain or the
transmembrane is required for intracellular retention (Leifer et al., 2006). TLR7 only requires its
transmembrane domain to retain it internally, whereas TLR3 has a 23 aa sequence in its
cytoplasmic region that retains the receptor intracellularly (Nishiya et al., 2005). It is still unknown
whether the cell surface TLRs contain either an export signal or the lack of a retention signal that
determines their cellular localisation.

Following ligand stimulation, TLRs 3, 7 and 9 are trafficked from the ER to endosomes (Latz et al.,
2004, Johnsen et al., 2006). Trafficking of TLR7 and 9 however, isn’t ligand specific as LPS
stimulation also causes the relocation of these two TLRs to endosomes (Kim et al., 2008).
Endosomal localisation of TLR3 and TLR9 are however essential for dsRNA-induced and CpGinduced signalling in cells, respectively (Yi et al., 1998, Johnsen et al., 2006). For TLR9 to bind its
ligand it must first undergo cleavage by cathepsin L. Inhibition of lysosomal proteolysis renders
TLR9 inactive, although its importance at this point is not understood (Park et al., 2008). Much
controversy surrounds the cleavage of TLR9 as deletion of specific LRRs in the N-terminus renders
it unable to bind to its ligands. The N-terminus is also positively charged and has been proposed
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to bind negatively charged DNA (Peter et al., 2009). This interaction site mimics that of TLR3’s
interaction site, and suggests that the endosomal TLRs may bind their cognate ligands in a similar
fashion.

The localisation of these TLRs is important as it may help prevent recognition of self DNA. Barton
et al. (2006) replaced the native transmembrane of TLR9 with that of TLR4 and found that the
chimeric TLR9 receptor localised to the cell surface. It was able to respond to synthetic ligands,
but failed to illicit a response to viral nucleic acids. The relocated chimeric receptor was also able
to recognise self DNA, which wild-type (WT) TLR9 normally isn’t exposed to. Normally self-nucleic
acids are degraded rapidly before reaching the endolysosome, while viral DNA is protected by
capsid proteins. TLR7 and TLR9 are therefore able to detect viral DNA, and this also serves as a
safety mechanism, by limiting these receptors to compartments where self DNA doesn’t normally
exist (McGettrick and O'Neill, 2010).

The trafficking of TLRs from the ER to endolysosome is facilitated by the protein UNC93B1. This
multi-transmembrane ER protein plays an important role in the localisation of intracellular TLRs,
but doesn’t have a role in the regulation of cell surface TLRs. Triple D mice which have a single
missense mutation in the UNC93B1 gene, are unable to mount a proper immune reaction in
response to TLR3, TLR7 and TLR9 ligands (Tabeta et al., 2006). As a result these mice are highly
susceptible to bacterial and viral infection. UNC93B1 interacts with the transmembrane domains
of TLRs 3, 7 and 9 and a single point mutation at residue 421 (H412R) abolishes signalling through
these TLR pathways (Brinkmann et al., 2007). UNC93B1 appears to be involved in the delivery of
TLR7 and TLR9 from the ER to endosomes; however its role may be more complex. Fukui et al.
(2009) found that UNC93B1 has a bias towards DNA detection. A mutation of UNC93B1
upregulated its interaction with TLR7, which conversely caused a decrease in association with
TLR9. This also led to an increase in ligand-induced trafficking of TLR7 and a decrease in TLR9
ligand-induced trafficking. Misregulation of TLR7 has been known to exacerbate autoimmune
diseases, whilst TLR9 appears to confer a protective function in autoimmune diseases
(Christensen et al., 2006). Previous studies have shown that overexpression of TLR9 supresses
TLR7, thus revealing that UNC93B1’s bias towards TLR9 response may in fact be a protective
mechanism against autoimmune diseases (Wang et al., 2006).

Adaptor Protein 3 (AP3) is another protein that has been shown to play a role in the trafficking of
TLR9. Members of the AP family are involved in selecting cargo to be placed in vesicles part of the

33

Chapter 1: Literature Review
late secretory and endocytic pathway (Nakatsu and Ohno, 2003). AP3 consists of four subunits, δ,
μ3A, β3A and σ3, and it is found on endosomal membranes, serving a role in recruiting proteins
into endosomes for trafficking to lysosomes and Lysosomal-related Organelles (LROs) (Bonifacino
and Traub, 2003). Cells lacking AP3 had reduced IFN production in response to CpG
oligonucleotides and TLR9 was also not observed in Lysosome-associated Membrane
Glycoprotein

2

(LAMP2)-expressing

compartments,

following

treatment

with

CpG-A

oligonucleotides coupled to a liposomal transfection reagent, DOTAP (Sasai et al., 2010). This
suggests a role for AP3 in recruiting TLR9 to lysosomes or LROs. The failure of AP3-deficient cells
to induce IFN production can also be attributed to the lack of IRF7 recruitment to lysosomes.
These findings demonstrate the crucial role AP3 plays in inducing IFN secretion through TLR9
signalling.

TLR trafficking and localisation represents an important part of the receptors ability to sense
ligands. Improper trafficking of the TLRs can potentially lead to autoimmune diseases; therefore
these processes must be tightly regulated to ensure no recognition of “self” antigen occurs. As
the trafficking of the TLRs is essential in the detection of pathogens, targeting these pathways
may provide therapeutic benefits in downregulating inflammation.

1.3 - Toll-like receptor ligands
The expression of TLRs is not fixed; rather it is affected by the presence of pathogens, cytokines
and environmental stresses. In addition, TLRs can be expressed intra- and extracellularly, and
believed to correlate with the specific ligands they bind (Akira and Takeda, 2004). TLRs 1, 2, 4, 5, 6
and 10 are expressed on the cell surface, whilst TLRs 3, 7, 8 and 9 are found exclusively in
intracellular compartments such as endosomes. As the ligands of these latter TLRs are mainly
nucleic acids, they require internalisation before signalling can commence (Akira et al., 2006).
Based on their primary sequence the TLRs can be further divided into subfamilies each
recognising related PAMPs.

TLRs 1, 2, 4, 5, 6 and 10 recognise lipid based structures (O'Neill, 2006, Guan et al., 2010). TLR1 is
known to recognise both triacylated lipoproteins and mycobacterial products (Takeuchi et al.,
2002). Studies have shown that TLR2 ligands are peptidoglycan and LTA from Gram-positive
bacteria (Schwandner et al., 1999). Subsequent studies have revealed that TLR2 heterodimerises
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with either TLR1 or TLR6 in order to recognise triacylated and diacylated lipoproteins, such as
Pam3CSK4 and zymosan respectively, further reiterating the high degree of specificity in the innate
immune response (Takeuchi et al., 2001, Lin et al., 2000, Jin et al., 2007). TLR10 also recognises
triacylated lipoproteins, similar to TLR1, and requires TLR2 to initiate signalling (Guan et al.,
2010). It was once thought that the ligand for TLR2 was LPS, however further studies revealed
that in fact it was TLR4 that recognised LPS from Gram-negative bacteria and TLR2 recognised
lipoprotein contamination of LPS (Poltorak et al., 1998, Hirschfeld et al., 2000). TLR4 can also
recognise several structurally unrelated ligands, such as fibronectin and HSPs, however
endogenous proteins contaminated with bacterial products cannot be discounted (Akira et al.,
2006). The TLR5 ligand, profillin, a component of bacterial flagellin, allows the host to detect
motile pathogens (See Table 1.1 and Figure 1.14) (Hayashi et al., 2001).

TLRs 3, 7, 8 and 9 recognise nucleic acids from invading pathogens (O'Neill, 2006). TLR3
recognises dsRNA, however, subsequent studies have shown that TLR3 may form multimers in
response to poly (I:C), viral RNA, messenger RNA (mRNA) and siRNA (Jiang et al., 2003, Bell et al.,
2005, Alexopoulou et al., 2001). In contrast to TLR3, TLRs 7 and 8 recognise ssRNA, and as these
receptors are localised intracellularly, they are dependent on endosomal acidification before they
can bind their targets (Diebold et al., 2004, Heil et al., 2004). TLR9 recognises unmethylated CpG
dinucleotide containing sequences, which is found primarily in bacterial and viral genomic DNA
(Table 1.1 and Figure 1.14) (Krug et al., 2004, Lund et al., 2003).

1.3.1 – Endogenous ligands
In response to a fungal infection, D. melanogaster activates protease cascades which lead to
generation of the protein spätzle, an endogenous ligand of Toll. Spätzle binds to Toll and causes a
signalling cascade. In contrast, mammalian TLRs interact directly with microbial proteins to
generate an immune response and do not rely on endogenous ligands similar to Toll (Akira et al.,
2001). There is however, increasing evidence that suggests TLRs can be stimulated by
endogenous ligands which, in turn, activate the immune response.

Damaged or stressed cells can release signals that have the potential to trigger an immune
response, even in the absence of an infection, this is known as the “danger model” (Matzinger,
1994). Cells that are entering programmed cell death (apoptosis) are usually scavenged by
surrounding cells and macrophages before they disintegrate, whereas cells that die via the
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Table 1.1: Toll-like receptors and their ligands.
Basith et al. (2012). “Roles of Toll-like receptors in Cancer: A Double-edged Sword for Defense
and Offense.” Archives of Pharmacal Research. 35: 1297-1316
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Figure 1.14: Toll-like receptor ligands.
Adapted from Akira, S. (2003). "Toll-like Receptor Signalling." Journal of Biological Chemistry.
278(40): 38105-38108.
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necrotic pathway release their contents into the surrounding environment. Any intracellular
substance can be a potential danger signal, as anything made or altered by the stressed or injured
cell can be an inducible alarm signal (Matzinger, 2002). Proteins such as HSPs, which function as
molecular chaperones, can alter their expression and sub-cellular localisation in response to
stress. The trafficking of these proteins into an extracellular environment in response to stress is a
key factor in activating DCs that eventually leads to the induction of adaptive immunity against
both self and non-self antigens (Liu et al., 2003). The list of endogenous ligands for TLR2 and TLR4
continue to grow and these include the HSPs (GRP94, HSP22, HSP70 and HSP72), HMGB1
extracellular matrix molecules (biglycan, tenascin-C and versican), hyaluronic acid and heparin
sulphate (Wheeler et al., 2009, Schaefer et al., 2005, Midwood et al., 2009, Kim et al., 2009,
Termeer et al., 2002, Johnson et al., 2002, Vabulas et al., 2002a, Vabulas et al., 2002b, Roelofs et
al., 2006, Klune et al., 2008). The presence of these Damage-associated Molecular Patterns
(DAMPs) normally alerts the organism to tissue damage and this in turn initiates a tissue repair
response (Piccinini and Midwood, 2010). DAMPs are analogous to a double-edged sword, on one
hand they promote tissue repair, but at the same time may also contribute to the pathogenesis of
inflammation and autoimmune diseases. Whether TLRs activate the immune response in the
presence of these danger signals has yet to be determined. Though extensive work has been
carried out on recombinantly generated endogenous ligands from Escherichia coli, contamination
from endotoxin has been identified as an issue. Gao and Tsan (2003) found that in commercially
available HSP70, LPS contamination was responsible for inducing TNF-α production, thus
demonstrating the importance of purification steps and proper removal of endotoxin. Perhaps
the most convincing evidence of endogenous ligands is from a study conducted by Curtiss and coworkers (Mullick et al., 2005), where it was shown that mice deficient in TLR2 had reduced
atherosclerotic disease progression, whereas systemic exposure to TLR2 ligands resulted in
increased atherosclerotic lesions.

1.4 - Toll-like receptor signalling
TLR ligand recognition triggers the activation of a signalling cascade, leading to the expression of
genes that have antimicrobial properties. Following binding of a ligand to the receptor, TLRs
dimerise and undergo conformational changes, which are essential to the recruitment of TIRdomain containing adaptor proteins (Akira et al., 2006). There are five adaptor molecules that the
TLRs recruit to their TIR domain. These are MyD88, TIR Domain-containing Adaptor Protein
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(TIRAP)/Mal, TRIF/TIR Domain-containing Molecule 1 (TICAM1), TRAM/TICAM2 and Sterile α and
Armadillo Motif-containing Protein (SARM) (Figure 1.15) (Adachi et al., 1998, Kawai et al., 1999,
Fitzgerald et al., 2001, Yamamoto et al., 2003a, Yamamoto et al., 2002a, O'Neill et al., 2003,
Liberati et al., 2004). Genetic data has allowed the classification of TLRs into groups based on
their use of adaptors. The first group consists of TLRs 5, 7, 8 and 9 which signal only via MyD88,
the second group containing TLR2, uses both MyD88 and Mal, whilst the third group comprising
only TLR3 utilizes TRIF; the fourth group that contains TLR4 makes use of all four adaptor
molecules (Hacker et al., 2006, Gohda et al., 2004). The differences in responses from the TLRs
can be attributed to the selection of these adaptor molecules. There are two common pathways
that TLRs use for signal transduction, the first is the MyD88-dependent pathway also known as
the canonical pathway, and the second is the MyD88-independent pathway, also known as the
TRIF-dependent pathway (Figure 1.16).

1.4.1 - MyD88-dependent pathway
With the exception of TLR3, all TLRs make use of the MyD88-dependent pathway. As the
cytoplasmic domains of the TLRs are homologous to that of IL-1R it is of no surprise that the relay
of downstream signals is mediated by similar proteins. Activation of TLRs leads to the recruitment
of MyD88 to the dimerised receptor. This complex then interacts with IL-1R-associated Kinases 1
(IRAK1), IRAK2, IRAK4 and IRAK-M. The interaction of the Death Domain (DD) of six MyD88, four
IRAK4 and four IRAK2 molecules forms the Myddosome complex. As the complex is formed,
IRAK4 becomes activated and phosphorylates IRAK1 which induces autophosphorylation of
IRAK1, leading to interaction of the complex TRAF6 (Akira et al., 2003). Activation of IRAK2 is also
required for robust activation of NFκB and Mitogen-Activated Protein Kinases (MAPKs) (Kawagoe
et al., 2008). The IRAKs and TRAF6 dissociate from the receptor complex and associate with
another complex comprised of Transforming Growth Factor-β-activated Kinase 1 (TAK1), TAK1binding proteins 1 (TAB1) and TAB2 (Uematsu and Akira, 2007). TRAF6 is critical in TLR signal
transduction and can also act as a point of bifurcation between the canonical pathway and
activation of the MAPKs. TRAF6 is a Really Interesting New Gene (RING)-domain E3 ubiquitin
ligase and together with E2 ubiquitin conjugating enzyme Ubc13 and Ubc-like protein Uev1A,
promotes K63-linked polyubiquitination of itself and IRAK1 (Kawai and Akira, 2010). The
interaction of these two complexes induces phosphorylation of TAB2 and TAK1, which together
with TRAF6 and TAB1 are translocated to the cytosol. TAK1 is then activated in the cytoplasm
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Figure 1.15: Schematic representation of Toll-like receptors and TIR containing adaptors.
TIR - Toll/IL-1R domain, DD - death domain, TM - transmembrane domain, LRR - leucine-rich
repeats, ID - intermediary domain, PIP2 - phosphatidylinositol-4,5-bisphosphate-binding motif,
T6BM - TRAF6 binding motif, RHIM – Receptor-interacting Protein (RIP) homotypic interaction
motif, MS - myristoylation site, SAM - Sterile α Motif (SAM) domain.
Adapted from O’Neill & Bowie. (2007). “The family of five: TIR-domain-containing adaptors in
Toll-like receptor signalling.” Nature Reviews: Immunology. 7: 353-364.
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Figure 1.16: TLR-mediated signalling.

TLR3 utilises the MyD88-independent pathway (TRIF-dependent pathway). TLR4 uses both
MyD88-dependent and -independent pathway. All other TLRs signal via the MyD88-dependent
pathway.
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where it activates the IKKs, IKKα and IKKβ via serine phosphorylation (Kaisho and Akira, 2006).
Normally IκB sequesters NFκB in the cytoplasm, but activation of the IKKs leads to
phosphorylation and degradation of IκB and the subsequent release of NFκB into the nucleus (Wu
and Arron, 2003). Activation of TAK1 also induces activation of MAPK, Extracellular Signalregulated Kinases 1 (ERK1), ERK2, p38 MAPK (p38k) and c-Jun NH2-terminal Kinase (JNK) (Wang et
al., 2001).

1.4.1.1 - MyD88

MyD88 was originally isolated as a gene rapidly induced in response to IL-6 stimulated
differentiation of M1 myloleukemic cells into macrophages (Adachi et al., 1998). It was the first
adaptor molecule found to be crucial for TLR and IL-1 signalling, where it is required to induce the
expression of inflammatory cytokines such as TNF-α, IL-1 and IL-6 (Muzio et al., 1997, Adachi et
al., 1998, Wesche et al., 1997, Gohda et al., 2004). MyD88 consists of an N-terminal DD and a Cterminal TIR domain that is separated by a short linker sequence (Akira et al., 2003, Adachi et al.,
1998). The DD was originally identified in apoptosis promoting proteins. In most proteins the DDs
are located in the extreme C-terminus of the protein, however in MyD88 and IRAKs they are
found within the N-terminus (Janssens and Beyaert, 2002). Following further experimentation,
MyD88 was cloned as an adaptor molecule, which recruits IRAK4 to the IL-1R complex following
IL-1 stimulation. MyD88 recruits IRAK4 via homotypic interaction between their DDs. When
recruited to the receptor complex, MyD88 itself forms homodimers through the interaction of its
DD and TIR domain (Akira and Takeda, 2004).

MyD88 is crucial to the induction of type I IFNs following TLR7, TLR8 and TLR9 stimulation. In
pDCs, TLR-mediated IFN-α production occurs through the formation of a complex consisting of
MyD88, TRAF6 and IRF7, and activation of IRF7 is dependent on TRAF6 ubiquitin ligase activity
(Kawai et al., 2004). Subsequent studies also found that MyD88 is vital in the activation of IRF7 by
TLRs 7, 8 and 9, resulting in IFN-α production (Honda et al., 2004, Honda et al., 2005). A complex
comprising of MyD88, IRAK1, IRAK4, TRAF6 and IRF7 has been reported in pDCs (Hochrein et al.,
2004). IRAK1 phosphorylates IRF7, which is essential for TLR7, 8 and 9 induction of IRF7. IRAK1deficient cells fail to induce IRF7, although NFκB activation is only slightly impaired (Uematsu et
al., 2005).
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MyD88 can also interact with IRF1 and IRF5 and this has been shown to be vital to their
activation. IFN-γ was required to induce IRF1 production and IRF1 translocated to the nucleus
more efficiently with MyD88, where it was required for the induction of several TLR-dependent
genes (Negishi et al., 2006). Takaoka et al. (2005) found IRF5 is generally required for TLR-MyD88induced proinflammatory cytokine production, and IRF5-deficient mice failed to induce these
cytokines in response to TLR ligands.

TRAF3 has also been demonstrated to interact with MyD88. Cells lacking TRAF3 were unable to
induce type I IFNs and IL-10, but were still able to produce proinflammatory cytokines. TRAF3 is
recruited to TRIF and is required for recruitment of TBK1 into contact with TIR domain containing
complexes (Hacker et al., 2006). Oganesyan et al. (2006) found that TRAF3 associates with TRIF
and IRAK1 as well as TBK1 and IKKε suggesting that it is a critical link between TLR signalling and
IRF activation.

Mice with a random germ-line mutagenesis in MyD88 have revealed new insights into MyD88
function. This mutation termed Pococurante (Poc) site, results in an I179N mutation, rendering
mice unable to respond to TLR ligands that signal through the MyD88-dependent pathway (Jiang
et al., 2006). Interestingly, these mice were able to respond to diacylated lipopeptides
demonstrating that TLR2/TLR6 may interact with MyD88 differently. Jiang et al. (2006) proposed
that the Poc site of MyD88 interacts with BB loop from the TLRs and this surface is critical in signal
transduction.

In humans who have a MyD88 deficiency, these patients suffer from life threatening recurrent
pyogenic bacterial infections, however, they were otherwise healthy and had resistance to other
types of microbes (von Bernuth et al., 2008). In contrast, MyD88-deficient mice are more
susceptible to pathogens, suggesting that TLRs are the primary PRR in mice. Without antibiotics
most MyD88-deficient patients would succumb to infection in early life, however, TLR signalling is
less important in adult life, this is likely attributable to the development of the adaptive immune
response.

1.4.1.2 - Mal

Mal was the second TIR-containing adaptor molecule described that is involved in TLR signalling
(Fitzgerald et al., 2001, Horng et al., 2001). It was originally proposed that Mal participates in
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TLR4-induced MyD88-independent pathway. However subsequent studies revealed its role in
both TLR2 and TLR4 signalling as cytokine production via MyD88-dependent pathway was
affected in Mal-deficient mice (Yamamoto et al., 2002a, Yamamoto et al., 2004, Horng et al.,
2002). In MyD88-deficient mice, TLR4 is still able to activate NFκB and MAPKs, albeit with delayed
kinetics and this was thought to involve Mal (Horng et al., 2001, Horng et al., 2002). MyD88 and
Mal were thought to function redundantly in the MyD88-independent pathway, but this was
disproven with the generation of double MyD88/Mal-deficient mice which had impaired
expression of inflammatory cytokines, but produced normal levels of IFN-inducible genes
following LPS stimulation (Akira and Takeda, 2004). Similar to the MyD88/Mal-deficient mice, Mal
knockout mice did not have impaired expression of TLR4-mediated IFN production confirming
Mal’s role in MyD88-dependent signalling and not MyD88-independent signalling (Akira and
Takeda, 2004). Thus, genetic studies suggested that Mal was not dissimilar to MyD88, acting
solely as a “bridging” adaptor by recruiting MyD88 to the TLR2 or TLR4 complex. Subsequent
research has shown that Mal contains a PIP2 binding domain, which facilitates Mal recruitment to
the plasma membrane (Kagan and Medzhitov, 2006). This data distinguishes Mal from MyD88, as
MyD88 functions solely as a signalling adaptor, whilst Mal primarily functions as a sorting adaptor
allowing the recruitment of MyD88 to TLR2 and TLR4. Ectopic expression of Mal however is able
to activate NFκB, JNK, ERK1 and ERK2, and can form both homodimers and heterodimers with
MyD88 (Fitzgerald et al., 2001).

Recent studies have demonstrated a novel role for Mal via an interaction between Mal and
TRAF6. It was found that similar to TRIF (Ye et al., 2002), Mal also contains a TRAF6 Binding Motif
(T6BM); this putative binding motif is required for interaction with TRAF6 and Mal-induced serine
phosphorylation of the p65 subunit of NFκB (Mansell et al., 2004). More importantly, MyD88 does
not contain a T6BM and therefore cannot interact directly with TRAF6, meaning it can only
interact with the signalling pathway via the IRAKs. Mal can also undergo tyrosine phosphorylation
by Bruton’s tyrosine kinase (Btk), which has a role in TLR2 and TLR4 signalling (Jefferies et al.,
2003, Liljeroos et al., 2007, Gray et al., 2006). Tyrosine phosphorylation of Mal is required for it to
signal, but also subjects it to Suppressor of Cytokine Signalling 1 (SOCS1)-mediated degradation
(Mansell et al., 2006). Miggin and co-workers (2007) further found that Mal associated with
caspase-1 which mediates its cleavage at Asp-190. Although the function of this cleavage event is
unclear, it does affect Mal-mediated signalling. These studies therefore demonstrate a novel role
for Mal in TLR2 and TLR4 signalling via this unique interaction with TRAF6, a function distinct from
that of a bridging adaptor for MyD88.
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1.4.2 - MyD88-independent pathway
The MyD88-independent pathway was discovered in MyD88-/- mice that displayed delayed NFκB
nuclear translocation but no NFκB-dependent gene expression in response to LPS (Kawai et al.,
1999). The delayed responses failed to induce gene expression of inflammatory cytokines such as
TNF-α and IL-1 but were sufficient for the induction of IFN-β and IFN-inducible genes (Kaisho and
Akira, 2006). Unlike the MyD88-dependent pathway that is used by all the TLRs except TLR3; the
MyD88-independent pathway’s use is limited strictly to TLR3 and TLR4.

Upon binding of the cognate ligands of TLR3 and TLR4, TRIF is recruited via its TIR domain. Whilst
TLR3 can directly interact with TRIF, TLR4 requires the adaptor molecule, TRAM. Signalling
through TRIF causes activation of NFκB and IRF3, leading to production of IFN-β and other
inflammatory genes (Yamamoto et al., 2002b, Oshiumi et al., 2003a). TRIF can also interact with
non-canonical IκB kinases IKKε and TBK1 (Pandey and Agrawal, 2006). Both of these kinases
serine phosphorylate IRF3 (Sharma et al., 2003), allowing it to translocate to the nucleus to
induce the production of IFN-β and subsequently IFN-inducible genes via the IFN-α/β Receptor
(IFNAR) and Janus Kinase-Signal Transducer and Activators of Transcription (JAK-STAT) pathway
(Youn et al., 2005). The activation of IKKε and TBK1 by TRIF requires interaction with TRAF3 as
TRAF3-deficient cells fail to induce IFN-β by TLR3, as well as TLR7 and TLR9 (Hacker et al., 2006,
Oganesyan et al., 2006).

In TLR4 signalling, TRAF3 can also associate with the MyD88-IRAK signalling complex. This causes
TRAF3 to undergo lysine 48 (K48)-linked polyubiquitination and degradation via Cellular Inhibitor
of Apoptosis 1 (cIAP1) and cIAP2 (Vallabhapurapu et al., 2008). Degradation of TRAF3 causes the
signalling complex to move from the plasma membrane to the cytoplasm, allowing activation of
TAK1 (Tseng et al., 2010). During MyD88-dependent signalling, degradation of TRAF3 via
ubiquitination is essential for induction of proinflammatory cytokines and activation of MAPKs
(Tseng et al., 2010). On the contrary, in MyD88-independent signalling, TRAF3 self-ubiquitination
is important for induction of the IFN response (Tseng et al., 2010).

TRIF can also lead to the activation of NFκB via TRAF6; this interaction takes place via the T6BM.
The mechanisms of NFκB activation are proposed to be similar to MyD88-dependent signalling.
There is also a TRAF6-independent pathway, whereby TRIF interacts with the DD kinase Receptorinteracting Protein 1 (RIP1), through a RIP Homotypic Interaction Motif (RHIM) (Hermance et al.,
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2005). RIP1 undergoes K63-linked polyubiquitination and this modification has been shown to be
crucial for NFκB activation (Meylan et al., 2004, Kawai and Akira, 2010). The adaptor, TNFR Type
1-associated Death Domain Protein (TRADD) can also interact with RIP1. TRADD-deficient cells
show a loss of RIP1 ubiquitination which impairs NFκB activation (Pobezinskaya et al., 2008,
Ermolaeva et al., 2008). Pellino-1, a member of the E3 ubiquitin ligases, also plays a role in
MyD88-independent signalling, as Pellino-1-deficient cells fail to ubiquitinate RIP1 and activate
NFκB (Chang et al., 2009). Upon poly (I:C) stimulation, TRIF forms a complex with TRAF6, TRADD,
Pellino-1 and RIP1, thus activating NFκB and MAPK pathways.

1.4.2.1 - TRIF

TRIF was the third adaptor protein described following database searches. Enforced expression of
TRIF leads to the activation of the IFN-β promoter and NFκB, whereas dominant negative forms of
TRIF lead to inhibited TLR3-induced activation of IFN-β (Oshiumi et al., 2003a). The biological
function of TRIF was discovered through the generation of TRIF-deficient mice, which when
exposed to TLR3 and TLR4 ligands, displayed impaired activation of IRF3 and subsequent
decreased production of IFN-inducible genes (Yamamoto et al., 2003a). Interestingly, in TRIFdeficient mice, the expression of cytokines is impaired in TLR4 signalling, despite normal function
of the MyD88-dependent pathway. These findings show that TLR4 requires coordination of the
MyD88-dependent and -independent pathways to induce cytokine production (Yamamoto et al.,
2003a). In cells deficient in both TRIF and MyD88, LPS-mediated NFκB activation was completely
eliminated, demonstrating TRIFs role in mediating MyD88-independent signalling. These
MyD88/TRIF double knockout cells also demonstrated no upregulation of LPS-inducible genes
(Hirotani et al., 2005).

Further studies generated a germ-line mutation in mice known as Lps2, which confirmed the role
of TRIF. This mutation completely abolished poly (I:C)-induced signalling and LPS-induced cytokine
production was severely impaired (Hoebe et al., 2003). Analysis of this mutation revealed that it
caused a frame shift in TRIF, resulting in production of an instable or inactive protein. Whilst
these mice were resistant to a lethal dose of LPS, they were more susceptible to cytomegalovirus
(CMV) infection suggesting TRIFs role in type I IFN production (Hoebe et al., 2003).

All molecules that interact with TRAF6 contain a T6BM and like Mal, TRIF also contains a T6BM.
Sato et al. (2003) showed that disruption of the T6BM disabled TRIF and TRAF6 interaction. This
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resulted in a decrease in TRIF-induced NFκB activation, but did not affect IFN-β production. The
N-terminus of TRIF was necessary for induction of IFN-β production through TBK1. McWhirter et
al. (2004) demonstrated that in TBK1-/- cells, TRIF was unable to activate IRF3 gene expression,
supporting the importance of the TRIF N-terminus in recruiting TBK1 for IFN-β production.

The interaction of TRIF and TRAF3 has been shown to be crucial for type I IFN induction through
IRF3 (Oganesyan et al., 2006). Whilst it was proposed that the N-terminal region of TRIF engaged
TBK1 and mediated IRF-3 activation, it is now thought that TRIF binds TBK1 through NAKassociated Protein 1 (NAP1) and possibly TRAF3 (Sasai et al., 2005). Overexpression of NAP1
resulted in increased TBK1-mediated IFN-β production. The activation of NFκB can occur via two
different pathways involving TRIF. As stated previously, TRIF contains a T6BM in the N-terminal
region that has been shown to be crucial for NFκB activation (Sato et al., 2003). However, the role
of TRAF6 is still unclear in MyD88-independent signalling as in TRAF6-/- macrophages TLR3
signalling was not affected (Gohda et al., 2004). In contrast, TRAF6-deficient Mouse Embryonic
Fibroblasts (MEFs), NFκB activation was completely abolished (Jiang et al., 2003). The C-terminus
of TRIF can also activate NFκB through its interaction with RIP1. Following poly (I:C) stimulation,
TRIF recruits both RIP1 and RIP3 to this domain, and in the absence of RIP1, NFκB activation was
attenuated, but not IFN-β production (Meylan et al., 2004). RIP3 in contrast negatively regulates
TRIF and RIP1-induced NFκB signalling. Therefore TLR3-mediated NFκB activation is dependent on
TRIF and RIP1 interaction (Meylan et al., 2004).

Other than NFκB and IRF3 activation, TRIF can also activate a third signalling pathway. In response
to Yersinia, signalling via TRIF induces apoptosis through interaction with Fas-associated Death
Domain (FADD) and caspase-8 (Ruckdeschel et al., 2004). Kaiser and Offermann (2005) reported
that TRIF is able to induce apoptosis through the RHIM. Though the domain containing the RHIM
can activate NFκB and IRF3, it is the presence of this motif that gives TRIF this pro-apoptotic
property.

1.4.2.2 - TRAM

TRAM is the fourth TIR adaptor molecule that has been identified. In vitro studies have shown
that TRAM interacts only with TRIF and TLR4, but not TLR3 (Oshiumi et al., 2003b, Fitzgerald et al.,
2003). TRAM-deficient mice also demonstrate defects in cytokine expression in response to TLR4
ligands specifically, but not to ligands of other TLRs, whilst TLR3-mediated IFN-β production via
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MyD88-independent pathway was not abolished (Yamamoto et al., 2003b). These studies
therefore demonstrated that TRAM is essential for TLR4 signalling via the MyD88-independent
pathway.

TRAM undergoes myristoylation at the N-terminus, a form of protein modification where myristic
acid is covalently bound to an aa (Boutin, 1997), and this has been shown to be required for
membrane association (Rowe et al., 2006). Mutation of this domain abrogated TRAM binding to
the plasma membrane and localised it to the cytosol, and this mutant was unable to reconstitute
LPS signalling in TRAM-deficient mice. TRAM is also phosphorylated at the Ser-16 residue by
Protein Kinase C-ε (PKC-ε) (McGettrick et al., 2006). In PKC-ε-deficient cells, induction of IFN-β
and Regulated and Normal T cell Expressed and Secreted (RANTES) expression was impaired,
demonstrating the importance of serine phosphorylation of TRAM for signalling.

Studies by Kagan et al. (2008) have shown that TRAM functions as a sorting adaptor, similar to
Mal. Their study proposed a new model of TLR4 Mal-MyD88 and TRAM-TRIF signalling. TLR4 first
activates Mal-MyD88 at the plasma membrane following ligand binding, this then results in
endocytosis of the receptor. As the endosome becomes acidified, the Mal-MyD88 complex
dissociates from the receptor, allowing the TRAM-TRIF complex to interact with TLR4 via their TIR
domains, resulting in the induction of IFN-β production (Kagan et al., 2008).

1.4.2.3 – SARM
SARM is the fifth TIR containing adaptor molecule, and has been demonstrated to negatively
regulate TLR signalling (Liberati et al., 2004). SARM was originally identified as an orthologue of D.
melanogaster protein (Mink et al., 2001). It also has an orthologue in Caenorhabditis elegans that
has been implicated in TLR signalling and has been shown to regulate expression of two antimicrobial peptides, NLP-29 and NLP-31 (Couillault et al., 2004). SARM is a 690 aa protein that
contains a TIR domain, two Sterile α Motifs (SAM) and an Armadillo Repeat Motif (ARM) (O'Neill
et al., 2003).

In C. elegans only two genes encode TIR domain containing proteins, tol-1 (TLR homolog) and tir-1
(SARM orthologue). It was shown that RNA interference (RNAi) of tir-1 increased C. elegans
susceptibility to bacterial and fungal infection, demonstrating its importance in worm innate
immunity (Couillault et al., 2004, Liberati et al., 2004). Liberati et al. (2004) also found that
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overexpression of SARM did not activate NFκB or IRF3 signalling. In humans, SARM acts as a
negative regulator of TLR signalling. Bowie and co-workers (Carty et al., 2006) demonstrated that
SARM expression did not inhibit MyD88-dependent NFκB activation, however it did inhibit TRIFdependent NFκB activation. SARM was shown to inhibit signalling through TLR3 and TLR4, as both
poly (I:C) and LPS stimulation impaired RANTES expression. SARM exerts its inhibitory effects on
TLR signalling by targeting TRIF. Carty et al. (2006) found that the inhibition of TRIF required the
TIR and SAM domains of SARM, as truncated constructs lacking either the TIR or both SAM
domains failed to inhibit NFκB activation. Whilst LPS can induce expression of SARM, deletion of
the N-terminus of SARM inhibited its ability to regulate LPS-induced signalling. In C. elegans, the
N-terminal domain also appears to have a regulatory or inhibitory function, and similar to SARM
the TIR and SAM domains are important for TIR-1 function (Chuang and Bargmann, 2005).

In human and mice myeloid cells, SARM is found to be expressed at very low levels (Kim et al.,
2007b). SARM was identified to be expressed mainly in neuronal cells, where it can interact with
mitochondria, microtubules and JNK3 to regulate the death of neuronal cells during oxygen and
glucose deprivation. Ding and colleagues (Kim et al., 2007b) found that murine SARM has a
nonredundant role in macrophages. SARM-deficient Bone Marrow-derived Macrophages (BMMs)
were stimulated with Pam3Cys, poly (I:C), LPS and CpG DNA and produced similar levels of
cytokines compared to WT BMMs. In macrophages, perhaps SARM does not regulate responses
to TLR ligands. SARM was also detected in T lymphocytes, and this may be the site where SARM
exerts its inhibitory effects.

The horseshoe crab, Carcinoscropius rotundicauda, also expresses SARM (CrSARM), and similar to
human SARM it too acts as a negative regulator. In the presence of CrSARM, overexpression of
TRIF failed to activate NFκB (Belinda et al., 2008). Comparable to human SARM, deletion of the
SAM, ARM and TIR domains impaired the inhibitory properties of CrSARM. This study
demonstrated how evolutionary conserved SARM is, with its function conserved from arthropod
to human.

SARM was demonstrated to be able to inhibit LPS-induced MyD88 and TRIF-mediated Activator
Protein 1 (AP-1) activation (Peng et al., 2010). siRNA knockdown of SARM enhanced expression of
AP-1, further supporting the role of SARM inhibition of AP-1. SARM expression was shown to
reduce phosphorylation of p38k, independent of TRIF and MyD88, although it is thought that this
is not a secondary effect of SARM-TRIF interaction (Peng et al., 2010). Confocal microscopy
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studies demonstrated that in humans, full length SARM was found in the nucleus and cytoplasm,
whereas the N-terminal deletion mutant was only found in the cytoplasm. On the contrary, in
mice SARM is found localised to mitochondria. As mouse and human SARM have different tissue
expression and subcellular localisation, this may explain the different functions SARM has.

1.4.3 - Signalling molecules
1.4.3.1 - NFκB

Ultimately, TLR signalling leads to the activation of the prototypic inflammatory transcription
factor family NFκB. The NFκB family control a wide variety of physiological and pathological
functions, including immunity, inflammation and cell survival (Adhikari et al., 2007). The NFκB
transcription factors all contain a Rel-homology domain that bind to specific DNA sequences
known as κB consensus sites (Kawai and Akira, 2007). In mammals there are five members of the
NFκB family: RelA (p65), RelB, C-Rel, p105/NFκB1 (a precursor of p50) and p100/NFκB2 (a
precursor of p52) (Akira and Takeda, 2004). The transcription factors form homo- and
heterodimers that regulate the expression of overlapping genes involving a variety of cellular
processes. The NFκB dimers are normally sequestered in the cytosol of unstimulated cells. This is
achieved through the interaction of the inhibitory protein of the NFκB family, IκB (Nolan et al.,
1991). In TLR signalling, the most common inflammatory form of NFκB is the heterodimer p65
and p50 (Hayden et al., 2006). Upon TLR ligand binding, IκB is phosphorylated at specific serine
residues by the IKK complex, made up of IKKα, IKKβ and a regulatory subunit NFκB Essential
Modifier (NEMO)/IKKγ (Kawai and Akira, 2007). IKKα and IKKβ are structurally similar; both
contain a kinase domain, a leucine zipper domain, helix-loop-helix structures and a NEMO-binding
Domain (NBD). Phosphorylated IκB is targeted for ubiquitination and undergoes 26S proteasome
degradation, thus allowing NFκB to translocate to the nucleus where it induces the expression of
inflammatory genes. This pathway is known as the “canonical pathway” and is the pathway
utilised by TLRs to induce inflammatory cytokines such as TNF-α and IL-6 (Hayden et al., 2006).
DiDonato et al. (1997) found that it is IKKβ that plays a pivotal role in the activation of NFκB in TLR
signalling. IKKα in contrast, is important in the termination of NFκB signalling (Li et al., 2005).
Transactivation of the p65 subunit via phosphorylation enhances the overall transcriptional
activity of NFκB and this is regulated by several kinases and occurs inside the nucleus (Vermeulen
et al., 2002).
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Baeuerle and co-workers (Schreck et al., 1991) first demonstrated that Jurkat cells stimulated
with hydrogen peroxide (H2O2) could activate NFκB. Subsequent studies focused on T cells, which
during inflammation, are subjected to ROS produced from macrophages and neutrophils (Lander,
1997). ROS-induced activation of NFκB is dependent on tyrosine phosphorylation of IκBα, rather
than classical serine phosphorylation by the IKK complex (Schoonbroodt et al., 2000).
Furthermore, studies have suggested that ROS may also be involved in activation of NFκB by
proinflammatory cytokines. In lymphoid and monocytic cells, NFκB activation by IL-1β was
reported to require ROS (Bonizzi et al., 2000). In addition, Li et al. (2006) further demonstrated in
epithelial cells ROS production was crucial for NFκB activation by IL-1β. ROS generation was
dependent on the small GTPase, Rac-1 and allowed TRAF6 to associate with the endocytosed IL-1
receptor, resulting in IKK and NFκB activation (Li et al., 2006). Other studies have implicated ROS
in the activation of NFκB by LPS through the use of antioxidants. Neutrophils treated with the
antioxidants, N-Acetyl-Cysteine (NAC) and α-tocopherol, displayed impaired LPS-induced NFκB
activation and expression of cytokines (Asehnoune et al., 2004). In a subsequent study, human
monocyte cells, THP1, were also treated with NAC and Dimethyl Sulfoxide (DMSO), and LPSinduced NFκB activation was also blocked, along with IL-8 production (Ryan et al., 2004). In
response to LPS, activation of Rac-1 and generation of ROS was demonstrated to be crucial to the
activation of NFκB and production of TNF-α (Sanlioglu et al., 2001). This indicates that ROS
production is a key mediator in activating immune response. Park et al. (2004) was able to
identify the source of ROS generation in HEK293Ts. Following LPS stimulation, TLR4 was found to
interact with Nicotinamide Adenine Dinucleotide Phosphate (NADPH) Oxidase 2 (Nox2) and
mediate ROS production. Collectively, these studies indicate that ROS generation serves as
another signalling paradigm that induces robust NFκB activation and expression of
proinflammatory cytokines.

1.4.3.2 - IRAK family

The IRAK family are a group of serine/threonine kinases (Cao et al., 1996b), which in mammals,
four different IRAK molecules have been identified; IRAK1, IRAK2, IRAK4 and IRAK-M. IRAK4 is
most significantly involved in the MyD88-dependent pathway, made evident by IRAK4-deficient
mice exhibiting severely impaired immune responses when challenged with TLR ligands (Suzuki et
al., 2002) . The expression patterns of these IRAKs differ in that IRAKs 1 and 4 are expressed in all
tissues, whereas IRAK2 has a small cellular distribution and IRAK-M expression is limited to cells of
myeloid origin (Akira et al., 2003). All IRAKs contain a DD at the N-terminus, a proST domain, a
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central serine/threonine kinase domain and a C-terminal domain (except IRAK4) (Feinstein et al.,
1995, Kollewe et al., 2004) (Figure 1.17). The DD is required for interaction with DD containing
molecules such as MyD88 (Muzio et al., 1997). The proST domain is rich in serine, proline and
threonine, and it is reported that IRAK1 undergoes hyperphosphorylation here (Kollewe et al.,
2004). IRAK1 is reported to contain two P-E-S-T sequences in this domain, which mediates its
degradation, whilst IRAK2 does not contain these P-E-S-T sequences and is therefore not
degraded (Martin and Kollewe, 2001). The central domain contains the activation loop which is
vital for kinase activity. The kinase domain of each IRAK also contains a conserved lysine residue
in the ATP binding site that is pivotal to its catalytic ability (Meylan and Tschopp, 2008). The Cterminal domain contains T6BMs which are important for interaction with TRAF6 (Ye et al., 2002).
IRAK1 contains three T6BMs; IRAK2 has two T6BMs and IRAK-M one.

A study by Gay and co-workers (Motshwene et al., 2009) demonstrated that MyD88 and IRAK4
can assemble into a complex through their DDs and this was further confirmed by Lin et al. (2010)
who reported the crystal structure. This complex, termed the Myydosome is thought to be
important for TLR4 signalling and may serve to recruit IRAK2 or IRAK-M to the signalling complex.
MyD88 serves as an adaptor for IRAK4 and IRAK1 interaction. IRAK4 has been reported to
phosphorylate IRAK1, allowing it to autophosphorylate itself. IRAK4 has also been implicated in
inducing the degradation of IRAK1. Expression of IRAK4 was sufficient in causing IRAK1
degradation, demonstrating a negative feedback loop that can regulate MyD88-dependent
signalling (Kubo-Murai et al., 2008). IRAK4 has also been demonstrated to be important in
inducing type I IFN production by TLR7, TLR8 and TLR9. Although IRAK4-deficient cells could still
produce type I IFNs, showing that in response to viruses they can signal alternatively through
TLR3 and TLR4 signalling pathways.

The kinase activity of the IRAK1 increases greatly following IL-1 stimulation and is required for
signalling through to NFκB. However, kinase activity itself is not essential for signalling function as
NFκB acitvation is still detectable in cells containing IRAK1 kinase defective mutants. In contrast,
kinase defective mutants of IRAK4 inhibit IL-1-induced NFκB activation, revealing that the kinase
activity in IRAK4 is crucial to TLR signalling (Suzuki et al., 2002).

Following ligand binding by the TLRs, MyD88 recruits and binds IRAK4 via DD-DD homotypic
dimerisation; this allows the phosphorylation of critical residues in the kinase activation loop of
IRAK1. Thr-66 has been indicated as an important residue in the DD, as it is crucial for formation
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Figure 1.17: IRAK family members.
The domains of IRAK family members. All members possess a death domain, proST domain, a
conserved kinase domain and a C-terminal domain. Only IRAK4 does not contain a C-terminal
domain. IRAK1 contains a critical residue at Thr-66 that is required for signalling. It undergoes
hyperautophosphorylation in the proST domain. Thr-209 and Thr-387 are also located in the
activation loop and are potential phosphorylation sites for IRAK4. The invariant lysine residue of
IRAK1 is located in the ATP binding pocket at K239, there is also a critical aspartate residue at
D340 and these are important for IRAK1 kinase function. IRAK1 contains three T6BMs in the Cterminus at E544, E587 and E707. IRAK2s invariant lysine residue is located at K237 in the ATP
binding pocket, and this is critical for its kinase activity. IRAK2 also contains two T6BMs in its Cterminus located at E528 and E559. The invariant lysine residue of IRAK-M is located at K192.
IRAK-M’s T6BM is found at the C-terminus at E480. IRAK4 which lacks a C-terminus has its
invariant lysine residue at K213. The aspartate residue at D311 is crucial for IRAK4 kinase activity.
The residues at T342, T345 and T346 are also important for IRAK4 function.
Adapted from Flannery et al. (2010). “The interleukin-1 receptor-associated kinases: Critical
regulators of innate immune signalling.” Biochemical Pharmacology. 80: 1981-1991.
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of IRAK1 homodimers. Mutation of this residue did not ablate interaction with IRAK2 or IRAK-M,
but did impair NFκB activation (Ross et al., 2002).

Activated IRAK1 is believed to

autophosphorylate residues in its N-terminus and TRAF6 is also recruited to the receptor
complex, via T6BMs (Ye et al., 2002). Extensive studies have revealed that IRAK1 is a direct
substrate for IRAK4, and that IRAK1-deficient mice demonstrated only reduced cytokine
expression in response to LPS and IL-1 (Thomas et al., 1999, Swantek et al., 2000, Li et al., 2002).
In contrast, IRAK4-deficient mice demonstrate almost no response to LPS and IL-1 stimulation
(Suzuki et al., 2002). IRAK4 has been shown to play a pivotal role in signal transduction as IRAK4
knockout mice and humans with IRAK4 deficiency exhibit defects in the IL-1/TLR signalling
pathway (Cheng et al., 2007). Humans deficient in IRAK4 have indistinguishable clinical features
from MyD88-deficient patients (Picard et al., 2010). They too are susceptible to life threatening
infections, although the severity of these infections decrease with age probably due to the
development of an adaptive immune response (von Bernuth et al., 2012).

Following TLR stimulation, IRAK1 has been reported to undergo phosphorylation. Kollewe et al.
(2004) found that, in vitro, IRAK1 first undergoes phosphorylation at Thr-209, which induces a
conformational change of the kinase domain allowing further phosphorylation to take place.
Next, Thr-387 is phosphorylated in the activation loop and this gives it maximal enzymatic activity
(Kollewe et al., 2004). This residue has been suggested as a site for phosphorylation by IRAK4.
IRAK1 then autophosphorylates in the proST domain; hyperphosphorylation of this domain
permits IRAK1 to dissociate from MyD88 but IRAK1 remains bound to TRAF6 (Kollewe et al.,
2004). How TRAF6 is activated by IRAK1 is still unknown. IRAK1 has been reported to undergo
both ubiquitination and SUMOylation (Conze et al., 2008). Following activation and the
subsequent phosphorylation events, IRAK1 has been found to undergo K48-linked ubiquitination
resulting in its degradation by proteasomes (Yamin and Miller, 1997). Other studies have reported
that IRAK1 also undergoes K63-linked ubiquitination, which has been shown to be required for
signal transduction rather than degradation (Conze et al., 2008, Windheim et al., 2008, Ordureau
et al., 2008). Windheim et al. (2008) reported that IRAK1 undergoes K63-linked ubiquitination and
this enables it to interact with NEMO, the regulatory subunit of NFκB. Mutation of the
ubiquitination sites ablates NEMO binding and TLR-induced NFκB signalling. Other studies
propose that TRAF6 and Pellino act as the E3 ubiquitin ligase inducing K63-linked ubiquitination of
IRAK1 (Conze et al., 2008, Windheim et al., 2008, Ordureau et al., 2008). Newton et al. (2008) has
further found that RIP1 and IRAK1 can also both undergo polyubiquitin editing. Both proteins
firstly undergo K63-linked polyubiquitination, at later time points they are targeted to the
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proteasome through K48-linked ubiquitination and this is mediated by A20 (Wertz et al., 2004).
This demonstrates that polyubiquitin editing is a means of regulating the innate immune system.

IRAK1 and IRAK4 contain a functional catalytic site with a critical aspartate residue, whilst IRAK2
and IRAK-M have inactive kinase domains, due to a substitution of the critical aspartate residue to
a serine or asparagine residue. However it is unclear whether IRAK2 functions as an active kinase
as it cannot undergo autophosphorylation like IRAK1 and IRAK4 (Wesche et al., 1999). IRAK-M has
been demonstrated to negatively regulate TLR signalling, following TLR stimulation. IRAK2 does
contain an ATP-binding pocket with the conserved lysine residue in the kinase domain, and it has
been proposed that this may be sufficient for kinase activity (Meylan and Tschopp, 2008,
Kawagoe et al., 2008). Kawagoe et al. (2008) found that IRAK2 is phosphorylated following
stimulation with TLR2 ligands, and it is thought that IRAK4 can phosphorylate IRAK2, activating its
kinase function. Whilst overexpression of IRAK1 and IRAK4 kinase dead mutants still activated
NFκB, overexpression of an IRAK2 kinase dead mutant abolished NFκB activation revealing that
IRAK2 has the potential be a kinase important for NFκB activation (Kawagoe et al., 2008).

IRAK2 was initially demonstrated to interact with TRAF6 and MyD88 and activate NFκB,
suggesting that its function is similar to IRAK1 (Muzio et al., 1997). Other studies have suggested
that IRAK2 interacts with Mal (Fitzgerald et al., 2001). The importance of IRAK2 in TLR-induced
NFκB signalling was revealed in studies using Vaccinia virus. Vaccinia produces a protein called
A52, that interacts with IRAK2 and TRAF6 thus inhibiting NFκB activation (Harte et al., 2003). As
the virus only targeted IRAK2, this highlighted its importance in activating NFκB. siRNA studies in
human cell lines have also demonstrated that IRAK2 participates in the NFκB response for a
number of TLRs, including TLR3 (Keating et al., 2007). Kawagoe et al. (2008) demonstrated that
both IRAK1 and IRAK2 act redundantly at early time points following TLR stimulation, however
IRAK2 is crucial in sustaining the response at later time points. In macrophages, IRAK2 was
necessary in order to mount an optimal immune response by most TLRs and for IL-1 signalling
(Kawagoe et al., 2008). Interestingly, Jiang et al. (2003) found that IRAK2 is recruited to TLR3,
although further studies are required to fully elucidate the role of IRAK2 in MyD88-independent
signalling.
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1.4.3.3 - TRAF6

The TRAF family of intracellular proteins function as adaptor molecules. To date, there are seven
known mammalian TRAFs (Kobayashi et al., 2004). Except for TRAF1, all the TRAF proteins are
characterized by the presence of an N-terminus, containing a RING finger followed by several zinc
fingers (Chung et al., 2002, Naito et al., 1999). The C-terminus of TRAF contains a coiled-coil
domain known as the TRAF-N domain and a highly conserved TRAF-C domain (Wu and Arron,
2003) (Figure 1.18). The N-terminal domain is essential for signalling, and deletion of this section
of the protein renders it unable to signal (Lomaga et al., 1999). Studies have revealed that the
RING finger domain is required for NFκB activation and that the zinc fingers in the N-terminus
have been demonstrated to mediate DNA binding and/or protein-protein interactions (Arch et al.,
1998, Rothe et al., 1995). The RING finger has also been proposed to modulate protein levels via
the ubiquitination and subsequent degradation of proteins by proteasomes (Lorick et al., 1999).
Structural studies of the C-terminal TRAF domain reveal that it forms a mushroom like structure,
with the coiled-coil TRAF-N domain as the stalk and the TRAF-C domain as the head (Park et al.,
1999) (Figure 1.19). The TRAF domain allows the molecule to self-associate and interact with
receptors and other signalling molecules (Takeuchi et al., 1996).

The TRAF proteins are able to interact with and transduce signals from multiple receptors, and
each receptor is also able to utilize multiple TRAFs for particular roles (Arch et al., 1998). Unlike
the other TRAFs that mediate signalling from the TNFR super-family, TRAF6 mediates signal
transduction in the IL-1R/TLR super-family (Chung et al., 2002). Structural analysis has revealed a
40˚ difference in the directions of the bound peptides in TRAF6 and TRAF2, demonstrating the
remarkable differences in receptor recognition between TRAF6 and the other TRAF molecules (Ye
et al., 2002). The T6BM also allows TRAF6 to interact with many different signalling molecules;
including IRAKs, TRIF and Mal (Ye et al., 2002, Sato et al., 2003, Mansell et al., 2004). The binding
motif of TRAF6 has been identified as P-X-E-X-X-(aromatic/acidic residue) (Ye et al., 2002). This
motif sequence is also found in CD40, TNF-related Activation-induced Cytokine Receptor
(TRANCER) and IRAKs; three of these motifs in IRAK1, two in IRAK2 and one in IRAK-M (Table 1.2)
(Akira and Takeda, 2004). TRAF6 has a very diverse and significant role in immunity and
homeostasis, as it is involved not only in immunity, but also bone remodelling and cell survival
(Lee and Lee, 2002).
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Figure 1.18: TRAF family members.
TRAF proteins contain an N-terminal zinc binding domain (containing a RING finger followed by
several zinc fingers), and a C-terminal TRAF domain, that is made up of a coiled-coil domain
known as the TRAF-N domain and a highly conserved TRAF-C domain.
Adapted from Kobayashi. et al. (2004). "The role of TRAF6 in signal transduction and the immune
response." Microbes and Infection. 6: 1333-1338.
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Figure 1.19: Structural analysis of TRAF6.
Example of TRAF-mediated signalling via trimerisation, and formation of the mushroom like
structure.
Wu et al. (2003). "TRAF6, a molecular bridge spanning adaptive immunity, innate immunity and
osteoimmunology." Bioessays. 25: 1096-1105.
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Table 1.2: Putative TRAF6 binding motifs in immune signalling molecules.
Critical glutamic acid residue is shown in red. Ar/Ac – Aromatic/Acidic Group
TRAF6 binding motif

P

x

E

x

x
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TRAF6 can also activate IKK through interaction with two intermediary factors TRAF6-regulated
IKK Activator 1 (TRIKA1) and TRIKA2 (Wang et al., 2001). TRIKA1 is a heterodimeric protein
complex made up of the ubiquitin conjugating enzymes Ubc13 and Uev1A. The ubiquitination of
proteins requires an enzyme cascade that is composed of a ubiquitin activating enzyme (E1), a
ubiquitin conjugating enzyme (E2) and a ubiquitin protein ligase (E3) (Bradley and Pober, 2001).

This occurs in three steps, firstly ubiquitin is bound to E1 via a thioester bond and this process is
ATP-dependent. Secondly, ubiquitin is then transferred from E1 to the active site cysteine residue
of E2. Thirdly, E2 then transfers ubiquitin onto lysine residues of the target protein and this occurs
with the aid of E3 (Pickart and Eddins, 2004). The RING finger domain of TRAF6 can function as an
E3 ubiquitin ligase, with the complex Ubc13 and Uev1A mediating the polyubiquitination of TAK1,
and subsequent activation of IKK (Akira et al., 2006). This occurs through the formation of a K63linked polyubiquitination chain, that functions independently of a proteasome (Wang et al.,
2001).

Wu and colleagues (Yin et al., 2009) have recently crystallized TRAF6 and Ubc13. TRAF6 interacts
with Ubc13 through TRAF6’s RING domain, residues upstream from the RING domain and the first
zinc finger. The monomer structure of TRAF6 RING domain and zinc fingers 1-3 show that it
resembles a golf club (Yin et al., 2009) (Figure 1.20). The RING domain forms the head of the club,
while the zinc fingers make up the shaft and this structure is quite rigid. Whilst the C-terminus of
TRAF6 forms a trimeric structure, the N-terminus forms a dimeric structure via its RING domain
and the linker helix (Yin et al., 2009) (Figure 1.21). This dimerisation of the N-terminus is crucial
for TRAF6’s ability to promote polyubiquitin synthesis, autoubiquitination, NFκB activation and
oligomerisation of itself. Only TRAF6 is able to interact with Ubc13 despite the fact that TRAF2
and TRAF5 can activate NFκB through K63-linked polyubiquitination, highlighting the unique role
TRAF6 has in multiple signalling pathways (Pineda et al., 2007, Nakano et al., 1996).

Recently, TRAF6 was found to translocate to mitochondria following TLR1, TLR2 and TLR4 ligand
stimulation (West et al., 2011). The translocation of TRAF6 from the cytoplasm to the
mitochondria involved interaction with Evolutionarily Conserved Signalling Intermediate in Toll
Pathways (ECSIT) and this resulted in recruitment of mitochondria to phagosomes and the
generation of mitochondrial ROS (mtROS). ECSIT has been shown to interact with the chaperone
NADH Dehydrogenase (ubiquinone) Complex I, Assembly Factor 1 (NDUFAF1), and is involved in
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Figure 1.20: Structure of the N-terminal region of TRAF6.
Ribbon diagram of the monomer structure of TRAF6’s N-terminus. The structure resembles a golf
club, with the RING domain as the head and the three zinc fingers (Z1 [yellow], Z2 [orange] and Z3
[red]) as the shaft.
Yin et al. (2009). “E2 interaction and dimerization in the crystal structure of TRAF6.” Nature
Structural & Molecular Biology. 16: 658-66.
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Figure 1.21: Dimerisation of the TRAF6 N-terminal domain.
The structure of TRAF6 as a dimer. The dimerisation of TRAF6 is important for its ability to
promote polyubiquitination. The major site of autoubiquitination has been mapped to the K124
residue and this is depicted as a ball-and-stick model.
Yin et al. (2009). “E2 interaction and dimerization in the crystal structure of TRAF6.” Nature
Structural & Molecular Biology. 16: 658-66.
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mitochondrial complex I assembly (Vogel et al., 2007). ECSITs interaction with TRAF6 leads to its
ubiquitination, where it begins to accumulate at the mitochondrial periphery and induces mtROS
production (West et al., 2011). TRAF6- and ECSIT-deficient macrophages were challenged with
Salmonella typhimurium. Both TRAF6- and ECSIT-deficient macrophages produced lower levels of
mtROS and cellular ROS. This study demonstrates a direct link between TLR signalling and
mitochondria, and the emerging role mitochondria have in innate immunity.

TRAF6 therefore is critical in IL-1/TLR signalling pathways and it acts as a central signalling
mediator that bifurcates signalling to the canonical and MAPK pathways, although the mechanism
for them is still poorly understood. Recent studies also demonstrate that TRAF6 appears to have a
role in ROS generation.

1.4.3.4 - TAK1 and TABs

The activation of NFκB and AP-1 by TRAF6, involves TAK1 (MAP3K7), TAB1 and TAB2. TAK1 is a
serine/threonine kinase that is a member of the MAPK kinase kinase (MAPKKK) family (Adhikari et
al., 2007). TAK1 has been shown to participate in TNFR1 and IL-1/TLR mediated signalling (Shim
et al., 2005). Three adaptor proteins that interact with TAK1 have been identified; these are TAB1,
TAB2 and TAB3. Overexpression of TAB1 induces TAK1 kinase activity, revealing that TAB1 is an
activator of TAK1 (Shibuya et al., 1996). The C-terminus of TAB1 facilitates interaction and
activation of TAK1 (Landström, 2010). TAB2 and TAB3 associate with TAB1 and have been
demonstrated to be required for TAK1 activation following TNF-α and IL-1β stimulation. TAB2 and
TAB3 have unique ubiquitin protein domains, making them distinct from TAB1. The N-terminus
contains a Coupling of Ubiquitin Conjugation to ER Degradation (CUE) domain, and the Cterminus contains a Novel Zinc Finger (NZF) domain (Landström, 2010). After IL-1 stimulation
TAB2 translocates from the cell membrane to the cytosol where it interacts with TAB1 and TRAF6
to activate TAK1 (Takaesu et al., 2000). The formation of the K63 ubiquitin chains by TRAF6 lead
to activation of TAK1, though this process is poorly understood. Following subsequent activation
by TRAF6, TAK1 phosphorylates IKKβ and MKK6, which leads to the activation of NFκB and MAPKs
(Akira et al., 2006). Activated TAK1 can also phosphorylate members of the MKK family, which in
turn can phosphorylate JNK and p38k (Wang et al., 2001).
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1.5 - JAK-STAT pathway
The JAK-STAT pathway is used by cytokines which bind to their respective ligands, leading to rapid
reprogramming of the genes being expressed in that cell. The JAK-STAT pathway is used by type I
and type II IFNs as well as IL-6 (Heinrich et al., 1998). Type I IFNs however, make use of STAT1 in
transducing their signals. All type I IFNs bind to a heterodimer receptor that is made up of IFNAR
1 and IFNAR2 (Uzé et al., 1990). Associated with these two receptors is the JAK proteins TYK2 and
JAK1 (Figure 1.22) (Novick et al., 1994, Colamonici et al., 1994).

Binding of the ligand causes the receptors to dimerise, however unlike growth factor receptors
these receptors do not have intrinsic tyrosine kinase activity, instead the kinase activity is
supplied through requirement of the JAK proteins (Velazquez et al., 1992, Silvennoinen et al.,
1993). Dimerisation of the receptors allows the JAKs to phosphorylate tyrosine residues on
themselves and the receptor. This produces docking sites that are recognised by STAT1 and STAT2
through their Src-homology 2 (SH2) domains (Schindler, 2002, Mahieu and Libert, 2007, Murray,
2007). Once the STAT proteins bind to the phosphotyrosine sites, the STAT proteins are
themselves phosphorylated on activating tyrosine residues. The activated STATs can then form
homo- or heterodimers. STAT dimers are then rapidly translocated to the nucleus, where they
bind to specific sequences of DNA and induce increased expression of target genes (Aaronson and
Horvath, 2002). Phosphorylation of Tyr-701 alone is sufficient for STAT1 dimers to bind DNA
elements. Phosphorylation of STAT1 on Ser-727 is further required for maximal transcriptional
activity of STAT1 (Wen et al., 1995).

1.5.1 – STAT structure
The seven STAT proteins all share a highly conserved structure with a number of functional
domains. They are comprised of a C-terminal transactivation domain (TAD), a SH2 domain, a
linker domain, DNA-binding domain and a coiled-coil domain (Lim and Cao, 2006) (Figure 1.23).
The N-terminal domain of STATs is involved in dimerisation (Vinkemeier et al., 1998) and the four
long helical coils of the coiled-coil domain facilitate protein-protein interactions. The DNA-binding
domain forms an immunoglobulin structure and binds DNA when the STAT proteins form a dimer
(Horvath et al., 1995). This domain is also responsible for nuclear import of the STATs (Ma and
Cao, 2006). Yang et al. (1999) demonstrated that the linker domain was required for STAT1
transcriptional activity. Of all the domains, the SH2 domain is most highly conserved and is crucial
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Figure 1.22: JAK-STAT signalling in type I, II interferon and interleukin-6.
Binding of IFNAR ligands leads to dimerisation of the receptor subunits, phosphorylation of JAK
proteins and the receptor, and the recruitment of STAT molecules. STATs are then
phosphorylated, resulting in STAT homo- or heterodimersation and their translocation to the
nucleus. STAT proteins bind specific DNA elements and induce transcription of target genes.
Adapted from Aaronson, D. S. and C. M. Horvath (2002). "A Road Map for Those Who Don't Know
JAK-STAT." Science. 296: 1653-1655.
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Figure 1.23: STAT domains.
N = N-terminal domain, CC = coiled-coil domain, DNA = DNA-binding domain, LK = linker domain,
SH2 = SH2 domain, Y = Phosphotyrosyl tail segment, TA = transactivation domain. Splice variants
generate a longer α isoform and shorter β, b and c isoforms.
Adapted from Lim and Cao. (2006) “Structure, function and regulation of STAT proteins.”
Molecular Biosystems. 2: 536-550.
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for receptor association and dimerisation following tyrosine phosphorylation (Heim et al., 1995).
The TAD is the least conserved, and in STAT1 and STAT3, contain a P-M-S-P motif where an
important serine residue at 727 can be phosphorylated (Wen et al., 1995).

Crystal structures of a STAT1 homodimer bound to DNA and STAT3β homodimer bound to DNA
have been resolved. Both of these crystal structures lack N- and C-terminal domains. The STAT1
and STAT3β homodimer crystal structure is comprised of the coiled-coil, DNA-binding, linker and
SH2 domain and all four domains bind to adjacent domains and together they form a hydrophobic
core. STAT1 and STAT3 bind DNA as a homodimer, and together this structure resembles a
nutcracker (Chen et al., 1998, Becker et al., 1998) (Figure 1.24 and Figure 1.25). The only point of
contact between two STAT molecules is at the SH2 domain, this interaction is comprised of the
SH2 domains of each monomer binding to one another, forming an anti-parallel β sheet (Chen et
al., 1998).

The structure of STAT1 was resolved in 2005 and displays STAT1 existing as a tetrameric complex
(Mao et al., 2005). The four N-terminal domains are arranged in the centre of the tetramer, with
four core fragments surrounding them (Figure 1.26). This complex contains two dimer interfaces,
one between the two N-terminal domains and one between the two core fragments, which
consist of the coiled-coil domain to the phosphotyrosyl tail segment (Mao et al., 2005). The
unphosphorylated core fragment pairs together form a boat-like arrangement (Figure 1.27). In
solution STAT1 predominately exists as a dimer, and in this state the unphosphorylated STAT1
dimer is proposed to exist in two possible conformations (Mao et al., 2005). These two
conformations are termed parallel and anti-parallel, and are based on the location of the SH2
domain, the anti-parallel conformation has the SH2 domains on opposite ends of the dimer
(Figure 1.28). Both dimer conformations are relatively weak compared to the tyrosine
phosphorylated dimer. In the cytoplasm the anti-parallel is proposed to be the latent form of
STAT1, as it is stabilised by interactions between the N-terminal domains and the core fragments
(Mao et al., 2005). STAT1 adopts the parallel conformation upon stimulation as it allows an easier
transition into the phosphotyrosine (pTyr) conformation. The unphosphorylated STAT3 core
fragment has also been resolved and unlike STAT1 which forms tetramers, STAT3 is
predominately monomeric (Ren et al., 2008) (Figure 1.29). Similar to STAT1, STAT3 does not
undergo drastic conformational changes when tyrosine phosphorylated, and the domains all
interact to form a hydrophobic core. For STAT1, interaction between the coiled-coil domain and
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Figure 1.24: Structure of STAT1 homodimer.
Ribbon diagram displaying STAT1 homodimer bound to DNA. Coiled-coil domain is green, DNAbinding domain is red, linker domain is orange, SH2 domain is cyan and DNA is represented in
grey. The C-terminal tail segment is represented in yellow and magenta. Dotted lines denote
disordered loops (one in the coiled-coil domain and one in the SH2 domain). The tyrosine 705
residue is shown in stick representation. The N- and C-terminus are represented by N and C.
Chen et al. (1998). “Crystal Structure of a Tyrosine Phosphorylated STAT-1 Dimer Bound to DNA."
Cell. 93: 827-839.
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Figure 1.25: Structure of STAT3 homodimer.
Ribbon diagram displaying STAT3 homodimer bound to DNA. The coiled-coil is shown in blue, the
DNA-binding domain is represented in red, the linker domain is in green, the SH2 domain is in
yellow and DNA is represented in purple.
Becker et al. (1998). “Three-dimensional structure of the Stat3β homodimer bound to DNA.”
Nature. 394: 145-151.
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A

B

Figure 1.26: Structure of STAT1 tetramer.
(A) Front view of STAT1 tetramer. (B) Back view of STAT1 tetramer. STAT1 monomers are
represented in red, blue, yellow and green. ND = N-terminal domain and CF = core fragment.
Mao et al. (2005). “Structural Bases of Unphosphorylated STAT1 Association and Receptor
Binding.” Molecular Cell. 17: 761-771.
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A

B

Figure 1.27: Structure of STAT1 dimer interfaces.
(A) Side view of the core fragment interface. (B) Top view of the core fragment interface. N = Nterminal domain and C = C-terminal domain. F172 is a hydrophobic residue located in the coiledcoil domain.
Mao et al. (2005). “Structural Bases of Unphosphorylated STAT1 Association and Receptor
Binding.” Molecular Cell. 17: 761-771.
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Figure 1.28: Two possible STAT1 dimer conformations.
A diagram displaying the two possible STAT1 dimer conformations, parallel and anti-parallel. N =
N-terminal domain and CF = core fragment.
Adapted from Mao et al. (2005). “Structural Bases of Unphosphorylated STAT1 Association and
Receptor Binding.” Molecular Cell. 17: 761-771.
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Figure 1.29: Structure of monomeric STAT3.
CCD = coiled-coil domain (green), DBD = DNA-binding domain (red), LD = linker domain (orange)
and SH2 = SH2 domain (blue).
Ren et al. (2008). “Crystal structure of unphosphorylated STAT3 core fragment.” Biochemical and
Biophysical Research Communications. 374: 1-5.
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DNA-binding domain has been demonstrated to play a role in the dephosphorylation of pTyr
STAT1 (Mertens et al., 2006).

Mutations of critical residues in the core fragment dimer interface of STAT1 resulted in prolonged
tyrosine activation of STAT1, in contrast mutation of the analogous STAT3 core fragment dimer
interaction did not affect phosphorylation times (Ren et al., 2008). These results suggest that
either STAT3 does not contain interaction of the coiled-coil domain and DNA-binding domain or
that the dimer interface in STAT3 does not regulate tyrosine dephosphorylation.

1.5.2 - STAT1
STAT1 was first identified as part of the IFN-stimulated Gene Factor 3 (ISGF3) following
stimulation with IFN-α (Fu et al., 1990). Subsequent studies found that STAT1 was the mediator
for IFN-γ signalling (Shuai et al., 1992). Stimulation with IFN-α leads to formation of a
STAT1/STAT2 heterodimer, whereas stimulation with IFN-γ results in formation of a STAT1
homodimer (Shuai et al., 1994, Schindler et al., 1992a). Other than IFNs, STAT1 can also be
activated by a variety of cytokines and growth factors, including several ILs such as IL-6, IL-12, IL21, TNF-α, Epidermal Growth Factor (EGF), Vascular Endothelial Growth Factor (VEGF) and growth
hormone (Najjar and Fagard, 2010).

Unlike STAT3-deficient mice, STAT1-deficient mice are not embryonically lethal however, they are
highly susceptible to infection from bacteria and viruses (Meraz et al., 1996). Despite the lack of
developmental defects, STAT1 knockout mice are completely unresponsive to IFN-α and IFN-γ,
though the mice respond normally when exposed to other cytokines that activate STAT1 (Meraz
et al., 1996). These knockout studies demonstrate STAT1’s crucial role in mediating IFN-type
responses.

Alternate splicing of the STAT1 gene produces two isoforms, a STAT1α and a truncated form
STAT1β (Schindler et al., 1992a). STAT1β is expressed at low levels and lacks the transactivation
domain, thus rendering it transcriptionally inactive (Shuai et al., 1992). This truncated form can
still be tyrosine phosphorylated and both isoforms can form homo- and heterodimers that bind
DNA (Vinkemeier et al., 1996). When stimulated with IFN-γ both STAT1α and STAT1β accumulate
at the IRF1 promoter, however only STAT1α can recruit Cyclic Adenosine Monophosphate (cAMP)
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Response Element-binding Protein (CREB)/p300 and activate transcription (Zakharova et al.,
2003). As STAT1β binds to the same DNA targets as STAT1α, overexpression of STAT1β inhibits
phosphorylation, the DNA binding ability and transcriptional activity of STAT1α (Baran-Marszak et
al., 2004). Baran-Marszak et al. (2004) also observed that the inhibition of STAT1α
phosphorylation correlated with an increase of STAT1β phosphorylation suggesting that STAT1β
may compete with STAT1α at the receptor level. Leishmania has also been found to attenuate
the IFN-γ response through enhancing tyrosine phosphorylation of STAT1β thereby negatively
regulating STAT1α transcriptional activity (Bhardwaj et al., 2005). The function of STAT1β isoform
was also investigated in a STAT1-deficient B cell line. STAT1α was found to enhance cell death and
also facilitate the phosphorylation and nuclear localisation of p53 (Najjar et al., 2008). In contrast,
STAT1β-induced cell death was independent of p53, whilst STAT1α induced p53 nuclear
localisation; p53 in STAT1β reconstituted cells was cytoplasmically located where it had no
transcriptional activity (Najjar et al., 2008).

IFN stimulation induces Tyr-701 phosphorylation of STAT1 which is required for the formation of
STAT1 homodimers and STAT1/STAT2 heterodimers via the SH2 domains. Tyrosine
phosphorylation alone is sufficient for STAT1 to mediate the IFN-induced responses and is
required to induce the DNA binding ability of STAT1 (Larner et al., 1993, Quelle et al., 1995).
Nuclear translocation of STAT1 has been shown to be dependent on the interaction of the SH2
domain with the phosphotyrosine residue of another STAT, though only active SH2
phosphotyrosine interaction is required to facilitate STAT dimerisation (Gupta et al., 1996).
Blockage of the STAT1 tyrosine phosphorylation inhibits the nuclear translocation of STAT1
further demonstrating the importance of this residue for STAT1 function (Shuai et al., 1994).

Initiation of TLR signalling can induce expression of IFN-β. IFN-β can activate STAT1 at Tyr-701
through IFNAR via an autocrine mechanism in response to TLR3 and TLR4 signalling (Figure 1.30)
(Kobayashi et al., 2006). Studies by Dalpke et al. (2003) have also shown interplay between IFN-γ
signalling and TLR signalling. It is well-known that IFN-γ interacts with a heterodimeric type II IFN
receptor, resulting in activation of JAK1 and JAK2 which leads to Tyr-701 phosphorylation of
STAT1 (Dalpke et al., 2003). IFN-γ signalling can be enhanced and inhibited by stimulation with
TLR ligands. Stimulation with TLR ligands results in enhanced IFN-γ production and this was
attributed to the p38k phosphorylation of STAT1 Ser-727 (Dalpke et al., 2003). Additionally, it has
also been reported that p38k can enhance IFN-γ signalling independently of Ser-727
phosphorylation (Ramsauer et al., 2002).
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Figure 1.30: Interaction between TLR4 and IFNAR via production of IFN-β and subsequent
activation of JAK-STAT signalling.
Upon TLR4 recognition of LPS, TLR4 signals via the MyD88-dependent and -independent
pathways. Signalling through the MyD88-independent pathway, leads to the production of IFN-β,
which via an autocrine feedback loop, binds to the IFNAR and activates JAK-STAT signalling.
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Whilst tyrosine phosphorylation of STAT1 is required to induce the transcriptional activity of
STAT1, serine phosphorylation has been demonstrated to activate the maximal transcriptional
ability of STAT1. U3A cells, which lack STAT1, were transfected with a STAT1 S727A mutant and
these cells displayed severely attenuated STAT1-mediated IFN-γ secretion (Wen et al., 1995). The
increase of transcription from Ser-727 phosphorylation of STAT1 was also confirmed by Kovarik et
al. (1998) who found that pre-treatment of macrophages with LPS, which only resulted in STAT1
Ser-727 phosphorylation, enhanced expression of STAT1 target genes following IFN-γ treatment.
These in vitro studies were later validated in mice models. Mice expressing a STAT1 S727A mutant
displayed significantly reduced IFN-γ production and under heavy pathogen burden were
unsuccessful in clearing microbial threats (Varinou et al., 2003). This demonstrates that STAT1
serine phosphorylation is required for maintaining a sustained IFN-γ response that induces an
anti-viral state and for inducing maximal transcriptional activity of STAT1.

The TLR pathway can interact with JAK-STAT signalling through the secretion of IFN-β, however
previous studies have demonstrated the possibility that an alternative cross-talk may exist
between the TLR and the JAK-STAT pathways. In response to TLR2 and TLR4 stimulation, STAT1
Ser-727 is rapidly phosphorylated within 10-15 minutes, whilst only TLR4 stimulation leads to Tyr701 phosphorylation after 2 hours, presumably via IFN-β production and subsequent IFNAR
activation. This activation however was delayed compared with Ser-727 STAT1 phosphorylation
suggesting that Ser-727 phosphorylation is a direct consequence of TLR activation and was not
reliant on IFN-β expression (Rhee et al., 2003). This study also revealed that TLR-induced STAT1
phosphorylation at Tyr-701 is Phosphoinositide 3-kinase (PI3K)-dependent; however Ser-727
phosphorylation is PI3K-independent. In contrast, TLR2 only induces STAT1 Ser-727
phosphorylation, but not Tyr-701 which is expected as TLR2 does not induce IFN-β (Rhee et al.,
2003). Other studies conducted demonstrate that STAT1 Ser-727 phosphorylation can be induced
through IL-1, and is dependent on IRAK1, but not the kinase activity of the IRAK1 protein (Nguyen
et al., 2003). In fact this process is PI3K and p38k independent, as STAT1 Ser-727 phosphorylation
was not affected by chemical inhibitors, dominant negative and constitutively active mutants of
signalling proteins that activated NFκB or activated the transcriptional activity of STAT1. (Nguyen
et al., 2003). Schroder et al. (2007) further demonstrated that STAT1 can also undergo Ser-727
phosphorylation after TLR9 stimulation, occuring through the MyD88-dependent pathway, yet
independent of IFN-β induced phosphorylation. The study also suggests that cytoplasmic STAT1
may play an inhibitory role in response to TLR ligands that activate p38k, but did not induce type I
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IFN production (Figure 1.31) (Schroder et al., 2007). Taken together these results indicate that
crosstalk may exist between the TLR and JAK-STAT pathways.

1.5.3 - STAT3
STAT3 was first identified as an IL-6-dependent transcription factor that regulates the acutephase response (Akira et al., 1994). It is activated by a variety of cytokines and growth factors
which include EGF, Platelet-derived Growth Factor (PDGF) and IL-6 (Zhong et al., 1994, Cao et al.,
1996a, Akira et al., 1994). STAT3 has a very diverse role within the body, playing a role in both
inflammation and cancer. STAT3 transduces signals from the IL-6, IL-10, Granulocyte Colony
Stimulating Factor (G-CSF), leptin, IL-21 and IL-27 (Kisseleva et al., 2002). Of all the STATs, STAT3
knockout mice are the only ones that are embryonic lethal, demonstrating the importance of
STAT3 in development (Takeda et al., 1997). Tissue specific knockouts of STAT3 provided a more
comprehensive look on the significance of the role of STAT3.

STAT3-deficient T cells display severely impaired proliferation when induced by IL-6 and were not
protected from apoptosis induced by Bcl-2 (Takeda et al., 1998). Takeda et al. (1999) later
demonstrated that a conditional STAT3-/- mice, with STAT3 disrupted in macrophages and
neutrophils, expressed higher levels of proinflammatory cytokines and were highly susceptible to
endotoxic shock as the anti-inflammatory effects of IL-10 was completely abolished in these mice.
In keratinocytes, the lack of STAT3 affected both hair cycle and wound healing, although
proliferation of keratinocytes was unaffected, their ability to migrate was dependent on STAT3
(Sano et al., 1999). Mammary gland involution in the absence of STAT3 exhibited decreased
apoptosis and involution was significantly delayed (Chapman et al., 1999). Deletion of STAT3 in
the liver completely abolishes IL-6 induced acute-phase response genes and this was also
observed in response to LPS (Alonzi et al., 2001). All these studies demonstrate the importance
and vast role of STAT3 in cellular functions.

STAT3 can be expressed as two isoforms, a full length STAT3α and a truncated STAT3β. STAT3β is
missing 55 aa at the C-terminal domain, but contains an additional 7 aa that STAT3α lacks
(Schaefer et al., 1995). This splice variant encodes a ~80 kDa protein that is considered to be a
dominant negative form (Caldenhoven et al., 1996). Whilst STAT3β lacks the C-terminal domain
and cannot activate IL-6-induced genes, it has been shown to bind c-Jun and activate the α2macroglobulin gene (Schaefer et al., 1995). When transfected into the African green monkey cell
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Figure 1.31: TLR9-mediated activation of STAT1 in DCs vs. macrophages.
In DCs, TLR9 signalling leads to the p38k-dependent phosphorylation of Tyr-701 and Ser-727. The
double phosphorylated STAT1 dimerises and translocates to the nucleus to bind its target genes.
In contrast, TLR9 signalling in macrophages only induces Ser-727 phosphorylation, and does not
trigger IFN-β production. Unphosphorylated STAT1 at the Tyr-701 residue cannot dimerise and
therefore cannot translocate to the nucleus. STAT1 remains in the cytoplasm and regulates gene
expression.
Adapted from Schroder, K., M. Spille, et al. (2007). "Differential Effects of CpG DNA on IFN-B
Induction and STAT1 Activation in Murine Macrophages versus Dendritic Cells: Alternatively
Activated STAT1 Negatively Regulates TLR Signalling in Macrophages." The Journal of
Immunology. 179: 3495-3503.
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line, COS, both STAT3α and STAT3β could be activated by the same set of growth factors and
cytokines, and were capable of DNA binding and inducing transcription (Schaefer et al., 1997).
Whilst STAT3α had greater transcription activity, STAT3β had increased DNA binding and was
more stable, revealing that the C-terminal tail may control STAT3 binding efficiency (Schaefer et
al., 1997). Park et al. (2000) had similar results indicating that the DNA binding ability of STAT3α
and STAT3β were markedly different, and this is explained by the C-terminal domain. Deletions in
the C-terminus region of STAT3α enhanced its DNA binding ability and its stability as a dimer (Park
et al., 2000). STAT3β knockout mice generated by Yoo et al. (2002) were able to produce normal
levels of proinflammatory cytokines, but were slower to recover from endotoxic shock,
illustrating STAT3βs role in regulating a subset of genes that may aid in recovery from endotoxin
challenge. Maritano et al. (2004) next generated both STAT3α- and STAT3β-deficient mice and
found that whilst STAT3α mice died 24 hours post-birth, STAT3β was able to prevent this. In fact,
STAT3β is not a dominant negative isoform of STAT3 as expression of STAT3β can induce acutephase gene expression; though it plays no role in development, it can still mediate inflammatory
events. In contrast, STAT3α regulates post-natal survival, maintains the acute-phase response and
is required to mediate IL-10s anti-inflammatory properties (Maritano et al., 2004).

It has been reported that MyD88 may play a role in mediating STAT3 phosphorylation in response
to LPS (Yamawaki et al., 2010). Injection of LPS in the hypothalamus and livers of mice induced
expression of SOCS3, a negative regulator of STAT3. LPS is able to induce IL-6 production, which in
turn would induce STAT3 phosphorylation and this was shown to be a MyD88-dependent process.
MyD88-deficient mice produced lower levels of LPS-induced IL-6 production and this also
decreased STAT3 phosphorylation (Yamawaki et al., 2010). Although LPS-induced STAT3
phosphorylation was mainly mediated by MyD88-dependent signalling, it was not completely
abolished in MyD88-deficient mice livers. This revealed that LPS-induced STAT3 phosphorylation
was also mediated by the MyD88-independent pathway (Yamawaki et al., 2010). As TLR4 signals
through both the MyD88-dependent and -independent pathway, it is though that both pathways
act synergistically in inducing STAT3 phosphorylation.

STAT3 has also been shown to interact with TRAF6, demonstrating crosstalk between TLR and
JAK-STAT signalling. TRAF6 and STAT3 were co-immunoprecipitated in vitro, and STAT3 was
observed to have increased K63-linked ubiquitination when co-transfected with TRAF6 (Wei et al.,
2012). The RING finger domain and TRAF-type zinc fingers are essential in negatively regulating
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STAT3, but each domain separately failed to inhibit STAT3 transcription activity, suggesting they
cooperate together for TRAF6 to exert its inhibitory effect. TRAF6 is able to downregulate STAT3
target genes as TRAF6 inhibited C-Reactive Protein (CRP) production following IFN-α stimulation
(Wei et al., 2012).

Traditionally, tyrosine phosphorylated STAT3 is required for STAT3 dimerisation and nuclear
translocation to initiate gene transcription, with serine phosphorylation enhancing the
transcriptional activity of STAT3. This was demonstrated by Wen and colleagues (1995) who
found that STAT3 S727A transfected cells had a reduced capacity to drive activation of STAT3
target genes. Shen et al. (2004) further demonstrated in STAT3 S727A homozygous mice had
~50% of the transcriptional activity of WT mice illustrating the requirement of serine
phosphorylation in achieving maximal transcription. Though the serine phosphorylation of STAT3
is clearly demonstrated as essential for proper cytokine expression, recent studies have identified
a new role of Ser-727 phosphorylated STAT3 that is independent of tyrosine phosphorylation.

Serine phosphorylation of STAT3 has been implicated in the regulation of other cellular functions
independent from its role of inducing maximal transcriptional activity. In Ras-transformed cells,
STAT3 required the Ser-727 phosphorylation site to support Ras-transformation (Gough et al.,
2009). STAT3 was detected in the mitochondria of these cells, but translocation to the
mitochondria didn’t require the tyrosine phosphorylation site, SH2 domain or the DNA binding
domains. Ras-transformed cells required STAT3 in the mitochondria for full transforming
potential, and it was revealed that the loss of STAT3 in the mitochondria impaired mitochondrial
function, with a 50% decrease in cellular ATP levels. Mitochondrial STAT3 thus contributes to Rasdependent cell transformation by augmenting ETC activity and acting mainly on complexes II and
V of the ETC.

Wegrzyn et al. (2009) found that in STAT3-/- cells complexes I and II of the Electron Transport
Chain (ETC) in mitochondria showed significantly decreased activity. Gene Associated with
Retinoid-IFN-induced Mortality 19 (GRIM-19) is a component of complex I of the ETC, and has
been demonstrated to directly interact with and negatively regulate STAT3 transcriptional activity
(Fearnley et al., 2001, Lufei et al., 2003, Zhang et al., 2003). GRIM-19-deficient mice are
embryonically lethal and GRIM-19-deficient stem cells have impaired complex I assembly. The
lack of GRIM-19 also affects the assembly and function of the other complexes of the ETC (Huang
et al., 2004a). Wegrzyn et al. (2009) therefore proposed that STAT3 and GRIM-19 may colocalise
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in the mitochondria. STAT3 was found in mitochondrial preparations, and was shown to interact
with GRIM-19 in complex I, demonstrating that STAT3’s presence in the mitochondria is required
for optimal function of the ETC.

Recently, STAT3 was found to interact with GRIM-19 and its translocation to the mitochondria
was required for TNF-α-induced necroptosis (Shulga and Pastorino, 2012). TNF-α-induced
necroptosis is in part mediated by ROS production as suppression of STAT3 inhibited both TNF-αinduced ROS production and necroptosis. Ser-727 phosphorylation of STAT3 was shown to be
important in ROS generation and TNF-α-induced necroptosis. Their studies demonstrated that the
RIP Kinase 1 (RIPK1) was required for Ser-727 of STAT3 during TNF-α-induced necroptosis and its
translocation to the mitochondria, as suppression of RIPK1 inhibited both ROS generation and
serine phosphorylation of STAT3. Phosphoserine (pSer)-727 STAT3 interacts with GRIM-19 which
facilitates its mitochondrial localisation and this interaction is dependent on RIPK1 as inhibition of
RIPK1 reduced this interaction (Shulga and Pastorino, 2012). Suppression of GRIM-19 and STAT3
reduced levels of STAT3 and GRIM-19 accumulation in the mitochondria, respectively. This
suggests that GRIM-19 and STAT3 are dependent on each other for mitochondria translocation
during TNF-α-induced necroptosis.

1.6 – Rationale and aims of my PhD project
The innate immune system is critical to the normal functioning of all organisms as it allows
clearance of invading pathogens. Innate immunity was once thought of as a non-specific system
however, it is now known that the innate immune system functions through a multitude of
receptors which recognise many different PAMPs. The TLRs and their signalling molecules have
been shown to be vital in providing a means of defence through induction of anti-pathogen
inflammation and it is the elucidation of the cross-talk between different signalling pathways that
will create a better understanding of innate immune regulation. Cross-talk between different
signalling pathways is important as it allows fine-tuning of the immune response and the tailoring
of the innate immune system to a particular insult. Therefore the need to understand the
mechanisms of cross-talk is crucial in development of therapeutics as inhibition of specific
proteins may potentially have drastic consequences on other signalling pathways. Critically, a
mechanism of this cross-talk between STAT signalling and TLRs has not been clearly identified.
From the current data, it can be proposed that TLR signalling may lead to the direct recruitment
of STAT1 and STAT3 in activating the innate immune response independent of type I IFN
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production and the activation of JAK-STAT signalling. Activation of a second receptor complex
does not explain the rapid Ser-727 phosphorylation of STAT1 and STAT3 that is observed in
previous studies. Our laboratory have previously identified that both STAT1 and STAT3 contain
several putative T6BMs and I therefore propose that:

1. STAT1 and STAT3 interact with TRAF6 via T6BMs,
2. TRAF6, STAT1 and STAT3 facilitate the cross-talk between TLR and JAK-STAT signalling,
3. The recruitment of STAT1 and STAT3 modulates the TLR-mediated innate immune
response.

The aims of my PhD project are to establish a mechanism of cross-talk between TLR and JAK-STAT
signalling and elucidate the biological effects of this crosstalk in innate immune function.

•

Demonstrate cross-talk between STAT1/TRAF6 and STAT3/TRAF6

•

Characterise the biological effects of STAT1 and TRAF6 interaction

•

Characterise the biological effects of STAT3 and TRAF6 interaction
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2.1 - Tissue culture
2.1.1 - Cell line passaging
Human Embryonic Kidney 293 (HEK293), HEK293T, HT1080, WT and knockout immortalised
macrophages were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Life
Technologies) supplemented with 10% of Fetal Bovine Serum (FBS, Life Technologies), 2 mM Lglutamine (Life Technologies), 50 U/ml penicillin and 50 mg/ml streptomycin (Life Technologies,
Appendix I). The cell lines were kept at 37˚C in a humidified atmosphere of 5% carbon dioxide
(CO2).

DMEM was first aspirated, cells were washed in 5 ml of Dulbecco’s Phosphate Buffered Saline
(DPBS pH 7.4, Life Technologies) and then detached from the flask surface using 1 ml of TrypLE
express (Life Technologies), a trypsin like enzyme. Cells were resuspended in 10 ml or 20 ml of
pre-warmed supplemented DMEM and then aliquoted into a 50 ml conical tube (BD Biosciences).
The cell suspension is then diluted 1:4 in supplemented DMEM and added to a 75 cm2 or a 175
cm2 cell culture flask (BD Biosciences). Cell passaging was performed every 2-3 days.

RAW264.7 and THP1 cells were maintained in Roswell Park Memorial Institute (RPMI) 1640
medium (Life Technologies) supplemented with 10% FBS, 2 mM L-glutamine, 50 U/ml penicillin
and 50 mg/ml streptomycin (Appendix I). The cell lines were kept at 37˚C in a humidified
atmosphere of 5% CO2.

For RAW264.7 murine macrophages, RPMI 1640 media was first aspirated and 10 ml of fresh prewarmed supplemented RPMI 1640 media was added to the 100 mm Petri dish (Sarstedt). Media
was pipetted up and down to dislodge cells from Petri dish and transferred to a 50 ml conical
tube (BD Biosciences). The cells were then seeded into a new 100 mm Petri dish diluted at 1:10 in
pre-warmed supplemented RPMI 1640 media.
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As THP1 cells are suspension cells, the cell suspension was transferred to a 50 ml conical tube,
and then centrifuged at 1000 rpm for 5 minutes at room temperature. Media was discarded and
cell pellet was resuspended in 25 ml of RPMI 1640 media. The cell suspension was then diluted
1:2 in a 175 cm2 cell culture flask.

2.1.2 - Generation of Mouse Embryonic Fibroblasts (MEFs)
Mice at day 13 of gestation were culled, embryos collected and placed into PBS. In a laminar flow
hood the embryos were washed in 100% ethanol (EtOH, Merck-Millipore), then separated from
the amniotic sac and placenta. The liver was removed from embryos and the heads were
separated for PCR genotyping. The remaining embryo was washed in DPBS to remove blood.
Using scissors and/or scalpel blade embryos were then dissected into fine pieces. Embryos were
added to a 15 ml conical tube (BD Biosciences) containing 1.5 ml of TrypLE express, mixed
vigorously, then incubated in a humidified atmosphere for 5 minutes at 37°C, 5% CO2. The
solution containing the embryos was then pipetted through a 10 ml serological pipette (Corning),
to dissociate cells and further incubated in humidified atmosphere at 37°C, 5% CO2 for 5 minutes.
This was then pipetted through a 5 ml serological pipette (Corning) to further dissociate cells and
cells were transferred into a 75 cm2 cell culture flask. The cells were left for 5 days incubating in a
humidified atmosphere at 37°C, 5% CO2. Cells were passaged and frozen according to protocol
outlined in 2.1.1 and 2.1.5, respectively.

2.1.3 – Generation of Bone Marrow-derived Macrophages (BMMs)
Mice legs were obtained from WT C57BL/6 and STAT1 S727A mice (Courtesy of Thomas Decker,
University of Vienna) aged between 6-12 weeks old. Mice were culled, sprayed with 70% EtOH
and legs were dissected out by removing surrounding muscle and tissue. Hip joints were
dislocated to remove legs and placed in cold supplemented DMEM media. In a laminar flow hood,
legs were washed in 70% EtOH and remaining muscle was removed with scissors and kimwipes
(Kimtech Science). The femur was then separated from the tibia at the knee joint and both ends
of the femur and tibia were removed. Using a syringe the bones were flushed with cold DPBS into
a 50 ml conical tube. Cells were pelleted at 1500 rpm for 5 minutes and DPBS decanted. 5 ml of
red blood cell lysing buffer (Sigma-Aldrich) was used to resuspend cells and this was incubated for
5 minutes at room temperature. After incubation, 35 ml of supplemented DMEM was added to
the cells, this was filtered through a 70 μM cell strainer (BD Biosciences) into a new 50 ml conical
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tube. Centrifugation was performed at 1500 rpm for 5 minutes and the supernatant was
removed. The cells were then resuspended in 10 ml of supplemented DMEM and counted using a
haemocytometer (Optik Labor) and inverted research microscope (Leica DMIRB, Leica
Microsystems). Cells were plated out at 1 x 106 cells/ml into a 100 mm Petri dish in 15 ml of
supplemented DMEM with 20% L929-cell conditioned media. This was then incubated for 8-10
days at 37 ˚C in a humidified atmosphere with 5% CO2. 3 ml of fresh L929-cell conditioned media
was added on day 4. After 8-10 days the cells were passaged as described in 2.1.1 and set up for
experiments 24 hours before use.

2.1.4 - Viable cell counting
After passaging confluent cells, 10 µl of the cell suspension was taken and stained with 10 µl of
0.4 % (w/v) Trypan Blue stain (Sigma-Aldrich). Cells were counted using a haemocytometer and an
inverted research microscope.

2.1.5 - Thawing cells
Cells were removed from liquid nitrogen storage and then immediately thawed in a 37˚C water
bath. Cells were resuspended in 12 ml of pre-warmed supplemented DMEM in a 15 ml conical
tube. The cell suspension was then centrifuged at 1000 rpm for 5 minutes. Media was discarded
and the cell pellet resuspended in 6 ml of pre-warmed supplemented DMEM. The cell suspension
was then transferred into a 25 cm2 cell culture flask (BD Biosciences) and incubated at 37˚ in a
humidified atmosphere with 5% CO2. After 24 hours, depending on confluence of cell line, the
cells were then passaged into 75 cm2 or 175 cm2 cell culture flask.

2.1.6 - Freezing cells
Cells were grown in either a 75 cm2 or 175 cm2 cell culture flasks to 80-90% confluence. Media
was discarded and cells were washed with DPBS and detached from the flask using TrypLE
express. Supplemented media was then added to cells and cells were pelleted by centrifugation
at 1000 rpm for 5 minutes. Media was discarded and the cell pellet was resuspended in 1.5 ml of
pre-chilled FBS for a 75cm2 flask and 2 ml of pre-chilled FBS for a 175 cm2 flask. For 75 cm2 and
175 cm2 flasks, respectively, 75 µl of DMSO (Sigma-Aldrich) or 100 µl of DMSO was added to the
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cells, the mixture was gently pipetted up and down, then transferred into labelled cyrovials
(Griener Bio-One). The cyrovials were subsequently placed into a -80°C freezer overnight. The
following day cyrovials were transferred from the -80° freezer to liquid nitrogen for long term
storage.

2.2 – TLR stimulation of RAW264.7 murine macrophages
2.2.1 - Preparation of RAW264.7 murine macrophages
24 hours prior to stimulation, RAW264.7 murine macrophages were seeded into a 6-well tissue
culture plate (BD Biosciences) at 1 x 106 cells/ml in 3 ml of supplemented RPMI 1640 media. Cells
were then stimulated over a time course of 0, 5, 10, 15, 30, and 60 minutes with the respective
ligand as described in table 2.1.

2.2.2 - Cell harvesting
Note: All steps were performed at 4˚C or on ice, unless otherwise stated.

Media was aspirated and wells washed with cold PBS. 80 µl of Kal B lysis buffer (Appendix I)
supplemented with 1 x Ser/Thr phosphate inhibitors (Appendix I) and Sodium Vanadate (NaV,
Sigma-Aldrich, Appendix I), Phenylmethylsulphonyl Fluoride (PMSF, Sigma-Aldrich, Appendix I)
and a protease inhibitor cocktail tablet (Roche Diagnostics, Appendix I) was added to each well
and incubated for 5 minutes. Wells were scraped using a cell scraper (TPP) and transferred to prechilled 1.7 ml microcentrifuge tubes (Corning). The lysates were placed on rotation for 30 minutes
and centrifuged at 14,500 rpm for 5 minutes to remove cellular debris. Supernatants were
transferred into new 1.7 ml microcentrifuge tubes and 20 µl of Laemmli reducing sample buffer
(Appendix I) was added to each tube. The samples were subsequently boiled at 95˚C for 5
minutes and stored at -20˚C.
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Table 2.1: TLR ligands and the concentrations used.

TLR

Ligand

Concentration

Source

2

Pam3Cys

100 ng/ml

EMC Microcollections

3

Poly (I:C)

10 µg/ml

InvivoGen

4

LPS

100 ng/ml

Enzo Life Sciences

7

Loxoribine

500 µM

InvivoGen

500 nM

Gene Works

9

CpG DNA (Class B
- 1668S)
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2.2.3 - Nuclear protein extracts
Note: All steps were performed at 4˚C or on ice, unless otherwise stated.

Media was discarded and cells washed with chilled PBS. 800 µl of PBS was then added to each
well and the cells scraped using a cell scraper. Cell lysates were transferred to a pre-chilled 1.7 ml
microcentrifuge tube. The tubes were centrifuged at 2000 rpm for 5 minutes, and supernatants
discarded. Cell pellets were resuspended in 80 µl of plasma membrane lysis buffer (Appendix I)
supplemented with 1x Ser/Thr phosphate inhibitors, 1 mM NaV and a protease inhibitor cocktail
tablet. The samples were rotated for 10 minutes and further centrifuged at 14,500 rpm for 10
minutes. The plasma membrane fraction was collected and the nuclei pellets washed three times
in plasma membrane lysis buffer before resuspension in 30 µl of nuclear lysis buffer (Appendix I)
supplemented with 1 x Ser/Thr phosphate inhibitors, 1 mM NaV and a protease inhibitor cocktail
tablet. The nuclei pellets were then rotated for 10 minutes and the nuclear fraction was clarified
by centrifugation (14,500 rpm, 10 minutes). Nuclei supernatants were collected and Laemmli
reducing sample buffer added to both cytoplasmic and nuclear fractions. These fractions were
boiled at 95°C for 5 minutes and stored at -20°C.

2.3 – Mitochondrial isolation
2.3.1 – THP1 cell preparation
Four 175 cm2 cell culture flasks of THP1 cells were pooled together and cells were seeded at 2 x
107 cells/ml into 24-well tissue culture plates (BD Bioscience) in 900 μl of THP1-conditioned
media. THP1 cells were then stimulated with Pam3Cys (100 ng/ml) or LPS (100 ng/ml) at 0, 10, 20,
30 and 60 minutes.
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2.3.2 – Cell harvesting and mitochondria isolation
Note: All steps were performed at 4˚C or on ice, unless otherwise stated.

THP1 cells were pelleted at 1000 rpm for 3 minutes then resuspended in 10 ml of chilled PBS. The
cells were lysed in a 45 ml cell disruption vessel (Parr Instrument Company) using nitrogen
cavitation at 350 psi for 1 minute. The resulting lysates were collected and using the mitochondria
isolation kit (Miltenyi Biotech) mitochondria were isolated as per manufacturer’s instructions. In
brief, cells were pelleted at 2000 rpm for 10 minutes and then resuspended in 1 ml of lysis buffer
(Miltenyi Biotech) in a 15 ml conical tube. 9 ml of 1x separation buffer (Miltenyi Biotech) was
added to the lysis buffer and 50 μl of α-Translocase of the Outer Mitochondrial Membrane 22
(TOM22) microbeads (Miltenyi Biotech) were used to label mitochondria, this was then rotated
for 60 minutes. LS columns (Miltenyi Biotech) were place into a MidiMACS separation unit
(Miltenyi Biotech) and the columns were rinsed with 3 ml of 1x separation buffer. Lysates were
transferred into the columns and allowed to flow through. The columns were subsequently
washed three times with 3 ml of 1x separation buffer. After washing, the columns were removed
from the separation unit and placed into a 1.7 ml microcentrifuge tube, 1.5 ml of 1x separation
buffer was added and flushed out by placing the plunger into the column. The mitochondrial
suspension was further centrifuged at 13,000 rpm for 2 minutes and the supernatant decanted.
100 μl of Laemmli reducing sample buffer was added to the pellet and this was boiled at 95°C for
5 minutes then stored at -20°C.

2.4 - Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
(SDS-PAGE)
Depending on size of the protein to be analysed, the density of gel was determined. Gel densities
used were 8%, 10% 12% and 15%. The stacking gel was a constant 5% (Refer to table 2.2)
Gels were poured using SE 245 Dual Gel Caster (Hoefer). 20 µl of samples were loaded into each
well along with a Colour-plus Pre-stained Protein Ladder (New England Biolabs). The gel was run
using a SE 250 Mini-Vertical Unit (GE Healthcare Life Sciences) at 100 V until samples passed
through the stacking gel and then at 150 V for approximately 60 minutes till the dye front was run
off gel.
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Table 2.2: Compositions of separating and stacking gels.

Separating Gel

8%

10%

12%

15%

H₂O

9.28 ml

7.95 ml

6.6 ml

4.6 ml

30% Polyacrylamide

5.32 ml

6.65 ml

8.08 ml

10 ml

Lower Gel Buffer

5.2 ml

5.2 ml

5.2 ml

5.2 ml

10% APS

200 μl

200 μl

200 μl

200 μl

TEMED

8 μl

8 μl

8 μl

8 μl

Stacking Gel

5%

H2O

3.4 ml

30% Polyacrylamide

850 μl

Upper Gel Buffer

675 μl

10% APS

50 μl

TEMED

5 μl
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2.5 - Western blot
2.5.1 - Wet transfer
After separation on SDS-PAGE was completed, proteins were transferred onto Hybond-C Extra
nitrocellulose membrane (GE Healthcare Life Sciences) or Immobilon-FL transfer membrane
(Merck-Millipore) using the wet transfer sandwich method and a Mini Trans-Blot Cell (Bio-Rad
Laboratories).

Prior to transfer, fibre pads, filter paper and nitrocellulose membrane were soaked in pre-chilled
1 x transfer buffer (Appendix I). For PVDF membranes, these were pre-activated in methanol then
rinsed in water before soaking in 1 x transfer buffer. The ‘sandwich’ was arranged as follows, with
the black negative side of the gel cassette holder on the bottom; fibre pad, filter paper, gel,
membrane, filter paper, fibre pad. The cassette was closed tightly and inserted in the Mini-Trans
Blot Cell. This was run at 100 V for 1 hour on ice.

2.5.2 - Immunoblotting
Following transfer completion, membranes were blocked in 5% (w/v) powdered skim milk
(Diploma) in Tris Buffered Saline (TBS) with 0.05% Tween 20 (TBST) (Sigma-Aldrich) and 1x Ser/Thr
phosphate inhibitors and NaV (Appendix I) for 1 hour at room temperature. After completion of
blocking, membranes were incubated with primary antibody, diluted in 5% bovine serum albumin
(BSA) with 1x Ser/Thr phosphate inhibitors and NaV overnight at 4˚C. The following day,
membranes were washed in TBST and 2.5% (w/v) powdered skim milk with 1x Ser/Thr phosphate
inhibitors and NaV (Appendix I) for 3 x 10 minute washes. The membranes were then incubated
with secondary antibody diluted in supplemented 2.5% (w/v) powdered skim milk in TBST for 1
hour at room temperature. After incubation, membranes were washed in TBST and
supplemented 2.5% (w/v) powdered skim milk in TBST for 3 x 10 minute washes. Membranes
were again rinsed in TBST, followed by washing in MilliQ Water (MQ.H2O, Merck-Millipore). For a
list of primary and secondary antibodies used refer to table 2.3.
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Table 2.3 List of antibodies and dilutions
Primary Antibody

α-pSTAT1 (Ser-727) (Cell
Signalling Technologies)

α-pSTAT1 (Tyr-701) (Cell
Signalling Technologies)

α-STAT1 (Cell Signalling
Technologies)
α-pSTAT3 (Ser-727) (Cell
Signalling Technologies)
α-pSTAT3 (Tyr-705) (Cell
Signalling Technologies)
α-STAT3 (Cell Signalling
Technologies)

α-Myc (Cell Signalling
Technologies)

α-Flag (Sigma-Aldrich)
α-TRAF6 (H274) (Santa Cruz
Biotechnology)
α-TRAF6 (D-10) (Santa Cruz
Biotechnology)
α-β-Tubulin (Abcam)
α-HDAC3 (H-99) (Santa Cruz
Biotechnology)
α-VDAC/Porin (Abcam)

Primary

Secondary Antibody

Dilution

Secondary
Dilution

Goat α-rabbit HRP (Dako) or
1:1000

Goat α-rabbit IgG (H&L) antibody IRDye

1:2000

800 CW (Rockland)
Goat α-rabbit HRP or
1:1000

Goat α-rabbit IgG (H&L) antibody IRDye

1:2000

800 CW
Goat α-rabbit HRP or
1:1000

Goat α-rabbit IgG (H&L) antibody IRDye

1:2000

800 CW
1:1000

1:1000

Goat α-rabbit IgG (H&L) antibody IRDye
800 CW
Goat α-rabbit IgG (H&L) antibody IRDye
800 CW

1:2000

1:2000

Goat α-rabbit HRP or
1:1000

Goat α-rabbit IgG (H&L) antibody IRDye

1:2000

800 CW
Rabbit α-mouse HRP (Dako) or Rabbit α1:1000

mouse IgG (H&L) antibody IRDye 800CW

1:2000

(Rockland)
1:1000

1:1000

1:1000

1:1000

1:2000

1:1000

Rabbit α-mouse HRP or Rabbit α-mouse
IgG (H&L) antibody IRDye 800CW
Goat α-rabbit IgG (H&L) antibody IRDye
800 CW
Rabbit α-mouse IgG (H&L) antibody IRDye
800CW
Rabbit α-mouse IgG (H&L) antibody IRDye
800CW
Goat α-rabbit IgG (H&L) antibody IRDye
800 CW
Goat α-rabbit IgG (H&L) antibody IRDye
800 CW
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2.5.3 - Enhanced Chemiluminscence (ECL) detection
Proteins were visualized by using the SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific). 500 µl of luminol/enhancer was mixed with 500 µl of stable peroxide buffer
and added dropwise onto membrane, ensuring coverage of entire membrane. This was incubated
for 1 min at room temperature in darkness and excess was drained off. Membranes were then
exposed to X-ray film (CL-Xposure Film, Thermo Scientific) for varying time periods. The film was
developed using the CP-1000 film processor (Agfa-Gevaert).

2.5.4 - Odyssey infrared system
For use of the odyssey infrared system (LI-COR Biosciences), membranes were blocked in odyssey
blocking buffer (LI-COR Biosciences) for 1 hour at room temperature following transfer. After
blocking, membranes were subsequently incubated in primary antibody diluted in odyssey
blocking buffer for 1 hour at room temperature or overnight at 4°C. Membranes were then rinsed
in PBS containing 0.05% Tween 20 (PBST) for 3 x 5 minute washes. Following washing, secondary
antibody diluted in odyssey blocking buffer was added to the membrane for 1 hour at room
temperature. After incubation, membranes were washed in PBST for 3 x 5 minutes. Membranes
were then stored in PBST at 4°C away from light until they could be scanned by the odyssey
imager. For a list of primary and secondary antibodies used refer to table 2.3.

2.5.5 - Membrane stripping
Membrane stripping was performed by rinsing membrane in PBST, followed by 3 x 10 minute
washes in 1 x glycine, pH 2 (Appendix I). The membrane was further rinsed in PBST prior to
blocking in 5% (w/v) milk solution or odyssey blocking buffer.

2.5.6 – Densitometry analysis
Densitometry analysis was conducted using Fiji ImageJ (version 1.48c, National Institutes of
Health). Using the Rectangular Selections tool each lane was selected with the band of interest.
The lanes were identified using the Analyse->Gels function and a profile plot of each lane was
generated. Utilising the Straight Line tool the peaks in the profile plots were closed off to account
for background. Next each peak was highlighted using the Wand tool, and the percentage of each
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peak was produced using the Analyse->Gels->Label Peaks function. The valves obtained were
transferred into Excel (Microsoft Office 2010) and the relative density of the bands was
normalised to an unstimulated or control sample. The relative density of bands was also adjusted
against a loading control or total STAT to account for variances in protein loading where
applicable. At least three immunoblots were analysed via densitometry and these values were
then graphed in GraphPad Prism (version 6, GraphPad Software).

2.6 - DNA manipulation
2.6.1 - Mini-preparations of plasmid DNA
DNA purification and isolation were performed using QIAprep Spin Miniprep Kit (Qiagen) as per
manufacturer’s instructions. Single colonies were selected and used to inoculate 10 ml of LB
(Luria-Bertani) broth (Appendix I) supplemented with 10 µl of 1000x ampicillin (Sigma-Aldrich) in
a 50 ml conical tube and incubated at 37˚C with shaking overnight. 1.5 ml of the culture was
transferred to a 1.7 ml microcentrifuge tube and centrifuged at 14,500 rpm for 5 minutes. The
supernatant was discarded and a further 1.5 ml of the culture added to the microcentrifuge tube
and the process repeated. The bacterial cell pellet was resuspended in buffer P1 (Qiagen), then
lysed with buffer P2 (Qiagen). In addition, Buffer N3 (Qiagen) was added to neutralise the solution
and subsequently centrifuged at 13,000 rpm for 10 minutes. The resulting supernatant was
transferred to a QIAprep spin column (Qiagen) and centrifuged at 14,500 rpm for 60 seconds. The
spin column was washed with buffer PB (Qiagen) and buffer PE (Qiagen), both washes requiring
centrifugation at 14,500 rpm for 60 seconds. Finally, DNA was eluted into a 1.7 ml
microcentrifuge tube using buffer EB (Qiagen), letting stand for 1 minute and then centrifuged for
a further 1 minute at 14,500 rpm to collect all eluted DNA. The concentration of DNA was then
determined by utilizing a Nanodrop ND-1000 spectrophotometer (Thermo Scientific). Samples
were stored at -20˚C.

2.6.2 - Midi-preparations of plasmid DNA
Glycerol stocks were first grown in 10 ml of LB broth supplemented with 10 µl of 1000x ampicillin
in a 37˚C shaker. Approximately 6 hours later, the starter cultures were then transferred into
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sterile 500 ml culture flask containing 100 ml of LB broth supplemented with 100 µl of 1000x
ampicillin. The flasks were incubated overnight in a 37˚C shaker at 210 rpm.

DNA isolation and purification was performed using QIAfilter Plasmid Purification Kit (Qiagen) as
per manufacturer’s instructions. The bacterial cells were first harvested by centrifugation at 6000
rpm for 15 minutes at 4˚C using a J2-21M/E centrifuge (Beckman Coulter) and a JA 10 rotor
(Beckman Coulter). The bacterial pellet was resuspended in buffer P1, lysed using buffer P2 and
incubated at room temperature for 5 minutes. Following incubation, Buffer P3 (Qiagen) was used
for neutralisation and the solution was incubated for 10 minutes at room temperature in a
QIAfilter cartridge (Qiagen). The lysate was then filtered through a QIAGEN-tip 100 equilibrated
with buffer QBT (Qiagen) and washed twice using buffer QC (Qiagen). DNA was eluted using
Buffer QF (Qiagen) into a 15 ml conical tube. DNA precipitation was performed by the addition of
isopropanol (Merck-Millipore) to the eluted DNA, mixed and centrifuged at 8000 rpm for 1 hour
at 4˚C using a Heraeus Multifuge 3SR+ centrifuge (Thermo Scientific). Isopropanol was discarded
and the DNA pellet was then washed using 70% EtOH, transferred into a 1.7 ml microcentrifuge
tube and centrifuged at 14,500 rpm for 5 minutes. The pellet was air dried for 5-10 minutes and
resuspended in 200 µl of MQ.H2O; the concentration of DNA was determined by using the
Nanodrop. Samples were stored at -20˚C.

2.6.3 – Restriction endonuclease digest
Restriction endonuclease digestion was conducted using 1-15 μg of DNA, 1x restriction enzyme
buffer for enzyme of choice (Promega) and 1 U per μg of DNA of enzyme (Promega) made up to a
total volume of 20 μl of MQ.H2O. This was then incubated at 37°C for 1 hour.

2.6.4 – Agarose gel electrophoresis
Agarose powder (Promega) was weighed out and dissolved in heated 1x TAE buffer (Appendix I).
After cooling solution, SYBR Safe DNA gel stain (Life Technologies) was added diluted at 1:33 to
visualise DNA. The solution was then poured into a horizontal mini or wide mini-SUB CELL GT gel
tray (Bio-Rad Laboratories) and allowed to set for 40 minutes.
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DNA samples were diluted 1:10 in DNA loading dye (Appendix I) and a λHindIII (Promega) DNA
molecular weight marker was used to determine the size of DNA fragments. Agarose gels were
run at 100 V for approximately 40 minutes in 1x TAE buffer. DNA was visualised using Safe Imager
blue light transilluminator (Life Technologies) and images captured using a Quantum ST4-1000
(Vilber Lourmat). Images were printed on an UP-D987 digital graphic printer (Sony) using Type V
high glossy paper (UPP-110HG, Sony).

2.6.5 – Site-directed mutagenesis
Primers were designed following manufacturer’s instructions: 25 to 45 bp long, melting
temperature of >78˚C. These were calculated by using the following formula:

675
𝑇𝑚 = 81.5 + 0.41 (%𝐺𝐶) −
− % 𝑀𝑖𝑠𝑚𝑎𝑡𝑐ℎ
𝑁

Tm = Melting temperature
N= Length of primer in bp

Site-directed mutagenesis was performed using QuikChange II XL Site-Directed Mutagenesis Kit
(Agilent Technologies) as per manufacturer’s instructions. A total volume of 50 µl of solution was
made up consisting of 5 µl of 10x reaction buffer, 10 ng of dsDNA template, 125 ng of
oligonucleotide forward primer, 125 ng of oligonucleotide reverse primer, 1 µl of dNTP mix, 3 µl
of QuikSolution reagent, and the remainder made up with MQ.H2O. 1 µl of PfuUltra HF DNA
polymerase (Agilent Technologies) was then added to each sample. Polymerase Chain Reaction
(PCR) was performed using My Cycler Thermal Cycler (Bio-Rad Laboratories) utilising cycle
parameters outlined in table 2.4. 1 µl of Dpn I restriction enzyme (Agilent Technologies) was then
added to the PCR products to digest parental DNA at 37˚C for approximately 2 hours. 45 µl of
XL10-Gold ultra-competent cells (Agilent Technologies) were thawed on ice and then mixed with
2 µl of β-mercaptoethanol (BME, Agilent Technologies) and incubated on ice for 10 minutes. 2 µl
of PCR products was then added to competent cells and further incubated on ice for 30 minutes.
Cells were heat shocked at 42˚C for 45 seconds, then placed on ice for another 2 minutes.
Competent cells were added to 500 µl of SOC media (Appendix I) in a 15 ml conical tube and
incubated at 37˚C for 1 hour. 100 µl of the transformation reaction was plated out onto LB agar
(Appendix I) containing appropriate antibiotics and incubated at 37˚C overnight. Single colonies
were selected, grown up overnight in LB broth with appropriate antibiotic selection. Bacterial
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Table 2.4: Cycle parameters for PCR
Temperature

Time

Cycles

95˚C

1 minute

1

95˚C

50 seconds

60˚C

50 seconds

68˚C

1 minute/kb

68˚C

7 minute

100

18

1
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cultures were grown and used for DNA extraction to facilitate mini-preparations, sequencing and
glycerol stocks.

2.6.6 – DNA quantification
DNA quantification was determined using a Nanodrop ND-1000 spectrophotometer. The
Nanodrop was first calibrated with 2 μl of MQ.H2O, then blanked using 2 μl of buffer that DNA is
resuspended in (e.g. MQ.H2O, TE buffer etc.). DNA concentration and purity was determined by
analysing a 2 μl aliquot of sample at an absorbance of 260/280 nm and 260/230 nm.

2.6.7 - Glycerol stocks
A single colony was selected from a LB agar plate and used to inoculate 10 ml of LB broth
containing appropriate antibiotic selection in a 50 ml conical tube. This was grown up overnight at
37˚C with shaking. 850 µl of the bacterial culture was then added to 150 µl of glycerol in a sterile
cryotube (SteriHealth), vortexed and stored at -80˚C.

2.6.8 - DNA sequencing
DNA sequencing was performed by Grandel Charitable Trust Sequencing Centre, Monash Institute
of Medical Research using a 16-capillary 3130x/Genetic Analyser (Life Technologies). 400 ng of
DNA made up to a total volume of 15 µl with MQ.H2O and 3.2 pM of primer was used for
sequencing. Sequences were examined manually and digitally using GENtle for Windows (version
1.94, University of Cologne).

2.7 - Immunoprecipitation
2.7.1 - Cell transfection
24 hours prior to cell transfection, confluent HEK293T cells were washed with DPBS then stripped
off the surface of the flask using TrypLE express. Cells were then resuspended in supplemented
DMEM and counted using a haemocytometer. HEK293T cells were seeded in 10 cm cell culture
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dishes (BD Biosciences) at 2 x 106 cells/ml in 10 ml of supplemented DMEM. The following DNA
samples were used for immunoprecipitation STAT1-Myc, TRAF6-Flag, STAT3-Flag and TRAF6-Myc,
either in combination or alone with pEFBOS as an empty backbone vector and at a concentration
of 1.25 µg. Cell transfections were carried out using Fugene-6 transfection reagent (Promega).
The transfection protocol is as follows: for each sample, 7.5 µl of Fugene-6 was added dropwise
to 242.5 µl of DMEM. This was incubated for 5 minutes at room temperature. 250 µl of the
transfection solution was then added to DNA and incubated for 20 minutes at room temperature.
These solutions were then dropwise added to the cell culture dishes and incubated for 24 hours
at 37˚C in 5% CO2 in a humidified atmosphere.

2.7.2 - Ectopic immunoprecipitation
Note: All steps were performed at 4˚C or on ice, unless otherwise stated.

24 hours after transfection the media was aspirated and 1 ml of Kal B lysis buffer solution
(Appendix I) supplemented with Sodium Fluoride (NaF, Sigma-Aldrich), NaV, PMSF and 1 tablet of
protease inhibitor cocktail tablet (Appendix I) was added per dish to lyse cells for 5 minutes. The
cells were scraped off using a cell scraper and transferred to a pre-chilled 1.7 ml microcentrifuge
tube. Samples were rotated for 30 minutes and centrifugation was performed at 14,500 rpm for 5
minutes. The resulting supernatant was transferred to new pre-chilled microcentrifuge tubes and
20 µl of a 50% slurry of protein G-sepharose 4 Fastflow (GE Healthcare Life Sciences) in Kal B lysis
buffer was added. The samples were further rotated for 30 minutes and centrifuged at 3,000 rpm
for 5 minutes. Supernatants were then transferred to new pre-chilled 1.7 ml microcentrifuge
tubes.

20 µl of the supernatant was transferred to another new pre-chilled 1.7 ml

microcentrifuge tube and 10 µl of Laemmli reducing sample buffer added. The samples were
boiled at 95˚C for 5 minutes to denature proteins. After boiling, samples were stored at -20˚C. 20
µl of 50% slurry of α-Flag M2 agarose beads (Sigma-Aldrich) was added to the remaining
supernatants and rotated for 2 hours. The samples were then centrifuged at 3,000 rpm for 5
minutes. The supernatant was discarded and the pellet washed with 1 ml of Kal B lysis buffer,
then centrifuged at 3,000 rpm for 5 minutes. This process was repeated 3 times. After the final
wash, supernatants were discarded and 30 µl of Laemmli reducing sample buffer was added to
the washed beads. These were then boiled at 95˚C for 5 minutes and stored at -20˚C.
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The samples were analysed by SDS-PAGE and immunoblot as previously described in 2.4 and 2.5.
For a list of primary and secondary antibodies used refer to table 2.3.

2.7.3 – Semi-endogenous immunoprecipitation
Note: All steps were performed at 4˚C or on ice, unless otherwise stated.

RAW264.7 and THP1 cells were passaged and then seeded at 2 x 106 cells/ 10 cm dish and 5 x 106
cells/10 cm dish, respectively, 24 hours before use. The cells were treated with Pam3Cys (100
ng/ml) or LPS (100 ng/ml) over a time course, two dishes per treatment were pooled together
and the cells were harvested as described in 2.7.2, using recombinant glutathione S-transferase
(GST)-TRAF6 fusion protein bound to glutathione sepharose 4B beads (GE Healthcare Life
Sciences) (See 2.9).

2.8 - Expression and purification of murine-GST-TRAF6 and GST
Pre-transformed rosetta strains were grown overnight from a glycerol stock in 2 x 50 ml conical
tubes with 15 ml of LB broth containing 100 µg/ml of ampicillin and 100 µg/ml of
chloramphenicol (Sigma-Aldrich). This was incubated at 37˚C with shaking overnight. The starter
cultures were then added to 1 L of LB broth containing 1 ml of 1000x ampicillin and 1 ml of 1000x
chloramphenicol and incubated at 37˚C with vigorous shaking until the optical density (OD)
reached 0.5. Cultures were cooled to room temperature for ~3 hours. After cooling, 20 µl of 1 M
isopropyl β-D-thiogalactopyranoside (IPTG) was added, along with 1 ml of 1000x ampicillin and 1
ml of 1000x chloramphenicol and the culture incubated at 18˚C overnight with shaking.

Note: All steps were performed at 4˚C or on ice, unless otherwise stated.

The bacterial cells were harvested by centrifugation at 6,000 rpm for 20 minutes using a J2-21M/E
centrifuge and a JA 10 rotor. The supernatant was discarded and the pellet resuspended in 15 ml
of Low Salt Soluble Buffer (LSSB) supplemented with 0.1 mM PMSF and 1 tablet of protease
inhibitor cocktail tablet. After addition of supplemented LSSB, cells were disrupted using a 4710
series ultrasonics homogenizer (Cole-Parmer) set to a frequency of 6, performed in controlled
bursts of 20 seconds on and 30 seconds off for 3-4 minutes. The lysate was subsequently rotated
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for 30 minutes, before centrifugation at 12,000 rpm for 30 minutes. The supernatant was then
stored at 4˚C in a 50 ml conical tube and the pellet resuspended in 15 ml of High Salt Soluble
Buffer (HSSB) supplemented with 0.1 mM PMSF and 1 tablet of protease inhibitor cocktail tablet.
Sonication of cells was performed as previously described and rotated for 2 hours. After which
the lysate was centrifuged at 18,000 rpm for 50 minutes and the supernatant pooled with the
previously stored supernatant and stored at 4˚C.

2.8.1 - Batch purification of proteins
300 µl of glutathione sepharose 4B beads were transferred to a 1.7 ml microcentrifuge tube and
pelleted by centrifugation at 2,000 rpm for 5 minutes. The supernatant was discarded and the
pellet washed with 1 ml cold HSSB and centrifuged at 2,000 rpm for 5 minutes. This was repeated
a total of 3 times, finally the beads were resuspended in 300 µl of HSSB, resulting in a 50% slurry.
The beads were then added to the pooled supernatant and rotated for 2 hours. The samples were
subsequently centrifuged at 2,000 rpm for 5 minutes, and the supernatant stored as the unbound
fraction at 4˚C. The pellet was resuspended in 2 ml of HSSB and transferred to a 2 ml
microcentrifuge tube (Corning). The beads were centrifuged at 2,000 rpm for 5 minutes and the
supernatant discarded. Washes were repeated 10 times and the beads were resuspended in 300
µl of PBS and stored at 4˚C.

2.8.2 - Coomaisse R250 blue staining
To determine purity of GST-TRAF6 fusion protein bound to GST beads, the beads were analysed
by SDS-PAGE using a 12% separating gel. 20 µl of the unbound fraction and 20 µl of the GSTTRAF6 beads were transferred to two 1.7 ml microcentrifuge tubes and 10 µl of Laemmli reducing
sample buffer was added. The samples were then boiled at 95˚C for 5 minutes and loaded onto a
gel. The samples were run at 150 V for approximately 1½ hours. After which the gel was stained
with a Coomaisse blue stain (Appendix I) for 1 hour, then de-stained using Coomaisse destain
(Appendix I) overnight. The gel was then washed in Coomaisse de-stain for another hour and
washed in MQ.H2O before being sealed in plastic for storage.
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2.9 - GST pull-down assay
The recombinant GST-TRAF6 fusion protein bound to glutathione sepharose 4B beads were used
in immunoprecipitation studies as previously described in 2.7. Note the following changes.
HEK293Ts were transfected with 1.5 µg of STAT1-Myc and STAT3-Flag along with 1 µg of pEF-BOS.
The recombinant GST-TRAF6 fusion protein was used for immunoprecipitation as described in
2.7.2. 20 µl of recombinant GST-TRAF6 fusion protein was added to each sample and 10 µl of
recombinant GST beads was added as a control sample. Samples were analysed by SDS-PAGE and
immunoblot as previously described in 2.4 and 2.5. For a list of primary and secondary antibodies
used refer to table 2.3.

2.10 - Confocal microscopy
Confocal images were captured using a C1 inverted microscope with 4 excitation lasers (405 nm,
488 nm, 561 nm and 635 nm, Nikon Instruments). Images were captured using either a 60x or
100x oil objective lens. Confocal images were acquired at 1024 x 1024 pixels and are
representative of at least 3 independent experiments where >100 cells were examined per
condition. Image processing was performed using Fiji ImageJ (version 1.48c, National Institutes of
Health) and Imaris (version 7.6.4, Bitplane).

2.10.1 - Coverslip and cell preparation
12 mm round coverslips (Thermo Scientific) were placed on a paper towel in a container then
autoclaved. For HEK293Ts and HT1080s, the coverslips were coated in 1% gelatin (Appendix I),
placed at an angle in a 24-well plate (BD Biosciences), and allowed to dry overnight. The
coverslips were then placed flat in a 24-well plate and cells were seeded at a concentration of 5 x
104 cells/ml in 1 ml of supplemented media and incubated in a humidified atmosphere at 37°C,
5% CO2 for 24 hours.
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2.10.2 - Cell fixation
Following stimulation of cells, media was aspirated and cells were rinsed in chilled PBS twice. For
cells washed in digitonin/sucrose buffer (Appendix I), this step occurs prior to cell fixation.
Coverslips are washed in 250 µl of digitonin/sucrose buffer four times for one minute with gentle
agitation. Next the cells were fixed using either 4% paraformaldehyde (Sigma-Aldrich) or 10%
formalin

(Amber

Scientific).

When

cells

were

fixed

using

paraformaldehyde,

the

paraformaldehyde was first dissolved in warm PBS, heated in a microwave, following by
incubation in a 55°C oven and inverted every 15 minutes to ensure the paraformaldehyde was
fully dissolved. The solution was then placed at 4°C till ready for use. 1 ml of 4%
paraformaldehyde was then added to cells and incubated for 20 minutes at room temperature.
The paraformaldehyde was then aspirated and cells were rinsed twice in 500 µl of chilled PBS.

When using 10% formalin, 500 µl of formalin was added to the cells, and then incubated at 37°C
for 10 minutes. The formalin was removed and cells were washed twice in 500 µl of chilled PBS.

2.10.3 - Cell permeabilization
After fixation, cells were permeabilized using a 0.1% Triton X-100 solution (Merck-Millipore). 500
µl of 0.1% Triton X-100 was added to the cells then incubated for 10 minutes at room
temperature. The permeabilizing solution was subsequently removed and cells were washed
twice with 500 µl of chilled PBS.

2.10.4 - Immunostaining
For nuclear staining, 500 µl of Hoechst 33342 stain (Life Technologies) per well was used at a
concentration of 1 µg/ml. The cells were incubated in Hoechst stain for 10 minutes at room
temperature in the dark. Hoechst stain was then removed, and the cells washed twice with 500 µl
of chilled PBS.

For mitochondrial staining, live cells were stained prior to fixation, as the mitochondrial dyes
passively diffuse across the plasma membrane into active mitochondria. Cells were stained with
either Mitotracker Red CMXRos (100nM, Life Technologies) or Mitotracker Deep Red FM (100
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nM, Life Technologies). Cells were incubated for 15 minutes at 37°C in a humidified atmosphere
of 5% CO2. The mitochondrial dye was then discarded and cells washed in media and incubated
for 10 minutes at 37°C in a humidified atmosphere with 5% CO2, this was repeated five times.

Following staining, the cells were then blocked in 500 µl of 5% BSA for 2 hours away from light.
Coverslips were removed from the 24-well plate, drained and inverted onto parafilm containing
100 µl of primary antibody diluted at 1:500 in 5% BSA. This was then incubated at 4°C overnight
away from light. Following incubation, coverslips were drained and placed onto parafilm
containing 100 µl of PBS for 5 minutes, this was repeated three times and the coverslips were
drained following each wash and placed in darkness. For some samples a second primary
antibody was used. Coverslips were placed onto parafilm containing 100 µl of primary antibody
diluted 1:500 in 5% BSA. This was then incubated for 1 hour at room temperature away from
light. Coverslips were subsequently washed as previously described.

The coverslips were then placed onto parafilm containing either Alex Fluor 594 goat anti-mouse
IgG (H+L) (Life Technologies) or Alex Fluor 488 goat anti-rabbit IgG (H+L) (Life Technologies)
secondary antibody diluted at 1:1000 in 5% BSA for 1 hour at room temperature in the dark.
Unbound antibody was removed from the coverslips as described above. The coverslips were
then mounted onto SuperFrost 76 x 26 mm slides (Menzel-Gläser) with 10 µl of fluorescent
mounting media (Dako).

2.11 - High content screen
Cells were seeded at a concentration of 2 x 104 cells/well in a black 96-well plate (Corning) and
incubated at 37°C, 5% CO2 in a humidified atmosphere for 24 hours. Before cells were treated,
the media was removed and replaced with 100 µl of fresh media. Cells were then treated with
TLR ligands (Pam3Cys – 200 ng/ml, poly (I:C) [transfected 10 µg/ml, untransfected 20 µg/ml] and
LPS – 200 ng/ml), rotenone (10 µM, Sigma-Aldrich) then washed twice with 100 µl of PBS. Next
cells were stained with both Hoechst 33342 (1 µg/ml) and Mitotracker Red CMXRos (100 nM) or
dihydroethidium (DHE, 5 µM, Life Technologies) or MitoSOX (5 µM, Life Technologies). Stains
were combined together and cells were incubated for 15 minutes at 37°C in a humidified
atmosphere with 5% CO2. The cells were then washed twice with fresh media and incubated for
10 minutes in a humidified atmosphere at 37°C with 5% CO2 per wash. Following this, cells were
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washed in twice in PBS and subsequently fixed in 10% formalin and incubated at 37°C for 10
minutes. Finally, cells were washed twice in PBS, then stored in PBS and kept at 4°C away from
light till ready for scanning. The plates were scanned with a Cellomics ArrayScan VTI HCS Reader
(Thermo Scientific) and data was analysed with ArrayScan HCS reader software (Thermo
Scientific). Values were then graphed in Graphpad Prism.

2.12 - Small Interfering RNA (siRNA) transfection
Cells were passaged in antibiotic free media and seeded into a 96-well plate (BD Biosciences) at a
concentration of 1 x 104 cells/well and incubated at 37°C in a humidified atmosphere with 5% CO2
for 24 hours. The siRNA was first prepared by diluting in 1x siRNA buffer (Thermo Scientific) to a
concentration of 5 µM. For each well 0.5 µl of 5 µM siRNA and 9.5 µl of serum free media was
required, siRNA was then incubated for 5 minutes at room temperature. In a separate tube, 0.3 µl
of DharmaFECT 4 (Thermo Scientific) and 9.7 µl of serum free media was required for each well;
this solution was also incubated for 5 minutes at room temperature. The contents of both tubes
were then combined, and the resulting siRNA transfection solution was incubated for 20 minutes
at room temperature. 80 µl of antibiotic free media per well was added to the siRNA transfection
solution, resulting in a total volume of 100 µl per well. Media from the 96-well plate was
discarded and a 100 µl of siRNA transfection solution was added to the cells. The cells were then
incubated for 72 hours in a humidified atmosphere at 37°C with 5% CO2.

2.13 - Enzyme-linked Immunosorbent Assay (ELISA)
Cytokine levels of TNF-α, IL-6 , RANTES and IL-12 were measured using mouse TNF-α, mouse IL-6
ELISA kits (BD Biosciences), mouse CCL5/RANTES Duoset (R&D Systems) and mouse IL-12 ELISA
MAX Deluxe kit (Biolegend) as per manufacturer’s instructions. In brief, 96-well plates (Thermo
Scientific) were first coated in 100 µl of the appropriate capture antibody diluted in coating buffer
(Appendix I). The plates were sealed and incubated at 4°C or room temperature overnight. The
coating buffer was discarded and the plates were washed three times in >300 µl of PBST. The
plates were then blocked in 200 µl of ELISA assay diluent (Appendix I), sealed and incubated at
room temperature for 1 hour. Assay diluent was discarded and plates were washed three times in
PBST. Standards were serially diluted and 100 µl of the appropriate standards were then added to
the plates in duplicate with a blank control, in addition 100 µl of cell supernatant was also added
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to plates. Standards and samples were diluted in assay diluent as required. Plates were then
sealed and incubated at room temperature for at least 2 hours. The standards and samples were
then aspirated and the plates were washed five times in PBST. The appropriate detection
antibody was then diluted in assay diluent and 100 µl was added to plates. This was sealed and
incubated at room temperature for 1 hour. The wells were emptied and rinsed five times with
PBST. Next, streptavidin-HRP was diluted in assay diluent and 100 µl was added to wells. The
plate was sealed and incubated for 30 minutes at room temperature in darkness. The
streptavidin-HRP was then discarded and wells washed 7 times with PBST allowing the wells to
soak in PBST for 30 seconds to 1 minute between each wash. Peroxidase substrate (TMB, Thermo
Scientific) was then mixed at a 1:1 ratio with peroxide solution (Thermo Scientific) and 100 µl
added to wells. Colour was allowed to develop for up to 30 minutes before the reaction was
stopped with 50 µl of ELISA stop solution (Appendix I). The plates were then scanned on a
FLUOstar Optima fluorescent microplate reader (BMG Labtech) at 450 nm and cytokine levels
were determined on a standard curve generated with MARS data analysis software (version 1.1,
BMG Labtech). Values were then graphed in Graphpad Prism.

2.14 – MTT cell proliferation assay
24 hours before assay, cells were plated out in a 96-well plate at desired concentration in
supplemented media and incubated in a humidified atmosphere at 37°C with 5% CO2. Media was
discarded and MTT solution (Sigma-Aldrich) was prepared by diluting in supplemented media to a
final concentration of 500 µg/ml. Cells were incubated in 100 µl of MTT solution, including media
alone as a blank, away from light for 5 minutes on a shaker. The plate was further incubated for 4
hours at 37°C with 5% CO2 in a humidified atmosphere. After incubation, MTT solution was
aspirated and cells were resuspended in 100 µl of DMSO, including DMSO alone as a second
blank. The plate was placed on a shaker away from light for 10 minutes, then scanned at 590 nm
on a FLUOstar Optima fluorescent microplate reader and data analysed using MARS data analysis
software. Values were then graphed in Graphpad Prism.

2.15 - Luciferase reporter assay
HEK293T cells stably expressing TLR2 were seeded at 2 x 104 cells/well in a 96-well plate at 37°C
and 5% CO2 in a humidified atmosphere for 24 hours. Cells were then transfected following
109

Chapter 2: Materials and Methods
protocol in 2.7.1. For each well, 0.8 µl of Fugene-6 transfection reagent was added to 9.2 µl of
serum free DMEM. 10 µl of this solution was then added to DNA. The cells were transfected with
230ng of DNA containing a Thymidine Kinase (TK)-Renilla encoding plasmid (50ng), a luciferase
reporter construct (80ng, κB-luciferase, TNF-α-luciferase and IL-6-luciferase) and/or empty vector
or STAT1/3 construct (80ng).

24 hours following transfection, media was discarded and cells were lysed with 50 µl of 1x
reporter lysis buffer (Promega) diluted in MQ.H2O. 20 µl of cellular lysate was transferred to a
white microlon 96-well plate (Greiner Bio-One), and 50 µl of TK-Renilla substrate (Promega)
diluted in PBS was also added. Renilla activity was read immediately using a FLUOstar Optima
fluorescent microplate reader at 415 nM. Luciferase activity was assessed by also taking 20 µl of
cellular lysates and transferring it to a white microlon 96-well plate. 30 µl of luciferase substrate
solution (Promega) was then added and luciferase activity was read immediately using a FLUOstar
Optima fluorescent microplate reader at 415 nM. Vector normalisation was performed by
dividing the luciferase activity by TK-Renilla activity. Values were then graphed in Graphpad
Prism.

2.16 – TRANSFAC promoter analysis
Using Esembl biomart (Enseml release 73), 1500 bp upstream of the gene of interest was
obtained. These promoter regions were entered into TRANSFAC MATCH (TRANSFAC Professional
2011.1) and employing the user generated profiles with a minimize false positive cut-off,
promoter analysis was conducted and predicted transcription factor binding sites were obtained
for genes of interest.

2.17 - Statistical analysis
All statistical analysis was performed using GraphPad Prism (version 6, GraphPad Software).
Paired t-tests and one-way ANOVAs were conducted on normally-distributed data. Levels of
significance are de-noted as: * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001.
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Chapter 3: Demonstrating the Cross-talk Between TLR and
JAK-STAT Signalling
3.1 – Introduction
The activation of the TLR signalling cascade is a result of binding of its cognate ligands, leading to
dimerisation of the receptor and recruitment of adaptor molecules. Ultimately, TLR signalling induces
expression of proinflammatory cytokines that are required to resolve pathogen invasion. LPS
stimulation of TLR4 can also result in production of IFN-β through the TLR pathway (Toshchakov et
al., 2002). The secretion of IFN-β leads to autocrine activation of JAK-STAT signalling where IFN-β
binds the IFNAR resulting in STAT1 Tyr-701 phosphorylation followed by homo- or heterodimerisation with STAT2 and translocation to the nucleus (Darnell et al., 1994). Nuclear localisation
of STAT1 leads to binding of IFN-stimulated Response Elements (ISREs) as an ISGF complex resulting
in expression of proinflammatory genes (Decker et al., 1991).
TLR signalling however has been shown to impact directly on STAT1 phosphorylation without the
need for secretion of IFN-β. Two studies have demonstrated Ser-727 phosphorylation of STAT1
following TLR ligand stimulation. Rhee et al. (2003) found that murine macrophages underwent Ser727 phosphorylation following Pam3Cys (TLR2) and LPS (TLR4) stimulation. A similar result was
demonstrated by Schroder et al. (2007), who found in BMMs that CpG DNA (TLR9) also induced Ser727 phosphorylation of STAT1, but not a corresponding Tyr-701 phosphorylation that occurs
following IFN stimulation.
In glycoprotein 130 (gp130)Y757F/Y757F (F/F) knock-in mice, which contains a mutation that disrupts the
negative feedback loop of gp130 signalling resulting in hyperactivation of STAT3 (Jenkins et al., 2005),
these mice have also demonstrated a hypersensitivity to LPS (Greenhill et al., 2011). LPS
hypersensitivity in F/F mice is a result of the TLR4/MyD88-dependent pathway inducing IL-6
production which in turn causes tyrosine phosphorylation of STAT3 (Greenhill et al., 2011). This
tyrosine phosphorylation of STAT3 is independent of type I IFN production, as blocking the IFNAR
complex with mouse IFN-α/β receptor 1 (MAR1) monoclonal antibody, which binds the extracellular
domain of IFNAR1, did not affect mRNA levels of IL-6 (Greenhill et al., 2011). This study therefore
suggests a mechanism of cross-talk between TLR and gp130 signalling, implying it may also be
possible that STAT3 and STAT1 play a role in TLR signalling and cytokine expression independent of
traditional cytokine JAK-STAT signalling.

112

Chapter 3: Demonstrating the Cross-talk Between TLR and JAK-STAT Signalling
TRAF6 is a crucial signalling molecule that is involved in a diverse range of physiological processes.
TRAF1, 2, 3 and 5 recognise peptide motifs that TRAF6 cannot interact with, due to its unique TRAF-C
domain. Unlike the other TRAFs, TRAF6 serves as a common signalling mediator in TNF-α and IL1/TLR signalling, allowing translocation of signals from the cell surface and activation of NFκB
(Kobayashi et al., 2004). Overexpression of TRAF6 has been demonstrated to activate NFκB, whilst
overexpression of a dominant negative mutant of TRAF6 impairs NFκB activation (Arch et al., 1998).
Furthermore, TRAF6 knockout mice display impaired activation of NFκB following IL-1 and LPS
stimulation, reiterating TRAF6’s crucial function in IL-1/TLR signalling (Lomaga et al., 1999, Naito et
al., 1999). Due to TRAF6’s multifaceted role in biological processes, it is not surprising that TRAF6
interacts with many different molecules.
Proteins such as CD40, TRANCER, IRAK, TRIF, TRAM and Mal all interact with TRAF6 via a T6BM
identified in all these proteins (Ye et al., 2002, Sato et al., 2003, Mansell et al., 2004) (Table 3.1). The
T6BM which is comprised of the aa motif P-X-E-X-X-(aromatic/acidic residue) (Ye et al., 2002), is a
critical signature that when mutated renders proteins unable to interact with TRAF6 and affects
downstream signalling. These findings demonstrate the importance of identifying T6BMs in signalling
mediators of inflammatory pathways and TRAF6’s central role in IL-1/TLR and TNF-α signalling. I have
identified that STAT1 and STAT3 each contain three putative T6BMs, suggesting a possible interaction
between STAT1/STAT3 and TRAF6.
The findings here form the basis for this project, investigating the interaction between STAT1/TRAF6
and STAT3/TRAF6, and the mechanisms of this interaction. The direct recruitment of STAT1 and
STAT3 into TLR signalling represents a novel discovery of possible cross-talk between signalling
pathways that has not previously been shown and demonstrates the potential augmentation of the
immune response through synergy of TLR and JAK-STAT signalling.
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Table 3.1: Putative TRAF6 binding motifs in immune signalling molecules.
Critical glutamic acid residue is shown in red. Ar/Ac – Aromatic/Acidic Group
TRAF6 binding motif

P

x

E

x

x

Ar/Ac

Mal (188-196)

P

P

E

L

R

F

TRAM (181-186)

P

R

E

R

T

P

TRIF (250-255)

P

E

E

M

S

W

IRAK1 (542-547)

P

Q

E

N

S

Y

IRAK2 (585-590)

P

V

E

S

D

E

IRAK3 (504-509)

P

E

E

S

D

E
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3.2 – Results
3.2.1 – Serine phosphorylation of STAT1 following TLR ligand stimulation
As Rhee et al. (2003) and Schroder et al. (2007) have previously established that STAT1 is Ser-727
phosphorylated following stimulation with Pam3Cys (TLR2), LPS (TLR4) and CpG DNA (TLR9), I initially
wished to examine multiple TLR-induced STAT1 phosphorylation in RAW264.7 murine macrophage
cells as they represent a relevant biological model; as macrophages are one of the first cells to
recognise and response to foreign insults. These experiments were conducted to re-confirm previous
studies and to assess the Tyr-701 and Ser-727 status of STAT1 following stimulation with other TLR
agonists.
I first used IFN-α, as it is a well characterised positive control known to induce both tyrosine and
serine phosphorylation of STAT1 (Schindler et al., 1992b, Kovarik et al., 1998). As can be seen in
figure 3.1 STAT1 undergoes both rapid and robust Ser-727 (Figure 3.1A, panel 1) and Tyr-701
phosphorylation (Figure 3.1A, panel 2). STAT1 Ser-727 phosphorylated is first observed at 10 minutes
post-stimulation with this phosphorylation sustained for up to 60 minutes post-challenge (Figure
3.1A, panel 1). In contrast, Tyr-701 phosphorylation isn’t observed until 20 minutes post-stimulation
though this is maintained for longer than pSer-727, up to 120 minutes (Figure 3.1A, panel 2).
Densitometry analysis of the serine phosphorylation illustrates rapid activation observed at 10
minutes (31.20 ± 0.92, p=0.0009), peaking at 30 minutes and diminishing from 60 minutes onwards
(Figure 3.1B).
Next I examined the effect of the TLR2 ligand, Pam3Cys on STAT1 phosphorylation. Similar to
previous results, STAT1 is observed to undergo Ser-727 phosphorylation rapidly at 10 minutes poststimulation where the serine phosphorylation was sustained for up to 120 minutes and began to
diminish back to background levels (Figure 3.2A, panel 1). Pam3Cys however, did not induce a
corresponding Tyr-701 phosphorylation and this was not observed at any time point (Figure 3.2A,
panel 2). Analysis of the serine phosphorylation blot via densitometry displays substantial serine
phosphorylation after 10 minutes, reaching maximal effect at 20 minutes and beginning to diminish
between 30 (75.88 ± 5.4, p=0.0053) and 60 minutes (82.79 ± 11.43, p=0.0191). By 120 minutes,
serine phosphorylation of STAT1 has almost returned to basal levels (Figure 3.2B).
Stimulation with the TLR3 ligand, poly (I:C) produces a similar effect on STAT1, albeit with delayed
kinetics. Unlike Pam3Cys, poly (I:C) induces serine phosphorylation at 60 minutes and this Ser-727
phosphorylation is maintained for up to 120 minutes, where the activation of STAT1 begins to
weaken (Figure 3.3A, panel 1). Tyr-701 phosphorylation of STAT1 is also observed at 120 minutes
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Figure 3.1: IFN-α stimulation induces rapid Ser-727 and Tyr-701 phosphorylation of STAT1.
RAW264.7 murine macrophages were seeded into a 6-well plate at 1 x 106 cells/well, 24 hours prior
to stimulation. The cells were then stimulated with 1000 IU of IFN-α over a time course of 120
minutes. Following stimulation, cells were harvested in Kal B solution containing Ser/Thr phosphate
inhibitors (Appendix I), subjected to 30 minutes rotation and then centrifuged to separate cellular
debris (14,500 rpm, 4˚C, 5 minutes). Samples were separated by gel electrophoresis and
immunoblotted with α-pSTAT1 (Ser-727) antibody, α-pSTAT1 (Tyr-701) and α-STAT1 antibody. (A)
Western blot demonstrates Tyr-701 and Ser-727 phosphorylation of STAT1. (B) Densitometry analysis
illustrates the rapid Ser-727 phosphorylation of STAT1. These results are a representation of three
individual experiments (n=3).
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Figure 3.2: The TLR2 ligand, Pam3Cys, induces rapid Ser-727 phosphorylation of STAT1.
RAW264.7 murine macrophages were prepared as described in figure 3.1. Cells were stimulated with
100 ng/ml of Pam3Cys over a time course of 120 minutes. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT1 (Ser-727) antibody, α-pSTAT1 (Tyr-701) and αSTAT1 antibody. (A) Western blot demonstrates rapid Ser-727 phosphorylation of STAT1. (B)
Densitometry analysis illustrates the rapid Ser-727 phosphorylation of STAT1. These results are a
representation of three individual experiments (n=3).
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Figure 3.3: STAT1 Ser-727 phosphorylation displays delayed kinetics in response to the TLR3 ligand,
poly (I:C).
RAW264.7 murine macrophages were prepared as described in figure 3.1. Cells were stimulated with
10 ug/ml of poly (I:C) over a time course of 120 minutes. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT1 (Ser-727) antibody, α-pSTAT1 (Tyr-701) and αSTAT1 antibody. (A) Western blot demonstrates Ser-727 phosphorylation of STAT1. (B) Densitometry
analysis illustrates the Ser-727 phosphorylation of STAT1. These results are a representation of three
individual experiments (n=3).
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which matches the results of Rhee et al. (2003) and may be a consequence of IFN-β production
(Alexopoulou et al., 2001). Similar to my initial observation of the immunoblot, densitometry
confirms the delayed kinetics of STAT1 Ser-727 phosphorylation compared to TLR2. Maximum serine
phosphorylation of STAT1 is not seen until 60 minutes post-challenge and the serine phosphorylation
begins to decrease from 120 minutes (Figure 3.3B).
Commensurate with that observed in TLR2 stimulation, the TLR4 agonist LPS also induces rapid Ser727 phosphorylation of STAT1, observed at 10 minutes post-stimulation with the phosphorylation
sustained for 120 minutes (Figure 3.4A, panel 1). Tyr-701 phosphorylation can initially be detected at
30 minutes though this appears to be very weak. Only at 120 minutes is tyrosine phosphorylation
significantly observed consistent with previous observations (Figure 3.4A, panel 2). Densitometry
analysis of the immunoblot confirms these observations, demonstrating rapid serine phosphorylation
of STAT1 following LPS stimulation which can be detected at 10 minutes post-stimulation (238.8
±48.59, p=0.0392) and this serine phosphorylation is maintained over the time course, albeit with a
decrease in serine phosphorylation at 30 minutes post LPS stimulation (Figure 3.4B).
Like TLR3, TLR7 and TLR9 are also endosomally located (Matsumoto et al., 2003, Heil et al., 2003,
Ahmad-Nejad et al., 2002, Latz et al., 2004). Similar to the delayed kinetics observed with TLR3
stimulation, the results display a similar trend. Following stimulation with the TLR7 agonist,
loxoribine, serine phosphorylation of STAT1 is observed as delayed compared to membrane TLRs
such as TLR2 and TLR4, only been observed at 20 minutes and reaching its maximal phosphorylation
at 60 minutes, thereafter decreasing at 120 minutes (Figure 3.5A, panel 1). In contrast to TLR3
however, loxoribine did not induce Tyr-701 phosphorylation of STAT1 over the time course (Figure
3.5A, panel 2). Further analysis of the serine phosphorylation immunoblots by densitometry confirms
my initial observations. Substantial serine phosphorylation of STAT1 can be detected at 30 minutes
(67.19 ± 10, p=0.0267) and this gradually increases along the time course, reaching a peak at 60
minutes and beginning to diminish by 120 minutes (Figure 3.5B).
TLR9 exhibits the same phenomenon, with STAT1 undergoing delayed serine phosphorylation that is
detected at 30 minutes post-stimulation and is sustained for up to 120 minutes (Figure 3.6A, panel
1). Though Ser-727 phosphorylation is sustained for over an hour, the induction of this serine
phosphorylation appears to be quite weak. Comparable to TLR7, CpG DNA is also unable to induce
Tyr-701 phosphorylation, which is not observed over the 120 minute time course (Figure 3.6A, panel
2). Densitometry analysis performed on the pSer-727 STAT1 immunoblots further illustrates the
delayed kinetics of the endosomal TLR. Ser-727 STAT1 is detected at 30 minutes and this
phosphorylation is observed to be increasing up to 120 minutes (Figure 3.6B).
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Figure 3.4: Rapid Ser-727 phosphorylation with no corresponding Tyr-701 phosphorylation is
observed in RAW264.7 murine macrophages stimulated with the TLR4 ligand, LPS.
RAW264.7 murine macrophages were prepared as described in figure 3.1. Cells were stimulated with
100 ng/ml of LPS over a time course of 120 minutes. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT1 (Ser-727) antibody, α-pSTAT1 (Tyr-701) and αSTAT1 antibody. (A) Western blot demonstrates rapid Ser-727 phosphorylation of STAT1. (B)
Densitometry analysis illustrates the rapid Ser-727 phosphorylation of STAT1. These results are a
representation of three individual experiments (n=3).
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Figure 3.5: TLR7 ligand, loxoribine, induces Ser-727 phosphorylation of STAT1 albeit with delayed
kinetics.
RAW264.7 murine macrophages were prepared as described in figure 3.1. Cells were stimulated with
500 μM of loxoribine over a time course of 120 minutes. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT1 (Ser-727) antibody, α-pSTAT1 (Tyr-701) and αSTAT1 antibody. (A) Western blot demonstrates rapid Ser-727 phosphorylation of STAT1. (B)
Densitometry analysis illustrates the rapid Ser-727 phosphorylation of STAT1. These results are a
representation of three individual experiments (n=3).
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Figure 3.6: Ser-727 phosphorylation of STAT1 is delayed when stimulated with the TLR9 ligand, CpG
DNA.
RAW264.7 murine macrophages were prepared as described in figure 3.1. Cells were stimulated with
500 nM of mCpG DNA over a time course of 120 minutes. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT1 (Ser-727) antibody, α-pSTAT1 (Tyr-701) and αSTAT1 antibody. (A) Western blot demonstrates rapid Ser-727 phosphorylation of STAT1. (B)
Densitometry analysis illustrates the rapid Ser-727 phosphorylation of STAT1. These results are a
representation of three individual experiments (n=3).
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Together these results indicate that STAT1 Ser-727 phosphorylation occurs following TLR stimulation.
Interestingly, all the TLRs examined are able to induce Ser-727 phosphorylation of STAT1, though the
delayed serine phosphorylation of STAT1 in TLR3, TLR7 and TLR9 ligand treated cells may be a result
of cellular localisation. Though rapid Ser-727 phosphorylation of STAT1 was observed in response to
all TLR ligands the corresponding Tyr-701 phosphorylation observed following IFN-α stimulation was
only observed at later time points in poly (I:C) and LPS stimulated cells. This indicates that the
phosphorylation of these two residues can occur independently and are not dependent on each
other, suggesting that the serine phosphorylation may be regulated directly by TLR signalling.

3.2.2 - Serine phosphorylation of STAT1 is dependent on MyD88/TRIF but not
IRF3/7
As STAT1 undergoes serine phosphorylation following TLR ligand stimulation, I next wanted to
determine whether the serine phosphorylation of STAT1 was a direct effect of TLR signal
transduction or autocrine activation due to secretion of type I IFNs.
Consistent with my earlier results in RAW264.7 murine macrophages STAT1 undergoes Ser-727
phosphorylation in response to TLR ligand stimulation in immortalised WT BMMs (Figure 3.7A, panel
1). Densitometry analysis demonstrates that all TLR ligands induce significant activation of pSer-727
STAT1 (Figure 3.7B).
To examine the requirement of TLR canonical signalling or autocrine induction of IRF-mediated type I
IFN secretion on TLR-induced STAT1 Ser-727 phosphorylation, I next investigated the ability of TLR
stimulation to induce phosphorylation in immortalised gene deficient BMMs. To determine that TLR
signalling is crucial for STAT1’s serine phosphorylation, MyD88-/-/TRIF-/- immortalised macrophages
were used to address this question. Having previously established that all TLR ligand stimulation
induces STAT1 Ser-727 phosphorylation at 60 minutes, I next stimulated MyD88-/-/TRIF-/immortalised macrophages with all TLR ligands as indicated for 60 minutes. Cells were harvested and
immunoblotted for pSer-727 STAT1 and total STAT1. Ser-727 STAT1 was not detected in MyD88/TRIF
double knockout macrophages, although only IFN-α was able to induce serine phosphorylation of
STAT1 consistent with it not requiring MyD88 or TRIF to signal (Figure 3.8, panel 1). This result
demonstrates that STAT1 serine phosphorylation is dependent upon TLR signal transduction.
To determine if TLR-induced IFN activation of JAK-STAT signalling is involved in TLR-induced STAT1
serine phosphorylation, IRF3/7-/- immortalised macrophages were stimulated with TLR ligands for 60
minutes and analysed for Ser-727 phosphorylated STAT1. TLR signalling is able to induce secretion of
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Figure 3.7: WT C57BL/6 immortalised macrophages stimulated with TLR agonists demonstrate Ser727 phosphorylation of STAT1.
WT C57/BL6 immortalised macrophages were prepared as described in figure 3.1. Cells were
stimulated with Pam3Cys (100 ng/ml), poly (I:C) (10 µg/ml), LPS (100 ng/ml), loxoribine (500 µM),
mCpG DNA (500 nM) and IFN-α (1000 I/U) for 60 minutes. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT1 (Ser-727) antibody and α-STAT1 antibody. (A)
Western blot demonstrates Ser-727 phosphorylation of STAT1. (B) Densitometry analysis illustrates
relative density of bands compared to unstimulated sample. These results are a representation of
three individual experiments (n=3).
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Figure 3.8: MyD88-/-/TRIF-/- immortalised macrophages fail to induce Ser-727 phosphorylation of
STAT1 when stimulated with TLR agonists.
MyD88-/-/TRIF-/- immortalised macrophages were prepared as described in figure 3.1. Cells were
stimulated with Pam3Cys (100 ng/ml), poly (I:C) (10 µg/ml), LPS (100 ng/ml), loxoribine (500 µM),
mCpG DNA (500 nM) and IFN-α (1000 I/U) for 60 minutes. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT1 (Ser-727) antibody and α-STAT1 antibody.
Western blot demonstrates lack of Ser-727 phosphorylation of STAT1. These results are a
representation of three individual experiments (n=3).
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type I IFNs through the MyD88-independent pathway by activation of IRF3 or IRF7 in specific cells.
Thus cells lacking IRF3 and IRF7 are unable to induce type I IFN secretion, impairing their ability to
activate JAK-STAT signalling. As can be observed in figure 3.9A, macrophages lacking IRF3 and IRF7
still display serine phosphorylation of STAT1 in response to TLR stimulation, demonstrating that IRF3
or IRF7 is not required for TLR-induced STAT1 phosphorylation. Densitometry analysis further
confirms this observation that TLRs induce a significant increase in Ser-727 STAT1 activation.
Pam3Cys, LPS and loxoribine induced a ~4-fold activation of STAT1 compared to unstimulated cells
(Figure 3.9B). CpG DNA induced a significant 4.454 ± 0.51-fold activation of STAT1. Both poly (I:C) and
IFN-α were also able to induce a 2.146 ± 0.38-fold and 5.261 ± 2.36-fold activation of STAT1,
respectively (Figure 3.9B). The rapid serine phosphorylation of STAT1 is therefore dependent upon
MyD88/TRIF-mediated TLR signalling and is not a secondary effect of IRF3/IRF7-induced type I IFN
production.

3.2.3 – Serine phosphorylation of STAT3 following TLR stimulation
Having determined that STAT1 undergoes serine phosphorylation following TLR ligand stimulation, I
next wished to determine if TLR’s may induce a similar specificity of serine phosphorylation in STAT3.
RAW264.7 murine macrophages were first stimulated with IFN-α, as IFN-α induces both tyrosine and
serine phosphorylation of STAT3 (Yang et al., 1996). Consistent with previous studies, STAT3 was
observed to undergo both serine and tyrosine phosphorylation in a time-dependent manner,
occurring rapidly and robustly (Figure 3.10A, panel 1 and panel 2). Densitometry analysis confirmed
my initial observations where IFN-α induced 1.262 ± 0.295-fold rapid serine phosphorylation of
STAT3. The serine phosphorylation gradually increased from 20 minutes (1.142 ± 0.07) peaking at
120 minutes (2.492 ± 0.89) (Figure 3.10B).
Following stimulation with the TLR2 ligand Pam3Cys, cells were assayed by immunoblot for Ser-727
phosphorylation of STAT3. STAT3 demonstrates rapid serine phosphorylation, initially observed at 10
minutes post-stimulation and was sustained until 120 minutes post-challenge (Figure 3.11A, panel 1).
A corresponding tyrosine phosphorylation was not observed, in concordance with my STAT1 serine
immunoblots (Figure 3.11A, panel 2). Further analysis via densitometry demonstrates the rapid timedependent Ser-727 phosphorylation of STAT3 by TLR2 challenge. This can be detected at 10 minutes
(1.484 ± 0.56) and reaches maximal effect at 60 minutes (2.161 ± 0.45); by 120 minutes the serine
phosphorylation begins to diminish commensurate with that observed for non-stimulated cells
(Figure 3.11B).
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Figure 3.9: Ser-727 phosphorylation of STAT1 is independent of JAK-STAT signalling as IRF3/7-/immortalised macrophages still induce Ser-727 phosphorylation of STAT1 following TLR agonists
stimulation.
IRF3/7-/- immortalised macrophages were prepared as described in figure 3.1. Cells were stimulated
with Pam3Cys (100 ng/ml), poly (I:C) (10 µg/ml), LPS (100 ng/ml), loxoribine (500 µM), mCpG DNA
(500 nM) and IFN-α (1000 I/U) for 60 minutes. Samples were then separated by gel electrophoresis
and immunoblotted with α-pSTAT1 (Ser-727) antibody and α-STAT1 antibody. (A) Western blot
demonstrates Ser-727 phosphorylation of STAT1. (B) Densitometry analysis illustrates relative
density of bands compared to unstimulated sample. These results are a representation of three
individual experiments (n=3).
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Figure 3.10: IFN-α induces rapid Tyr-705 and Ser-727 phosphorylation of STAT3.
RAW264.7 murine macrophages were prepared as described in figure 3.1. Cells were stimulated with
1000 IU of IFN-α over a time course of 120 minutes. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT3 (Ser-727) antibody, α-pSTAT3 (Tyr-705) and αSTAT3 antibody. (A) Western blot demonstrates Tyr-705 and Ser-727 phosphorylation of STAT3. (B)
Densitometry analysis illustrates the rapid Ser-727 phosphorylation of STAT3. These results are a
representation of three individual experiments (n=3).
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Figure 3.11: Rapid induction of pSer-727 STAT3 following stimulation with Pam3Cys.
RAW264.7 murine macrophages were prepared as described in figure 3.1. Cells were stimulated with
100 ng/ml of Pam3Cys over a time course of 120 minutes. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT3 (Ser-727) antibody, α-pSTAT3 (Tyr-705) and αSTAT3 antibody. (A) Western blot demonstrates rapid Ser-727 phosphorylation of STAT3. (B)
Densitometry analysis illustrates the rapid Ser-727 phosphorylation of STAT3. These results are a
representation of three individual experiments (n=3).
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RAW 264.7 murine macrophages were next stimulated with the TLR3 ligand poly (I:C). Comparable to
my observations with pSer-727 STAT1 immunoblots, poly (I:C) induces rapid Ser-727 phosphorylation
of STAT3 within 10 minutes and this is sustained up to 120 minutes post-challenge (Figure 3.12A,
panel 1). Importantly, Tyr-705 phosphorylation of STAT3 was not seen until 120 minutes poststimulation, possibly as a result of IFN-β signalling (Figure 3.12A, panel 2). Densitometry conducted
on multiple pSer-727 STAT3 experiments displays the rapid Ser-727 phosphorylation of STAT3 which
can be observed at 10 minutes (4.4 ± 1.14), persisting till 30 minutes and beginning to decrease from
60 minutes onwards (Figure 3.12B).
Like Pam3Cys, the TLR4 ligand LPS also induces rapid Ser-727 phosphorylation of STAT3. This was
observed at 10 minutes and serine phosphorylation was maintained for 120 minutes (Figure 3.13A
panel 1). Importantly, LPS did not induce Tyr-705 phosphorylation of STAT3 from 10 minutes to 60
minutes (Figure 3.13A, panel 2). Tyrosine phosphorylation of STAT3 however, was detected at 120
minutes post-stimulation and may be a possible result of IFN-β production through activation of IRF3
(Schafer et al., 1998). I next performed densitometry analysis on the serine phosphorylation
immunoblots. pSer-727 STAT3 was detected in unstimulated cells and following LPS stimulation this
was sustained and elevated significantly at 30 minutes (1.172 ± 0.027), with levels of pSer-727 STAT3
declining at 120 minutes (0.697 ± 0.38) (Figure 3.13B).
Next, the TLR7 ligand, loxoribine was employed to stimulate cells. Ser-727 phosphorylation of STAT3
was initially detected at 10 minutes, gradually increasing and peaking at 60 minutes where it was
sustained for the full 120 minute time course (Figure 3.14A, panel 1). Tyr-705 phosphorylation of
STAT3 on the other hand, was not detected at any of the time points assessed (Figure 3.14A, panel
2). Densitometry conducted on the pSer-727 STAT3 blots illustrates the delayed kinetics of Ser-727
STAT3 phosphorylation. Ser-727 phosphorylated STAT3 was weakly activated at 10 minutes (1.356 ±
0.098), and this was demonstrated to steadily increase, peaking at 60 minutes (2.641 ± 0.77) and
beginning to decrease at 120 minutes (2.846 ± 0.21) (Figure 3.14B).
The TLR9 ligand CpG DNA was also able to induce Ser-727 phosphorylation of STAT3 and matches the
serine phosphorylation blots of STAT1. pSer-727 STAT3 can be found at the 10 minute time point,
and persisted for up to 120 minutes (Figure 3.15A, panel 1). Similar to figure 3.14, an equivalent Tyr705 phosphorylation of STAT3 was not observed over the time course following CpG DNA
stimulation, commensurate with previous data (Figure 3.15A, panel 2). Further examination of
serine phosphorylation blots by densitometry displayed pSer-727 STAT3 in unstimulated cells.
Following CpG DNA treatment pSer-727 STAT3 gradually increased, reaching a maximum at 20
minutes (1.191 ± 0.16) and steadily decreasing from 60 minutes onwards (Figure 3.15B).
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Figure 3.12: Poly (I:C) induces Ser-727 phosphorylation of STAT3 with pTyr-705 STAT3 being
detected at 120 minutes post-stimulation.
RAW264.7 murine macrophages were prepared as described in figure 3.1. Cells were stimulated with
10 ug/ml of poly (I:C) over a time course of 120 minutes. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT3 (Ser-727) antibody, α-pSTAT3 (Tyr-705) and αSTAT3 antibody. (A) Western blot demonstrates rapid Ser-727 phosphorylation of STAT3. (B)
Densitometry analysis illustrates the rapid Ser-727 phosphorylation of STAT3. These results are a
representation of three individual experiments (n=3).
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Figure 3.13: LPS induces rapid Ser-727 phosphorylation of STAT3 with a corresponding tyrosine
phosphorylation observed at 120 minutes post-stimulation.
RAW264.7 murine macrophages were prepared as described in figure 3.1. Cells were stimulated with
100 ng/ml of LPS over a time course of 120 minutes. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT3 (Ser-727) antibody, α-pSTAT3 (Tyr-705) and αSTAT3 antibody. (A) Western blot demonstrates rapid Ser-727 phosphorylation of STAT3. (B)
Densitometry analysis illustrates the rapid Ser-727 phosphorylation of STAT3. These results are a
representation of three individual experiments (n=3).
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Figure 3.14: Stimulation with loxoribine induces rapid phosphorylation of STAT3 at Ser-727.
RAW264.7 murine macrophages were prepared as described in figure 3.1. Cells were stimulated with
500 µM of loxoribine over a time course of 120 minutes. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT3 (Ser-727) antibody, α-pSTAT3 (Tyr-705) and αSTAT3 antibody. (A) Western blot demonstrates rapid Ser-727 phosphorylation of STAT3. (B)
Densitometry analysis illustrates the rapid Ser-727 phosphorylation of STAT3. These results are a
representation of three individual experiments (n=3).
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Figure 3.15: CpG DNA induces rapid Ser-727 phosphorylation of STAT3 with no corresponding Tyr705 phosphorylation.
RAW264.7 murine macrophages were prepared as described in figure 3.1. Cells were stimulated with
500 nM of mCpG DNA over a time course of 120 minutes. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT3 (Ser-727) antibody, α-pSTAT3 (Tyr-705) and αSTAT3 antibody. (A) Western blot demonstrates rapid Ser-727 phosphorylation of STAT3. (B)
Densitometry analysis illustrates the rapid Ser-727 phosphorylation of STAT3. These results are a
representation of three individual experiments (n=3).
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Taken together, my novel results demonstrate that whilst STAT1 has been implicated to undergo
serine phosphorylation after TLR stimulation (Rhee et al., 2003, Schroder et al., 2007); to my
knowledge this is the first report identifying rapid Ser-727 phosphorylation of STAT3, with no
corresponding Tyr-705 phosphorylation following TLR stimulation. These results indicate that the
serine phosphorylation of STAT3 appears to be a general effect that occurs across multiple TLRs.

3.2.4 – Serine phosphorylation of STAT3 is dependent on MyD88/TRIF and not
IRF3/7
Having established that STAT3 is serine phosphorylated following TLR stimulation, my next aim was
to determine whether this event occurred directly downstream of TLRs or occurred indirectly as a
consequence of autocrine IFN-β signalling.
Immortalised WT macrophages were first used to confirm that this serine phosphorylation was not
limited to RAW264.7 murine macrophages. Cells were stimulated with a variety of TLR ligands and
IFN-α and as shown in figure 3.16A, STAT3 undergoes Ser-727 phosphorylation in a time-dependent
manner consistent with my earlier findings. Densitometry analysis of the serine phosphorylation blot
demonstrates that most TLRs induce Ser-727 phosphorylation of STAT3 to varying degrees, with LPS
inducing a 1.462 ± 0.62-fold and IFN-α inducing a 1.77 ± 0.35-fold increase of pSer-727 STAT3
compared to unstimulated cells (Figure 3.16B).
Macrophages lacking MyD88 and TRIF were next treated with TLR ligands and IFN-α to identify
whether canonical TLR signalling was required for serine phosphorylation of STAT3. The absence of
both MyD88 and TRIF completely abolished TLR-induced Ser-727 phosphorylation of STAT3 (Figure
3.17), demonstrating that the MyD88-dependent or MyD88-independent signalling is required to
facilitate Ser-727 phosphorylation of STAT3.
In order to establish IFNs role in STAT3 serine phosphorylation, IRF3/7-/- immortalised macrophages
were employed to abolish the ability of TLR signalling in inducing IFN secretion through the IRFs. In
contrast to MyD88-/-/TRIF-/- immortalised macrophages, IRF3/7 deficiency did not affect or diminish
STAT3 serine phosphorylation (Figure 3.18A). Densitometric analysis of the pSer-727 STAT3 blots
confirmed that all TLRs ligands caused an increase in induction of STAT3 serine phosphorylation.
With Pam3Cys inducing 2.227 ± 0.61-fold activation of STAT3, the highest detected. Whereas poly
(I:C) and loxoribine induced 1.745 ± 0.21-fold and 1.686 ± 0.32-fold STAT3 activation, respectively
(Figure 3.18B). This result confirms that the rapid serine phosphorylation is a direct result of TLR
signalling and doesn’t require IRF3/IRF7-induced IFN secretion and activation of JAK-STAT signalling.
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Figure 3.16: Stimulation with TLR agonists induces Ser-727 phosphorylation of STAT3 in wild-type
C57BL/6 immortalised macrophages.
WT C57BL/6 immortalised macrophages were prepared as described in figure 3.1. Cells were
stimulated with Pam3Cys (100 ng/ml), poly (I:C) (10 µg/ml), LPS (100 ng/ml), loxoribine (500 µM),
mCpG DNA (500 nM) and IFN-α (1000 I/U) for 60 minutes. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT3 (Ser-727) antibody and α-STAT3 antibody. (A)
Western blot demonstrates Ser-727 phosphorylation of STAT3. (B) Densitometry analysis illustrates
relative density of bands compared to unstimulated sample. These results are a representation of
three individual experiments (n=3).
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Figure 3.17: In MyD88-/-/TRIF-/- immortalised macrophages stimulation with TLR agonists fails to
induce Ser-727 phosphorylation of STAT3.
MyD88-/-/TRIF-/- immortalised macrophages were prepared as described in figure 3.1. Cells were
stimulated with Pam3Cys (100 ng/ml), poly (I:C) (10 µg/ml), LPS (100 ng/ml), loxoribine (500 µM),
mCpG DNA (500 nM) and IFN-α (1000 I/U) for 60 minutes. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT3 (Ser-727) antibody and α-STAT3 antibody.
Western blot demonstrates lack of Ser-727 phosphorylation of STAT3. These results are a
representation of three individual experiments (n=3).
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Figure 3.18: Ser-727 phosphorylation of STAT3 is not abolished in IRF3/7-/- immortalised
macrophages following stimulation with TLR agonists.
IRF3/7-/- immortalised macrophages were prepared as described in figure 3.1. Cells were stimulated
with Pam3Cys (100 ng/ml), poly (I:C) (10 µg/ml), LPS (100 ng/ml), loxoribine (500 µM), mCpG DNA
(500 nM) and IFN-α (1000 I/U) for 60 minutes. Samples were then separated by gel electrophoresis
and immunoblotted with α-pSTAT3 (Ser-727) antibody and α-STAT3 antibody. (A) Western blot
demonstrates Ser-727 phosphorylation of STAT3. (B) Densitometry analysis illustrates relative
density of bands compared to unstimulated sample. These results are a representation of three
individual experiments (n=3).
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However, this doesn’t discount IL-6 and IL-10 signalling which can also activate STAT3 (Zhong et al.,
1994, Finbloom and Winestock, 1995).

3.2.5 – TRAF6 binding motifs in STAT1 and STAT3
Proteins that interact with TRAF6 all contain a T6BM that is comprised of a P-X-E-X-X-(Ar/Ac) motif.
Bioinformatic analysis of the STAT1 and STAT3 sequences identified that both STAT1 and STAT3
contain three putative TRAF6 binding motifs each (Table 3.2). The motifs are homologous to the
T6BM described in other TLR signalling proteins such as Mal, TRIF and TRAM, containing the critical
proline, glutamic acid and aromatic/acid residues.

3.2.6 – Production of recombinant GST-TRAF6 fusion protein
I have previously established by co-ectopic immunoprecipitation studies that STAT1 could interact
with TRAF6 (Luu, 2008). However, as overexpression studies occasionally demonstrate artefactual
associations, I wished to further examine this interaction with a more specific protein interaction
assay. GST-TRAF6 recombinant fusion protein bound to glutathione sepharose 4B beads was
employed to assess the interaction between STAT1/TRAF6 and STAT3/TRAF6 respectively.
Expression of GST-TRAF6 fusion protein was performed by inducing an overnight starter culture of
pGEX-6T-3-GST-TRAF6 with 50 µM of IPTG overnight at 18˚C. The cells were pelleted and harvested
in both a low and high salt buffer. The fractions were combined and soluble GST-TRAF6 was purified
using glutathione sepharose 4B beads in a 50% slurry in PBS. The purified GST-TRAF6 fusion protein
bound to glutathione sepharose 4B beads were then assessed for purity by resolving on a 15% SDSPAGE gel, following by Coomassie blue stain.
As can be seen in figure 3.19, a band can be observed at ~84 kDa (Figure 3.19, Lane 3) which is the
theoretical size of GST-TRAF6 (GST ~25 kDa and TRAF6 ~59 kDa). Lane 2 represents the unpurified
fraction and indicates the efficient one step purification of the GST-TRAF6 fusion protein bound to
Glutathione Sepharose 4B beads.

3.2.7 – STAT1 and STAT3 interact with recombinant GST-TRAF6 fusion protein
As the serine phosphorylation of STAT1 and STAT3 is mediated by TLR signalling and both STATs
contain putative T6BMs, I wanted to assess whether TRAF6 may interact with both STAT1 and STAT3
and recruit them into the TLR pathway. Cellular lysates of HEK293T cells ectopically expressing Myctagged STAT1 were probed with GST-TRAF6 fusion protein. As can be observed in figure 3.20, GSTTRAF6 was able to specifically immunoprecipitate STAT1 from cellular lysates as detect by α-Myc

139

Chapter 3: Demonstrating the Cross-talk Between TLR and JAK-STAT Signalling

Table 3.2: Putative TRAF6 binding motifs in STAT1 and STAT3
Critical glutamic acid residues are shown in red. Ar/Ac – Aromatic/Acidic Group.

TRAF6 Binding Motif

P

x

E

x

x

Ar/Ac

STAT1 (1) (27-32)

P

M

E

I

R

Q

STAT1 (2) (684-689)

P

K

E

A

P

E

STAT1 (3) (728-733)

P

E

E

F

D

E

STAT3 (1) (27-32)

P

E

E

F

D

E

STAT3 (2) (97-102)

P

M

E

I

A

R

STAT3 (3) (677-682)

P

K

E

E

A

F
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Figure 3.19: Coomaisse stain of recombinant GST-TRAF6 fusion protein.
Laemmli reducing sample buffer was added to samples of GST-TRAF6 fusion protein bound to
glutathione sepharose 4B beads and the unbound fraction then boiled at 95˚C for 5 minutes. Samples
were then separated by gel electrophoresis. Coomaisse stain of a 12% SDS-PAGE gel showing the
presence of recombinant GST-TRAF6 fusion protein. Expected size of GST-TRAF6 fusion protein is ~84
kDa. (TRAF6 molecular weight ~59 kDa : GST molecular weight ~25 kDa) Lane 1 contains protein
ladder, lane 2 contains unbound fraction and lane 3 contains GST-TRAF6 fusion protein bound to
glutathione sepharose 4B beads. These results are a representation of three individual experiments
(n=3).
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Figure 3.20: STAT1 interacts with recombinant TRAF6.
HEK293T cells were co-transfected with STAT1-Myc 24 hours prior to harvesting. Cells were
harvested in Kal B solution (Appendix I), pre-cleared with glutathione sepharose 4B beads. Samples
were probed with 20 µl of GST-TRAF6 fusion protein or 10 µl of GST to immunoprecipitate STAT1.
Samples were then separated by gel electrophoresis and immunoblotted with α-Myc antibody. Lanes
1 demonstrates STAT1 interacting with recombinant GST-TRAF6 fusion protein. Lane 2 displays no
non-specific interaction between STAT1-Myc and GST. These results are a representation of three
individual experiments (n=3).
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immunoblot (Figure 3.20, lane 1). Myc-tagged STAT1 was not detected in cellular lysates probed with
GST, demonstrating exclusive interaction between STAT1 and TRAF6 (Figure 3.20, lane 2).
To assess STAT3’s ability to directly interact with TRAF6, HEK293Ts were also transfected with Flagtagged STAT3. Cellular lysates were then probed with GST-TRAF6 fusion protein and blotted with αFlag antibody. GST-TRAF6 can be observed to specifically interact with STAT3 (Figure 3.21, lane 1),
whilst no Flag-tagged STAT3 was able to be detected in cellular lysates probed with GST
demonstrating the specificity of the interaction (Figure 3.21, lane 2).
Taken together, the results here illustrate that TRAF6 interacts with STAT1 and STAT3, which may
facilitate their recruitment into TLR signalling pathway. The T6BMs in both STATs may facilitate this
interaction between STAT1/TRAF6 and STAT3/TRAF6.

3.2.8 – Semi-endogenous immunoprecipitation of TRAF6 and STAT1
To further elucidate the specificity of the interaction between TRAF6 and STAT1, semi-endogenous
immunoprecitations were conducted on TLR-stimulated RAW264.7 cell lysates. Endogenous STAT1
was immunoprecipitated with recombinant GST-TRAF6 fusion protein following stimulation with LPS.
A time-dependent increase in STAT1 TRAF6 association can be observed after LPS stimulation (Figure
3.22, panel 1). Interestingly, TRAF6 appears to recognise STAT1 prior to LPS stimulation. In its serine
phosphorylated form, STAT1 was also precipitated by TRAF6 (Figure 3.22, panel 2, lane 1) and this
interaction increased following LPS stimulation (Figure 3.22, panel 2, lane 2-4). This rise in pSer-727
STAT1 and TRAF6 association is likely a reflection of the increasing amount of pSer-727 STAT1
detected in cellular lysates (Figure 3.22, panel 3). STAT1 was not immunoprecipitated by GST alone
probed cellular lysates (Figure 3.22, panel 1, lane 5) demonstrating that the interaction of TRAF6 and
endogenous STAT1 is not a side effect of GST fused to TRAF6.
In order to assess TRAF6 and STAT1 interaction in humans, the human monocyte cell line, THP1 was
used. Pam3Cys was next used to stimulate THP1 cells thereby only activating MyD88-dependent
signalling and eliminating activation of the MyD88-independent pathway and negating the possibility
of IFN production. Pam3Cys stimulation produced similar results to TLR4 stimulated cells. The
interaction between the STAT1 and TRAF6 remains constant and differs to the enrichment observed
in Figure 3.22, panel 1 (Figure 3.23, panel 1). Consistent with earlier results however, pSer-727 STAT1
can be observed interacting with TRAF6 pre-stimulation and this interaction is maintained poststimulation (Figure 3.23, panel 2). Whilst levels of pSer-727 STAT1 increase in a time-dependent
manner in cellular lysates post-stimulation (3.23, panel 3), this doesn’t equate to an increasing
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Figure 3.21: STAT3 interacts with recombinant TRAF6.
HEK293T cells were co-transfected with STAT3-Flag 24 hours prior to harvesting. Cells were
harvested in Kal B solution (Appendix I), pre-cleared with glutathione sepharose 4B beads. Samples
were probed with 20 µl of GST-TRAF6 fusion protein or 10 µl of GST to immunoprecipitate STAT3.
Samples were then separated by gel electrophoresis and immunoblotted with α-Flag antibody. Lanes
1 demonstrates STAT3 interacting with recombinant GST-TRAF6 fusion protein. Lane 2 shows no nonspecific interaction between STAT3-Flag and GST. These results are a representation of three
individual experiments (n=3).
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Figure 3.22: STAT1 interacts with TRAF6 at basal levels and following LPS stimulation.
RAW264.7 murine macrophages were seeded into a 10 cm dish at 2 x 106 cells per dish, 24 hours
prior to stimulation. Cells were then treated with 100 ng/ml of LPS over a 30 minute time course. The
cells were harvested in Kal B solution, pre-cleared with glutathione sepharose 4B beads and then
probed with GST-TRAF6 beads. Samples were then separated by gel electrophoresis and
immunoblotted with α-pSTAT1 (Ser-727) and α-STAT1 antibody. pSer-727 STAT1 and total STAT1
interact with GST-TRAF6 at basal levels and following stimulation. These results are a representation
of three individual experiments (n=3).
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Figure 3.23: In THP1 cells, STAT1 interacts with TRAF6 in unstimulated and Pam3Cys stimulated
cells.
THP1 cells were seeded into a 10 cm dish at 5 x 106 cells per dish, 24 hours prior to stimulation. Cells
were then treated with 100 ng/ml of Pam3Cys over a 30 minute time course. The cells were
harvested in Kal B solution, pre-cleared with glutathione sepharose 4B beads and then probed with
GST-TRAF6 beads. Samples were then separated by gel electrophoresis and immunoblotted with αpSTAT1 (Ser-727) and α-STAT1 antibody. pSer-727 STAT1 and total STAT1 interact with GST-TRAF6 at
basal levels and following stimulation. These results are a representation of three individual
experiments (n=3).
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interaction between GST-TRAF6 and STAT1 (Figure 3.23, panel 2). Consistent with my earlier finding
GST did not interact with STAT1 (Figure 3.23, panel 1, lane 5).
From this set of experiments, it is evident that endogenous STAT1 can interact with TRAF6, with a
STAT1/TRAF6 complex detected in unstimulated cells and this interaction is sustained after TLR
ligand stimulation. As the STAT1β isoform (84 kDa) lacks the Ser-727 residue and only the 91 kDa
STAT1α isoform can be detected in the GST-TRAF6 probed lysates, it can be deduced that STAT1α
facilitates TLR and JAK-STAT cross-talk.

3.2.9 – STAT3 interaction with TRAF6 following TLR4 and TLR2 stimulation
To further confirm the specificity of the TRAF6 and STAT3 interaction, TLR-stimulated cellular lysates
were probed with recombinant GST-TRAF6 fusion proteins. RAW264.7 murine macrophages were
first stimulated with LPS and probed for pSer-727 STAT3. As can be seen in figure 3.24, RAW264.7
cells were stimulated with LPS over a 30 minute time course and then analysed for serine
phosphorylated STAT3. STAT3 can be observed interacting with GST-TRAF6 at time 0 (Figure 3.24,
panel 1, lane 1) and this interaction persisted following LPS stimulation at all time points examined
(Figure 3.24, panel 1, lane 1-4). Similar to STAT1, pSer-727 STAT3 can be recognised by TRAF6 in
unstimulated cells and following LPS stimulation (Figure 3.24, panel 2). STAT3 in the
immunoprecipitate produced an unexplained double band in the GST only control (Figure 3.22, panel
1, lane 5). The double band is of a higher molecular weight, though its origins are unknown.
Although GST probed cellular lysates did not recognise pSer-727 STAT3 this further confirms the
specificity of TRAF6/STAT3 interaction (Figure 3.24, panel 2, lane 5).
To assess if TRAF6 also interacted with STAT3 in a human cell line, THP1s were used to address this.
THP1 cells stimulated with Pam3Cys displayed concurring results with RAW264.7 cells stimulated with
LPS. GST-TRAF6 fusion protein was able to associate with STAT3 in unstimulated cells, though
Pam3Cys stimulation did not increase this interaction (Figure 3.25, panel 1). Akin to previous findings,
pSer-727 STAT3 was observed to interact with TRAF6 at basal levels, with this interaction persisting
up to 30 minutes post-stimulation (Figure 3.25, panel 2, lane 1-4). When probing for STAT3 in the
immunoprecipitate, an unknown double band was also observed in the GST only control (Figure 3.25,
panel 1, lane 5), suggesting some non-specific binding of the total STAT3 antibody. Serine
phosphorylated STAT3 did not interact with the GST only control, further confirming the specificity of
the STAT3/TRAF6 interaction (Figure 3.25, panel 2, lane 5).
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Figure 3.24: STAT3 interaction with TRAF6 occurs in resting cells and following LPS stimulation.
RAW264.7 murine macrophages were prepared as described in figure 3.22. Samples were separated
by gel electrophoresis and immunoblotted with α-pSTAT3 (Ser-727) and α-STAT3 antibody. pSer-727
STAT3 and total STAT3 interact with GST-TRAF6 at basal levels and following stimulation. These
results are a representation of three individual experiments (n=3).
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Figure 3.25: THP1 cells demonstrate interaction of STAT3 and TRAF6 in unstimulated and Pam3Cys
stimulated cells.
THP1 cells were prepared as described in figure 3.23. Samples were then separated by gel
electrophoresis and immunoblotted with α-pSTAT3 (Ser-727) and α-STAT3 antibody. pSer-727 STAT3
and total STAT3 interact with GST-TRAF6 at basal levels and following stimulation. These results are a
representation of three individual experiments (n=3).
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Our results here further confirm the STAT3/TRAF6 interaction, demonstrating that endogenous
STAT3 can interact with GST-TRAF6 fusion protein and that TRAF6 and STAT3 may potentially exist as
a complex in cells.

3.2.10 – Identifying the kinase that phosphorylates STAT1 and STAT3
Though TRAF6 may facilitate the cross-talk of TLR and JAK-STAT signalling, a kinase is still required to
facilitate serine phosphorylation of STAT1 and STAT3 as TRAF6 contains no intrinsic kinase activity. A
number of kinases have been implicated in the serine phosphorylation of STAT1 and STAT3 such as
ERK, p38k and JNK, all members of the MAPK family (Chung et al., 1997, Kovarik et al., 1999, Goh et
al., 1999, Lim and Cao, 1999) (Table 3.3).
I next wished to identify the kinase that may be responsible for TLR-mediated Ser-727
phosphorylation of STAT1 and STAT3. RAW264.7 murine macrophages were first treated with U0126
(MEK 1/2 inhibitor, 10 μM) (Aomatsu et al., 2008), SB203580 (p38k inhibitor, 100 nM) (Cuenda et al.,
1995), SB600125 (JNK inhibitor, 20 μM) (Prickett and Brautigan, 2007) , wortmannin (PI3K inhibitor,
10 nM) (Arcaro and Wymann, 1993) and 2-aminopurine (Protein Kinase R (PKR) inhibitor, 10 mM)
(Chuang et al., 2011) for 2 hours. The cells were then stimulated with LPS for 60 minutes, as my
previous stimulation studies have demonstrated that this time point induces robust Ser-727
phosphorylation (See Figure 3.2 to 3.6 and 3.11 to 3.15). Treatment with these inhibitors did not
affect the Ser-727 phosphorylation levels of STAT1 (Figure 3.26A, panel 1) as the levels of pSer-727
STAT1 were equivalent to the untreated sample (Figure 3.26A, panel 1, lane 2 compared to lanes 37). Densitometry analysis of the serine phosphorylation immunoblot further confirms that the kinase
inhibitors had little effect on serine phosphorylation of STAT1, though the MEK1/2 inhibitor, U0126,
had slightly diminished pSer-727 STAT1 levels; however this was not significant (Figure 3.26B).
Cellular lysates prepared for figure 3.26 were also immunoblotted for pSer-727 STAT3. Levels of pSer727 STAT3 were not affected as can be observed in figure 3.27 (panel 1, lane 2 compared to lanes 37). In contrast, cells treated with 2-aminopurine displayed a decreased band of pSer-727 STAT3
(Figure 3.27A, panel 1, lane 7), suggesting it may play a role in the phosphorylation of STAT3
following TLR ligand stimulation. β-tubulin cellular concentration were employed to ensure equal
protein loading (Figure 3.27A, panel 2). Densitometry analysis demonstrates that only the PKR
inhibitor, 2-aminopurine affected serine phosphorylation of STAT3 (0.9583 ± 0.29 vs. 1.202 ± 0.2 for
untreated cells), with the other kinase inhibitors having no impairment of STAT3 serine
phosphorylation (Figure 3.27B).
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Table 3.3: Kinases responsible for STAT1 and STAT3 Ser-727 phosphorylation.

STAT protein

Kinase

Reference

STAT1

p38k

Kovarik et al. (1999)

STAT1

p38k

Goh et al. (1999)

STAT3

JNK1

Lim and Cao (1999)

STAT3

JNK1 and p38

Turkson et al. (1999)

STAT3

ERK

Chung et al. (1997)
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Figure 3.26: Serine phosphorylation of STAT1 is not affected by treatment with MEK1/2, p38k, JNK,
PI3K and PKR inhibitors.
RAW264.7 murine macrophages were seeded in a 6-well plate at 1 x 106 cells/well, 24 hours prior to
treatment. Cells were then treated with U0126 (10 µM), SB203580 (100 nM), SB600125 (20 µM),
wortmannin (10 nM) and 2-aminopurine (10 mM) for 2 hours. Following inhibitor treatment,
RAW264.7 murine macrophages were stimulated with LPS (100ng/ml) for 60 minutes, and then
harvested. Samples were then separated by gel electrophoresis and immunoblotted with α-pSTAT1
(Ser-727) antibody. (A) Serine phosphorylation of STAT1 is not affected by inhibiting the kinases
MEK1/2, p38k, JNK, PI3K and PKR. (B) Densitometry analysis illustrates relative density of bands
compared to untreated sample. These results are a representation of three individual experiments
(n=3).
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Figure 3.27: STAT3 Ser-727 phosphorylation is not affected by MEK1/2, p38k, JNK and PI3K, but
PKR may be involved in STAT3 serine phosphorylation.
RAW264.7 murine macrophages were prepared as described in figure 3.26. Cells were then treated
with U0126 (10 µM), SB203580 (100 nM), SB600125 (20 µM), wortmannin (10 nM) and 2aminopurine (10 mM) for 2 hours. Samples were then separated by gel electrophoresis and
immunoblotted with α-pSTAT3 (Ser-727) antibody. (A) Serine phosphorylation of STAT3 was not
affected by inhibiting the kinases MEK1/2, p38k, JNK and PI3K, though PKR inhibition decreases pSer727 STAT3. (B) Densitometry analysis illustrates relative density of bands compared to untreated
sample. These results are a representation of three individual experiments (n=3).
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3.2.11 – STAT3 Ser-727 phosphorylation is not attenuated in PKR-deficient cells
To further investigate the potential role PKR plays in TLR-induced Ser-727 phosphorylation of STAT3,
PKR-deficient splenic macrophages were stimulated with TLR ligands and the phosphorylation status
of STAT3 was examined.
Although inhibition of PKR in RAW264.7 murine macrophages produced a band of weaker intensity
compared to the other inhibitors, as can be seen from figure 3.28, TLR ligands failed to induce STAT3
Ser-727 phosphorylation in both WT and PKR knockout cells. Densitometry analysis further confirms
these observations, demonstrating the lack of STAT3 Ser-727 phosphorylation. Thus these results are
inconclusive. Taken together, my results indicate that for STAT1 neither ERK, JNK, p38k, PI3K and PKR
were the kinase responsible for TLR-induced STAT1 serine phosphorylation, though MEK1/2
marginally affected STAT1 Ser-727 phosphorylation. In contrast with the exception of 2-aminopurine,
STAT3’s serine phosphorylation was also not regulated by the kinases examined, though our results
suggest that 2-aminopurine may contribute to TLR-induced STAT3 Ser-727 phosphorylation. Further
analysis with PKR-deficient cells however proved inconclusive.
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Figure 3.28: Ser-727 phosphorylation and STAT3 was not inhibited in PKR-/- cells.
WT and PKR-/- splenic macrophages were prepared as described in figure 3.26. Cells were stimulated
with Pam3Cys (100 ng/ml), poly (I:C) (10 µg/ml), LPS (100 ng/ml), loxoribine (500 µM), mCpG DNA
(500 nM) and IFN-α (1000 IU) for 60 minutes. (A) TLR-induced STAT3 Ser-727 phosphorylation was
not inhibited in PKR-/- cells compared to WT cells. (B) WT splenic macrophages undergo low levels of
STAT3 Ser-727 phosphorylation. (C) STAT3 Ser-727 phosphorylation is comparable to unstimulated
and WT cells. These results are a representation of three individual experiments (n=3).
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3.3 - Discussion
In this chapter I have established a mechanism of cross-talk between TLR and the JAK-STAT
signalling pathways following TLR ligand stimulation. After TLR ligand stimulation, STAT1 and
STAT3 undergoes a robust serine phosphorylation with delayed tyrosine phosphorylation
occurring in cells stimulated with TLR3 and TLR4 ligands. This cross-talk is facilitated by TRAF6
interacting with both STAT1 and STAT3, potentially recruiting them into the TLR signalling
pathway following ligand stimulation. The interaction of STAT1/TRAF6 and STAT3/TRAF6 is
mediated directly through TLR signalling as the absence of the TLR adaptor molecules, MyD88
and TRIF, abolished STAT1 and STAT3 Ser-727 phosphorylation. Autocrine activation of the JAKSTAT signalling pathway through type I IFN production is not responsible for Ser-727
phosphorylation of STAT1 and STAT3 as IRF3/7-deficient cells did not impair the serine
phosphorylation of STAT1 or STAT3. My results therefore demonstrate a novel direct TLRmediated response with an unknown biological consequence.
Previous studies by Rhee et al. (2003) and Schroder et al. (2007) have reported STAT1 serine
phosphorylation following TLR ligand stimulation, however, TLR-induced Ser-727 STAT3
phosphorylation has previously not been reported. My studies however have demonstrated that
the Ser-727 phosphorylation event occurs for both STAT1 and STAT3 and is a general TLR
response that is independent of the TLRs cellular location. Serine phosphorylation of STAT1 and
STAT3 was observed in all cells stimulated with TLR ligands a corresponding tyrosine
phosphorylation only detected in cells stimulated with poly (I:C) and LPS. Both TLR3 and TLR4 can
induce production of IFN-β, therefore it is possible that the tyrosine phosphorylation of STAT1
and STAT3 is the result of the IFN-β secretion and the subsequent activation of JAK-STAT
signalling pathway (Matsumoto et al., 2002, Kawai et al., 2001). The NFκB-dependent genes, IL-6
and IL-10 can also induce tyrosine phosphorylation of STAT3, although the rapid kinetics of this
STAT3 activation (e.g. within 10-20 minutes post-stimulation) suggests this is not the case. LPS
stimulation has also been documented in inhibiting IL-6-induced STAT3 activation but not IL-10
(Niemand et al., 2003), further supporting my hypothesis that STAT3 tyrosine phosphorylation
occurs through IFN-β secretion. The timing of tyrosine phosphorylation of STAT1 and STAT3
observed is consistent with autocrine activation of JAK-STAT signalling and secretion of IFN-β.
Importantly, the tyrosine phosphorylation of both STATs is not observed in RAW264.7 murine
macrophages stimulated with Pam3Cys, as TLR2 does not induce IFN-β production, but does
induce production of IL-6 and IL-10 (Toshchakov et al., 2002). Whilst TLR7 and TLR9 can induce
production of IFN-β through activation of IRF7 in pDCs, the ligand loxoribine only induces weak
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IFN-β mRNA expression (Al-Salleeh and Petro, 2007). Consistent with this finding, Schroder et al.
(2007) found that macrophages differ to DCs in IFN-β production following TLR9 challenge. Both
BMMs and RAW264.7 murine macrophages did not induce IFN-β production, whilst only bone
marrow-derived DCs (BMDCs) induced IFN-β mRNA expression. Our data therefore agrees with
these studies, demonstrating the lack of tyrosine phosphorylated STAT1 and STAT3 in Pam3Cys,
loxoribine and CpG DNA stimulated cells with both STATs undergoing Ser-727 phosphorylation.
Whilst Ser-727 phosphorylation of STAT1 has previously been documented, TLR-induced STAT3
Ser-727 phosphorylation is a novel finding. Although serine phosphorylation of STAT1 and STAT3
was observed, the kinetics of this differed in a few of the TLR agonists used which appeared
consistent with the cellular localisation of the respective receptor. TLR2 and TLR4 are expressed
on the cell surface where they can bind their ligands upon stimulation thus allowing rapid signal
transduction and phosphorylation of STAT1. pSer727 STAT1 was detected at early time points
(within 10 minutes) when stimulated with Pam3Cys and LPS.

Stimulation with poly (I:C),

loxoribine and CpG DNA displayed a similar serine phosphorylation albeit with delayed kinetics;
the serine phosphorylation was observed at approximately 30 minutes compared to 10 minutes
when induced by Pam3Cys and LPS. As TLRs 3, 7 and 9 are endosomally located (Matsumoto et al.,
2003, Heil et al., 2003, Ahmad-Nejad et al., 2002, Latz et al., 2004), their ligands must first be
endocytosed. The TLR ligands are shuttled into the cell via the endocytic pathway and undergo
acidification. Following this process the endosomal TLRs are then recruited to endolysosomes by
interacting with UNC93B1, where they are can bind their respective ligands (Tabeta et al., 2006).
This explains the delayed kinetics of STAT1 Ser-727 phosphorylation observed in figures 3.3, 3.5
and 3.6. For the plasma membrane located TLR2 and TLR4, both these receptors can recognise
ligands at the cell surface hence the phosphorylation of STAT1 is very rapid. The kinetics of STAT3
serine phosphorylation differs from those of STAT1, with pSer-727 STAT3 being able to be
detected very rapidly post-stimulation. This could be a result of growth factors (e.g. CSF, Insulin
Growth Factor (IGF) etc.) in the serum activating STAT3, thus high levels of pSer-727 STAT3 were
detected in unstimulated cells. Whilst cells were serum starved overnight to reduce STAT3
activation by growth factors, this only marginally reduced basal STAT3 activation.
Having confirmed that TLR ligands induced serine phosphorylation of both STAT1 and STAT3, it
was necessary to determine if IFNs were responsible for the STAT activation and validate TLR
signalling’s importance for STAT1 and STAT3 serine phosphorylation. Macrophages lacking both
MyD88 and TRIF, which cannot signal via the MyD88-dependent and –independent pathways, are
unable to induce serine phosphorylation of STAT1 and STAT3 suggesting that the Ser-727
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phosphorylation observed is dependent upon TLR signalling. Both IRF3 and IRF7 are crucial to the
induction of type I IFNs (Sato et al., 2000) and TLR treated IRF3/7-/- macrophages were still able to
phosphorylate STAT1 and STAT3 suggesting that serine phosphorylation of STAT1 and STAT3
doesn’t require IFN secretion and the JAK-STAT signalling pathway. However, despite the
unlikelihood, future studies could also investigate the possibility of other NFκB-dependent genes
such as IL-6 or IL-10 being responsible for STAT3 Ser-727 phosphorylation. Our experiments
demonstrate that the serine phosphorylation of STAT1 and STAT3 is directly mediated by the TLR
signalling pathway and suggests that molecules downstream of the TLR adaptor molecules is
directly involved in facilitating STAT1 and STAT3 Ser-727 phosphorylation. Taken together my
results suggest a direct TLR-mediated Ser-727 phosphorylation of STAT1 and STAT3, that is
independent of JAK-STAT signalling. The robust serine phosphorylation of STAT1 and STAT3 is a
direct result of recruitment into the TLR signalling pathway.
TLR2, TLR4, TLR7 and TLR9 all utilize the MyD88-dependent pathway, which requires the adaptor
molecule MyD88. In contrast, TLR3 is the only receptor that signals via the MyD88-independent
pathway and utilises the adaptor molecule TRIF. Both MyD88- and TRIF-dependent signalling
resulted in Ser-727 phosphorylation of STAT1 and STAT3 therefore these adaptor molecules are
unlikely to be responsible for facilitating JAK-STAT and TLR signalling cross-talk. A common
signalling molecule that connects TLR and JAK-STAT signalling must therefore act downstream of
the adaptor molecules and be involved in both MyD88-dependent and -independent pathways.
TRAF6 is a central signalling molecule in the TLR pathway and is involved in the both MyD88dependent and –independent pathways.
As discussed earlier TRAF6 has been well documented to interact with many molecules. Proteins
that interact with TRAF6 all contain a T6BM that has been found to be crucial for this interaction.
The T6BM was identified to be P-X-E-X-X-(aromatic/acidic residue), with the proline, glutamic acid
and aromatic/acidic residue determined to be critical for TRAF6 interaction (Ye et al., 2002).
Mutations of the three critical residues of the T6BM in CD40 impaired NFκB reporter activity
compared to WT CD40, illustrating the importance of this interaction for NFκB activation (Ye et
al., 2002). TRANCER and IRAK1 were also found to contain T6BMs and mutation of the T6BM
reduced activation of NFκB (Ye et al., 2002). Subsequent studies identified T6BMs in TRIF, TRAM
and Mal (Sato et al., 2003, Mansell et al., 2004) and in the case of TRIF, mutations of all the
T6BMs and a C-terminal truncation was required to abolish NFκB activation. Mansell et al. (2004)
found that the mutation of Mal’s single T6BM did not abolish interaction with TRAF6 however,
the Mal mutant failed to drive NFκB activity following TLR2 and TLR4 ligand stimulation.
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Furthermore, specific studies demonstrated that mutation of the single glutamic acid residue
ablated signalling, interaction and cytokine production (Verstak et al., 2009). Taken together
these studies demonstrate the importance of TRAF6 interaction in activating NFκB. Though my
results showed STAT1/TRAF6 and STAT3/TRAF6 interaction, further elucidation of this interaction
is required to investigate the biological significance of STAT1/TRAF6 and STAT3/TRAF6 interaction
on innate immune responses. As both STAT1 and STAT3 contain three T6BMs, future experiments
will examine mutations of these motifs. Ye et al. (2002) and Sato et al. (2003) both found that
molecules containing more than one T6BM such as IRAK1 and TRIF; that not one T6BM alone is
responsible for facilitating TRAF6 interaction. In fact the T6BMs act redundantly as mutation of
one of the multiple T6BMs did not abolish TRAF6 interaction (Ye et al., 2002, Sato et al., 2003).
Furthermore, TRIF was also found to be able to bind TRAF6 via its N-terminus and mutation of the
single T6BM in Mal failed to abolish TRAF6/Mal interaction; therefore it may be possible that
STAT1 and STAT3 interact with TRAF6 via another domain or motif. It is possible that similar to
TRIF, further truncations of STAT1 and STAT3 are required to ablate TRAF6 interaction. However,
this approach does not identify if the T6BMs are responsible for their association and truncation
would produce an inactive protein. Further studies could investigate this by mutating more
residues of the T6BM, as mutation of the glutamic acid residue alone may not completely abolish
association with TRAF6.
Having observed STAT1/TRAF6 and STAT3/TRAF6 interaction in our GST pull-down experiments, it
was necessary to confirm these results in an endogenous protein interaction assay. This was
performed in a semi-endogenous fashion using the recombinant GST-TRAF6 fusion proteins to
identify STAT1 and STAT3. In resting cells, TRAF6 was observed to interact with both STAT1 and
STAT3, suggesting that serine phosphorylation of STAT1 and STAT3 is not a requirement of
STAT1/TRAF6 and STAT3/TRAF6 interaction. Following stimulation with Pam3Cys or LPS, both a
STAT1/TRAF6 and STAT3/TRAF6 complex was observed at all time points. This interaction did not
appear to increase following stimulation, suggesting that levels of STAT1, STAT3 and TRAF6 are
not altered. Although pSer-727 STAT1 levels increased following LPS stimulation, this did not
translate to increased STAT1/TRAF6 association (Figure 3.22). It is interesting to note that TRAF6
is still able to interact with pSer-727 STAT1 and STAT3. Traditionally when STAT1 and STAT3
undergo tyrosine phosphorylation, these proteins form homo- or heterodimers and are
transported to the nucleus (Decker and Kovarik, 2000). Whilst it is known that tyrosine
phosphorylation of the STATs is required for dimerisation, Ser-727 phosphorylation of STAT1 and
STAT3 is reported to provide potentiated transcriptional activity (Wen et al., 1995). Serine
phosphorylation of STAT1 and STAT3 independent of tyrosine phosphorylation has been
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documented (Ceresa and Pessin, 1996, Gotoh et al., 1996, Zhu et al., 1997, Kovarik et al., 1999). In
Chinese Hamster Ovary (CHO) cells, STAT3 was found to exclusively undergo serine
phosphorylation in response to insulin stimulation for 5 minutes, although other STAT isoforms
were not affected (Ceresa and Pessin, 1996). Stimulation with steel factor (SLF) in human factordependent cell lines MO7e and TF-1, a cytokine involved in hematopoietic progenitor cell
development also resulted in serine phosphorylation of STAT3 but not tyrosine demonstrating
that phosphorylation of the tyrosine and serine residues of STAT3 is independent of each other
(Gotoh et al., 1996). For STAT1, Zhu et al. (1997) demonstrated that following IFN-γ stimulation in
NIH 3T3 cells, STAT1 could possibly undergo serine phosphorylation independent of tyrosine
phosphorylation, though this occurred 20 minutes post-challenge and was dependent on JAK2 for
IFN-γ-mediated STAT1 Ser-727 phosphorylation. It was also reported that Bac1.2F5 macrophages
treated with ultraviolet (UV) irradiation and TNF-α for 25 minutes only caused Ser-727
phosphorylation of STAT1. This was demonstrated to not involve JAK-STAT signalling, but was
p38k-dependent (Kovarik et al., 1999). These studies therefore show that serine phosphorylation
of both STAT1 and STAT3 can occur in response to other stimuli, though the role of the serine
phosphorylation is still not clearly understood.
Traditionally the serine phosphorylation of STAT1 and STAT3 has been implicated in enhancing
transcriptional activity (Wen et al., 1995). Serine phosphorylation of the STATs does not induce
dimerisation, a prerequisite for nuclear translocation and the role cytoplasmic Ser-727
phosphorylated STAT1 and STAT3 remains to be determined. Schroder et al. (2007) found pSer727 STAT1 was retained in the cytoplasm and proposed that in this state, STAT1 sequesters
transcription factors. Previous studies have demonstrated STAT1 interacts with IRF1, IRF2 and
IRF8 (Chatterjee-Kishore et al., 2000, Rouyez et al., 2005, Unlu et al., 2007), therefore it is possible
that serine phosphorylated STAT1 sequesters IRF1, IRF2 and IRF8 in the cytoplasm. Other studies
have implicated Ser-727 phosphorylated STAT1 in the induction of apoptosis in cardiac myocytes
(Stephanou et al., 2001). Following ischemic insult, Ser-727 phosphorylated STAT1 and not Tyr701 phosphorylated STAT1 is crucial for the induction of Fas and Fas ligand (FasL) expression
(Stephanou et al., 2001). This suggests that rather than functioning as a transcription factor like
Tyr-701 phosphorylated STAT1, Ser-727 phosphorylated STAT1 may modulate other cellular
functions. Perhaps the serine phosphorylation plays a role in augmenting the immune response
or regulation of other organelles other than the nucleus?
In regards to STAT3, F/F mice were found to be hyperresponsive to LPS and activation of TLR4 by
LPS was demonstrated to be independent of TLR-induced IFN-β production (Greenhill et al.,
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2011). Interestingly, STAT3 was identified to be mediating the hyperresponsiveness to LPS,
although Greenhill et al. (2011) only examined tyrosine phosphorylated STAT3. It is therefore
possible that serine phosphorylated STAT3 may be driving or augmenting the initial inflammatory
response to LPS. Inhibition of IFNAR and genetic ablation of type I IFN signalling failed to rescue
F/F mice from LPS hypersensitivity. In contrast, deletion of Mal which is required for TLR4induced MyD88-dependent signalling, reduced LPS hypersensitivity demonstrating a direct TLR
effect on STAT3 via activation of IL-6/gp130 signalling (Greenhill et al., 2011). This matches our
data where I found that cells deficient in MyD88/TRIF failed to serine phosphorylate STAT3, but
IRF3/7-/- cells had no effect on STAT3 Ser-727 phosphorylation. Taken together this would suggest
that serine phosphorylated STAT3 may contribute to the initial immune response, with tyrosine
phosphorylated STAT3 activated by IL-6 acting in the late phase, thereby mediating F/F mice LPS
hypersensitivity. Recent evidence has also emerged demonstrating that STAT3 has a role outside
that of a transcription factor. Unlike tyrosine phosphorylated STAT3 which translocates to the
nucleus, serine phosphorylated STAT3 has been demonstrated to localise inside mitochondria. In
Ras-transformed cells serine phosphorylated STAT3 were shown to be required for cellular
transformation as mutation of the serine phosphorylation site or deletion of the C-terminal
domain abolished STAT3 and Ras interaction (Gough et al., 2009). This indicates that serine
phosphorylation of STAT3 may have another role in innate immunity other than unlocking
STAT3’s maximal transcriptional activity.
TRAF6 would appear to facilitate the cross-talk between TLR and JAK-STAT by functioning as a
bridging protein recruiting STAT1 and STAT3 into the TLR pathway. However, TRAF6 itself does
not contain any intrinsic kinase activity, therefore a serine kinase must be activated to serine
phosphorylate STAT1 and STAT3. Possible candidate kinases were assembled based on previously
published data that have been implicated in serine phosphorylating STATs. Previous studies have
suggested that the Ser-727 phosphorylation of STAT1 is mediated by the p38k in response to
stress (Kovarik et al., 1999, Goh et al., 1999). Chung et al. (1997) demonstrated that STAT1 is in
fact a poor substrate for p38k both in vivo and in vitro, therefore it is unlikely that p38k is
responsible for the Ser-727 phosphorylation of STAT1. Nguyen et al. (2003) also found that IL-1
mediated STAT1 serine phosphorylation does not require MAPKs. Furthermore, Cecil et al. (2004)
also demonstrated that in HeLa cells the activation of p38k was not sufficient to phosphorylate
STAT1 at Ser-727. Although Kovarik et al. (1999) reported that STAT1 Ser-727 phosphorylation in
response to LPS, UV irradiation and TNF-α was sensitive to the p38k inhibitor in macrophages, this
conflicts with previous studies conducted and my results (Figure 3.26A). In my experiments, p38k
inhibition did not affect Ser-727 phosphorylation of STAT1 in macrophages following LPS
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stimulation. Other members of the MAPK family that were tested produced a similar result, with
no apparent reduction of Ser-727 phosphorylation of STAT1. Densitometry analysis suggested
that the MEK1/2 inhibitor slightly reduced Ser-727 phosphorylation of STAT1, but this requires
further investigation and the use of more specific methodology. Previous studies investigating
Ser-727 phosphorylation of STAT1 primarily focused on IFN-γ treatment of cells, which may
induce an alternative mechanism of STAT1 serine phosphorylation that is partly dependent on
p38k (Goh et al., 1999). My experiments however, focused on examining a kinase responsible for
TLR-induced Ser-727 phosphorylation of STAT1. PKC-δ has previously been implicated in the
serine phosphorylation of STAT1 following TLR activation (Rhee et al., 2003). In macrophages,
treatment with rottlerin, a PKC-δ inhibitor, blocked TLR4-induced STAT1 Ser-727 phosphorylation
but not TLR2 (Rhee et al., 2003). However, Shoenfelt and Fenton (2006) demonstrated that
murine peritoneal macrophages activated through TLR2 and TLR4 displayed rapid serine
phosphorylation in the absence of PKC-δ, suggesting another kinase is responsible for TLRinduced STAT1 Ser-727 phosphorylation. These findings suggests that different stimuli and cell
types may utilize different kinases to serine phosphorylate STAT1 and indicates that STAT1 may
be serine phosphorylated by different kinases depending on the TLR ligand used.
In the case of STAT3, there is evidence suggesting that ERK2 is responsible for its serine
phosphorylation. Chung et al. (1997) found that ERK-dependent serine phosphorylation of STAT3
appears to be induced by growth factors and not IL-6 and in vitro experiments demonstrated that
ERK2 phosphorylated STAT3 at Ser-727. Inhibition of ERK2 with PD98059 (MEK1 inhibitor,
upstream of ERK2, 50 μM), also inhibited pSer-727 STAT3 detection, suggesting ERK2s role as a
serine kinase (Chung et al., 1997). STAT3 could also be immunoprecipitated with ERK2 and
mutation of the Ser-727 site diminished this interaction (Jain et al., 1998). My results however,
did not agree with these studies as inhibition of MEK1/2, using the inhibitor U0126 (10 μM), failed
to abolish Ser-727 phosphorylation of STAT3. As PD98059 inhibits MEK1 more potently than
MEK2 it is possible that MEK2 may serine phosphorylate STAT3 hence this was not observed
when using the dual MEK1/2 inhibitor U0126. Lim and Cao (1999) demonstrated that STAT3
undergoes Ser-727 phosphorylation when induced by UV and TNF-α, although LPS induced a
weaker serine phosphorylation of STAT3. JNK1 was shown to serine phosphorylate STAT3, and
transfection of a constitutively active JNK kinase kinase, MEKK1, lead to Ser-727 phosphorylation
of STAT3 (Lim and Cao, 1999). Though Lim and Cao (1999) found that JNK1 can serine
phosphorylate STAT1 in vitro and in vivo, my results demonstrate that in response to LPS,
inhibition of JNK with the inhibitor SB600125 (20 μM), did not induce decreased Ser-727
phosphorylation of STAT3. Inhibition of other members of the MAPK family also failed to abolish
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Ser-727 phosphorylation of STAT3 following TLR stimulation and this is in part supported by a
study conducted Schuringa et al. (2000). In response to IL-6, STAT3 also undergoes Ser-727
phosphorylation but this was reported not be mediated by ERK, JNK or p38k (Schuringa et al.,
2000). Although JNK was not found to be involved in STAT3 serine phosphorylation, the kinases
upstream of JNK, ERK1 and MAPK kinase 4 were important for STAT3 Ser-727 phosphorylation.
Inhibition of PKR slightly reduced Ser-727 phosphorylation of STAT3, suggesting that PKR may
indirectly facilitate STAT3 Ser-727 phosphorylation, however studies conducted in WT and PKRdeficient splenic macrophages were inconclusive and will require further investigation using
primary cell lines. When stimulated with PDGF, PKR has been demonstrated to interact with
STAT3 and both tyrosine and serine phosphorylation of STAT3 is dependent on PKR (Deb et al.,
2001). In the context of TLR signalling, PKR may have an indirect role in facilitating the Ser-727
phosphorylation of STAT3. Most studies investigating STAT3 Ser-727 phosphorylation have mainly
examined treatment with IL-6, growth factors and inflammatory cytokines; it would appear
though that different cell lines and different stimuli induce a unique signalling cascade that
activates a kinase which phosphorylates STAT3 on Ser-727. It is possible that multiple kinases may
serine phosphorylate both STAT1 and STAT3 depending on the kind of stimuli the cell is treated
with and cell specificity.
Whilst I was unable to identify the kinase responsible for serine phosphorylating the STATs
following TLR ligand stimulation, perhaps kinases that are activated during TLR signalling may be
involved in the serine phosphorylation of STAT1 and STAT3. IRAKs and TAK1 may therefore be
potential candidates. As I have demonstrated that TRAF6 can interact with the serine
phosphorylated forms of STAT1 and STAT3, it is possible for TRAF6 to bring both STATs proximal
to a serine kinase. TRAF6 can interact with both IRAKs and TAK1, functioning as a bridging
adaptor bringing the IRAKs into contact with TAK1 and allowing TAK1 to associate with the IKK
complex. As such, TRAF6-interacting kinases such as IRAKS could be responsible for the
phosphorylation of STAT1. Nguyen et al. (2003) found that IRAK does interact with STAT1 in vivo
and suggested that IRAK may not serve as the proximal serine kinase of STAT1 but may in fact
recruit a kinase to STAT1. Therefore it is possible that following TLR stimulation the IRAKs could
recruit TRAF6 which in turn may bind STAT1 and STAT3, bringing both molecules proximal to
TAK1. IRAK1-deficient splenocytes fail to induce STAT3 Ser-727 phosphorylation and IL-10
production following LPS stimulation (Huang et al., 2004b). Interestingly, IRAK1 and STAT3 were
found to interact within the nucleus, with increased levels of pSer-727 STAT3 detected in the
nucleus (Huang et al., 2004b). After TLR agonist treatment, TRAF6 may remain bound to IRAK1
and could potentially bind STAT3 facilitating its serine phosphorylation. Future studies utilizing
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inhibitors, knockout cells and siRNA will be employed to examine these potential candidates in
the Ser-727 phosphorylation of STAT1 and STAT3. This may prove to be difficult though as
disruption of IRAK would ablate canonical TLR signalling affecting downstream mediators such as
TRAF6, thus potentially affecting the ability of TRAF6 to recruit STAT1/STAT3 and produce a false
negative result.
There are some pathologies that have been thought to be TLR-dependent and also demonstrate
increased STAT1 and STAT3 expression. Demonstrating cross-talk between TLR and JAK/STAT
pathway may suggest that there are diseases which may be potentiated if STAT1 and STAT3 play a
role in the biological consequences of TLR activation. In cases like sepsis and septic shock where a
hyperinflammatory state is undesired, the reduction of inflammatory mediators may increase the
chances of recovery and survival, therefore the biological outcomes of this cross-talk need to be
fully characterised. As serine phosphorylation of the STATs is not as critical as tyrosine
phosphorylation, inhibition of STAT serine phosphorylation may have fewer side effects when
used to treat inflammatory diseases. Thus targeting the serine residue represents a new
therapeutic target that may also not compromise the hosts’ immune system.
In this chapter, I have established a means of cross-talk between TLR and JAK-STAT signalling. This
cross-talk is facilitated by TRAF6 recruitment of STAT1 and STAT3 via T6BMs into the TLR
signalling pathway. Both STAT1 and STAT3 undergo a robust Ser-727 phosphorylation with
delayed tyrosine phosphorylation occurring in cells stimulated with TLR3 and TLR4 ligands. This
serine phosphorylation is independent of autocrine signalling and type I IFN production. The
interaction between STAT1/TRAF6 and STAT3/TRAF6 displays the complexity of innate immunity
and also provides therapeutic potential as disrupting this cross-talk may dampen the immune
response.
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4.1 – Introduction
STAT3 participates in a wide array of biological functions due to the multitude of growth factors and
cytokines which activate it. STAT3 has been implicated in inflammation, survival, proliferation,
angiogenesis, cellular transformation, invasion and cancer metastasis (Aggarwal et al., 2009).
Enhanced STAT3 activation via phosphorylation of the Tyr-705 residue, and more recently Ser-727,
can be found in many cancers (Yu and Jove, 2004, Wegrzyn et al., 2009).
Whilst tyrosine phosphorylation of STAT3 is a requirement for dimerisation, there is some
controversy regarding the effect of serine phosphorylation. Wen et al. (1995) first demonstrated that
like STAT1, serine phosphorylation of STAT3 also increases STAT3’s transcriptional activity; however
other studies found this not to be the case (Jain et al., 1998, Jain et al., 1999, Lim and Cao, 1999,
Sengupta et al., 1998). Both the serine phosphorylation and tyrosine phosphorylation could be
induced and regulated independently of each other (Chung et al., 1997). Additionally, EGF induced
increased levels of tyrosine phosphorylation of a STAT3 S727A mutant compared to WT STAT3
suggesting that the serine residue may in fact negatively regulate tyrosine phosphorylation either by
inhibiting tyrosine phosphorylation or increasing tyrosine dephosphorylation (Chung et al., 1997).
Moreover, it was later observed that the absence or presence of serine phosphorylation did not
affect the DNA binding ability of STAT3, implying that the enhancement of transcription may occur
after DNA binding (Wen and Darnell, 1997). In fact the serine phosphorylation of STAT3 has been
implicated in regulating the duration of STAT3 activity. STAT3 activity is regulated through
dephosphorylation of tyrosine, and this is dependent on serine phosphorylation acting through the
nuclear phosphatase, TC45. (Wakahara et al., 2012). Furthermore, STAT3 S727A mice are not
embryonically lethal like STAT3-/- mice, but do display ~50% less transcriptional activity, indicating the
importance of the serine residue in activating STAT3’s maximal transcriptional activity (Shen et al.,
2004). These mice were otherwise normal but the heterozygous STAT3S727A/- mice were 75% perinatal
lethal, displayed slow growth and altered IGF-1 levels (Shen et al., 2004). Therefore whilst STAT3 is
critical for development, only approximately 25% STAT3 activity is enough for survival of mice.
In B-cell chronic lymphocytic leukaemia (CLL), STAT3 has been identified to be constitutively Ser-727
phosphorylated (Hazan-Halevy et al., 2010). Although STAT3 could still undergo tyrosine
phosphorylation in CLL cells, this was only transient; contrastingly Ser-727 phosphorylation remained
for 72 hours. Hazan-Halevy et al. (2010) demonstrated that pSer-727 STAT3 localised to the nucleus
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by having importin-α3 or –α6 bind the Nuclear Localisation Sequence (NLS) of STAT3, this complex
then interacts with importin-β1 and is translocated to the nucleus. pSer-727 STAT3 was found to bind
DNA of CLL cells and induce transcription of STAT3-regulated genes. Interestingly, dephosphorylation
of pTyr-705 STAT3 did not inhibit STAT3 DNA binding suggesting that pSer-727 STAT3 directly
interacts with DNA (Hazan-Halevy et al., 2010). STAT3 has also been demonstrated to be
constitutively Ser-727 phosphorylated in melanocytes and melanoma cells (Sakaguchi et al., 2012).
STAT3 Ser-727 phosphorylation was associated with increased cell survival and pSer-727 STAT3 was
shown to localise to the nucleus independent of tyrosine phosphorylation. This further suggests Ser727 STAT3 involvement in driving tumourigenesis.
More recently studies have found that STAT3 may function outside its normal role as a transcription
factor. STAT3 has been detected in the mitochondria in its Ser-727 phosphorylated form, and in
STAT3-deficient cells complex I and II of the ETC had reduced activity (Gough et al., 2009, Wegrzyn et
al., 2009). In fact, it was demonstrated that serine phosphorylation, not DNA binding, tyrosine
phosphorylation or nuclear translocation was required for Ras-dependent cellular transformation
(Gough et al., 2009). These findings therefore suggest that alternative activation of STAT3 via Ser-727
phosphorylation can induce non-canonical translocation to the mitochondria and generation of ROS.
As TLRs can induce both ROS production (West et al., 2011) and STAT3 Ser-727 phosphorylation, it is
therefore possible that the TLR-mediated STAT3 Ser-727 phosphorylation is responsible for the
generation of mitochondrial ROS (mtROS).
STAT3’s role in driving gp130 inflammatory responses is very well studied, in contrast the role STAT3
plays in TLR-mediated immunity has not been examined. In particular, whilst tyrosine
phosphorylation of STAT3 predominately governs the majority of STAT3’s action, the part serine
phosphorylation plays is to induce maximal gene transcription. In this chapter I will investigate the
biological role pSer-727 STAT3 has in TLR-induced inflammation.
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4.2 – Results
4.2.1 – TLR-induced mitochondrial membrane destabilisation
In order to confirm my hypothesis, I first determined if TLRs could induce mitochondrial membrane
destabilisation. This was quantified by measurement of mitochondria membrane integrity through
the use of high content screening. Cells were stimulated with TLR ligands and stained with
Mitotracker Red. Mitotracker Red accumulates in the mitochondria of living cells and this is
dependent on the mitochondrial membrane potential, if the membrane potential becomes
destabilised this results in a “leaky” membrane and thus a decrease in Mitotracker Red staining
intensity. The cells were imaged and either 10 fields or 500 cells were captured, images were then
processed and quantified using the Cellomics ArrayScan VTi High Content Instrument.
A 24 hour time course was first conducted in order to determine the optimum time to measure
mitochondrial membrane destabilisation. RAW264.7 murine macrophages were stimulated with
Pam3Cys (TLR2), transfected (RLR) and untransfected poly (I:C) (TLR3) and LPS (TLR4), stained with
Hoechst stain to identify nuclei and Mitotracker Red for mitochondria then analysed for
mitochondrial staining intensity. It can be observed that following treatment with the TLR ligands,
Mitotracker Red intensity decreases initially during the first 2 hours however; Mitotracker Red
intensity slowly begins to recover during the later time points (Figure 4.1). Interestingly, activation of
the RIG-1 receptor with transfected poly (I:C) induced little mitochondrial loss of integrity suggesting
specificity for TLR-induced effect.
As the first 2 hours of the time course displayed the greatest effect on Mitotracker Red intensity and
may also be a direct effect of the acute immune response, I next focused on a shorter time course. In
order to observe the different effects of plasma membrane and endosomal TLRs only Pam3Cys and
untransfected poly (I:C) was used to stimulate cells. In order to observe kinetic differences in TLR
activation and mimic endogenous cellular environment, I utilised untransfected poly (I:C). Consistent
with earlier findings, following stimulation with TLR2 and TLR3 ligands, RAW 264.7 cells exhibited a
gradual decrease in Mitotracker Red intensity that is consistent with figure 4.1 (Figure 4.2).
The results here demonstrate that the TLRs can destabilize the mitochondrial membrane, resulting in
the loss of Mitotracker Red staining. This appears to be a general TLR mechanism as both plasma
membrane and endosomal TLR can induce this.
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Figure: 4.1: Mean Mitotracker Red intensity decreases following TLR stimulation.
RAW264.7 murine macrophages were seeded at 2 x 104 cells/well into a 96-well plate, 24 hours
before stimulation. The following day, cells were stimulated with Pam3Cys (200 ng/ml), poly (I:C)
(transfected 10 ug/ml, untransfected 20 ug/ml) and LPS (200 ng/ml). The cells were washed in PBS,
fixed in 10% formalin and stained with Hoechst 33342 stain (1 μg/ml) and Mitotracker Red CMXRos
(100 μM). After stimulation with TLR agonists, mean Mitotracker Red intensity decreased, with the
greatest effect seen at 2 hours. Data is represented as mean ± SEM and is a representation of three
individual experiments (n=3).

169

Chapter 4: Ser-727 STAT3, Mitochondria and Innate Immunity

Figure: 4.2: Mean Mitotracker Red intensity decreases marginally in macrophages.
RAW264.7 murine macrophages were prepared as described in figure 4.1. Cells were stimulated with
Pam3Cys (200 ng/ml) and poly (I:C) (20 μg/ml). Following Pam3Cys and poly (I:C) mean Mitotracker
Red intensity decreased. Data is represented as mean ± SEM and is a representation of three
individual experiments (n=3).
170

Chapter 4: Ser-727 STAT3, Mitochondria and Innate Immunity

4.2.2 – TLR stimulation induces mitochondrial reactive oxygen species production
The loss of the Mitotracker Red staining is normally due to a disruption of the mitochondrial
membrane potential. This can be a result of ROS production; therefore I next examined the ability of
TLR ligands to induce ROS. Utilising high content analysis, cells were stimulated with Pam3Cys and
poly (I:C), ROS generation was then detected by staining with dihydroethidium (DHE). DHE detects
superoxide and exhibits blue fluorescence when unoxidised. Following oxidation, DHE forms a red
fluorescent protein, ethidium which binds the cell’s DNA and stains the nucleus red (Rothe and Valet,
1990). Recent studies however have suggested that 2-hydroxyethidium is actually formed after DHE
undergoes oxidation (Zhao et al., 2005). Cells were imaged as previously described and mean nuclear
DHE intensity was determined.
Following stimulation, both Pam3Cys and poly (I:C) induce an increase in DHE intensity in a timedependent manner, indicating that TLR stimulation can result in cytoplasmic ROS production (Figure
4.3). The kinetics of ROS generation is also similar between the TLR agonists suggesting that the
mechanism of ROS production is common among plasma membrane and endosomal TLRs.
As ROS can be detected in the cytoplasm and mitochondria are known to be the main generator of
ROS, I next examined whether TLR stimulation induces mtROS production. Employing the same
method as described, RAW264.7 murine macrophages were stimulated with Pam3Cys, poly (I:C) and
rotenone then stained for mtROS using MitoSOX. MitoSOX is targeted to the mitochondria and when
oxidized by mitochondrial superoxide produces red fluorescence. Rotenone functions by inhibiting
complex I of the ETC resulting in the formation of mtROS. As can be observed in figure 4.4, both TLR
agonists and rotenone were able to induce mtROS, this occurred rapidly within 5 minutes of
stimulation suggesting that the ROS detected in the cytoplasm is a result of ROS produced from the
mitochondria.
My results here demonstrate that the loss of Mitotracker Red intensity is in part due to the
production of TLR-induced ROS from mitochondria producing a decrease in mitochondrial membrane
potential.

4.2.3 – Mitochondrial destabilisation is also observed in fibroblasts
In order to determine whether other cell lines are able to produce ROS after TLR stimulation, HT1080
cells were employed to investigate this. HT1080s are a human fibrosarcoma cell line that was utilised
to examine for differences in response to TLRs and ROS production.
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Figure: 4.3: TLR stimulation induces production of ROS.
RAW264.7 murine macrophages were prepared as described in figure 4.1, but instead of staining
with Mitotracker Red CMXRos, cells were stained with dihydroethidium (DHE, 5 μM). Mean DHE
intensity increased following stimulation with Pam3Cys and poly (I:C), demonstrating production of
superoxide. Data is represented as mean ± SEM and is a representation of three individual
experiments (n=3).
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Figure: 4.4: Mitochondrial ROS increases following TLR stimulation.
RAW264.7 murine macrophages were prepared as described in figure 4.1 and were also stimulated
with rotenone (10 µM), but instead of staining with Mitotracker Red CMXRos, cells were stained with
MitoSOX (5 µM). Following stimulation with rotenone and TLR agonists, MitoSOX intensity increased,
demonstrating production of superoxide in mitochondria. Data is represented as mean ± SEM and is
a representation of three individual experiments (n=3).
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Consistent with earlier findings, HT1080s displayed a reduction in Mitotracker Red intensity albeit
with different kinetics following stimulation with Pam3Cys and poly (I:C). The effect of TLR ligand
stimulation is much more pronounced, with a greater overall reduction in Mitotracker Red intensity
(Figure 4.5). Poly (I:C) induces a rapid decrease of Mitotracker Red intensity, with Pam3Cys inducing a
slower and steady decrease of Mitotracker Red.
Though the effect of Mitotracker Red intensity reduction is much more pronounced in fibroblasts,
this result further demonstrates that the TLR-induced mtROS is not restricted to macrophages and
may represent a general cellular mechanism in initiating innate immune responses.

4.2.4 – TLR stimulation increases nuclear localisation of STAT3
As TLR stimulation induces STAT3 Ser-727 phosphorylation, and pSer-727 STAT3 has been
documented to localise to mitochondria, the localisation of TLR-induced STAT3 serine
phosphorylation was investigated. Using confocal microscopy, RAW264.7 murine macrophages were
stimulated with LPS over a 60 minute time course. The nuclei stained with Hoechst stain and STAT3
was detected using an α-STAT3 antibody.
Unstimulated cells displayed a high level of basal STAT3 that can be detected in the nucleus (Figure
4.6A). Whilst cells were serum starved overnight in serum-free media to reduce this, basal nuclear
STAT3 could still be detected. STAT3 is also found in the cytoplasm as is expected of a latent
transcription factor. Over the 60 minutes time course there is an enrichment of STAT3 in the nucleus,
demonstrating that LPS can induce nuclear localisation STAT3 (Figure 4.6B-D).
From this experiment it can be seen that RAW264.7 murine macrophages display a high basal level of
STAT3 activation, with STAT3 being detected in all time points including in unstimulated cells. LPS
stimulation further increases the amount of STAT3 localising to the nucleus though whether this is a
Tyr-705 or Ser-727 STAT3 remains to be determined.

4.2.5 – TLR-induced pSer-727 STAT3 doesn’t localise to the nucleus
Due to the high level of basal STAT3 found in the nucleus, I next wanted to investigate whether a
phosphorylated form of STAT3 was responsible for the nuclear bound STAT3. Cells were prepared as
described previously and stained with pSTAT3 (Ser-727) antibody.
Interestingly, increased levels of pSer-727 STAT3 was not detected throughout the 60 minute time
course (Figure 4.7). Following LPS stimulation, pSer-727 STAT3 staining displays a punctate staining
pattern and this appears to increase up to 60 minutes post-stimulation (Figure 4.7B-D). Overlaying of
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Figure: 4.5: Mean Mitotracker Red intensity decreases greatly in fibroblasts following TLR
stimulation.
HT1080 cells were prepared as described in figure 4.1. Mean Mitotracker Red was observed to
decrease greatly following stimulation with TLR agonists. Data is represented as mean ± SEM and is a
representation of three individual experiments (n=3).
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Figure: 4.6: LPS stimulation increases STAT3 detection in the cytoplasm.
RAW264.7 murine macrophages are seeded onto coverslips at 2 x 104 cells/well, 24 hours prior to
stimulation. Cells were then stimulated with LPS at 100 ng/ml, fixed with 10% formalin,
permeabilized with 0.1% Triton X-100 solution, nuclei stained with Hoechst 33342 (1 ug/ml) and
subsequently incubated with α-STAT3 antibody. The cells were probed with an Alex Fluor 488 goat αrabbit antibody and mounted onto slides using Dako fluorescent medium. (A) Unstimulated
RAW264.7 murine macrophages. (B) LPS stimulation for 20 minutes. (C) LPS stimulation for 40
minutes. (D) LPS stimulation for 60 minutes. Unstimulated RAW264.7 murine macrophages displayed
high levels of STAT3 in the nucleus, with an increase in STAT3 nuclear localisation following LPS
stimulation in a time-dependent manner. All images are single confocal sections taken with a 60x oil
objective lens. These results are a representation of three individual experiments (n=3), where >100
cells were examined per condition.
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Figure: 4.7: pSer-727 STAT3 can be detected in the cytoplasm following LPS stimulation.
RAW264.7 murine macrophages were prepared as described in figure 4.6, but were probed with αpSTAT3 (Ser-727) antibody. (A) Unstimulated RAW264.7 murine macrophages. (B) LPS (100 ng/ml)
stimulation for 20 minutes. (C) LPS stimulation for 40 minutes. (D) LPS stimulation for 60 minutes.
Diffuse staining of pSer-727 STAT3 is seen following LPS stimulation. All images are single confocal
sections taken with a 60x oil objective lens. These results are a representation of three individual
experiments (n=3), where >100 cells were examined per condition.
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pSer-727 STAT3 with Hoechst stain, illustrates some pSer-727 STAT3 localised to the nucleus with the
majority remaining in the cytoplasm.
These results are consistent with my earlier observations of TLR-induced specific Ser-727
phosphorylation of STAT3. Whilst LPS does induce a time-dependent increase in STAT3 Ser-727
phosphorylation, pSer-727 STAT3 is not detected in the nucleus at the levels identified in STAT3
stained cells.

4.2.6 – Rapid nuclear localisation of pTyr-705 STAT3 is not observed in TLR
stimulated cells
Having found that pSer-727 STAT3 is not translocated to the nucleus post-stimulation, I next
examined tyrosine phosphorylation of STAT3. RAW264.7 murine macrophages were stimulated with
LPS and probed for Tyr-705 STAT3 using pSTAT3 (Tyr705) antibody.
Unstimulated cells displayed a low level of pTyr-705 STAT3 and when overlayed with Hoechst stain
did not demonstrate staining characteristic of nuclear localisation (Figure 4.8A). Following LPS
stimulation, pTyr-705 STAT3 staining appears to be unaltered, with the staining pattern observed to
be diffuse throughout the entire cell (Figure 4.8B & C). Hoechst and pTyr-705 STAT3 overlayed
images illustrated no colocalisation of STAT3 in the nucleus indicating that STAT3 detected in nuclei
was not pTyr-705 STAT3 (Figure 4.8B & C, Overlay). Nuclear localisation of pTyr-705 STAT3 is
observed at 60 minutes post-stimulation matching immunoblotting data from chapter 3 and is
thought to be induced by type I IFN secretion.
pTyr-705 STAT3 can be detected after LPS stimulation although the levels of this do not change from
unstimulated cells except at 60 minutes post-stimulation. It appears that the high level of STAT3
nuclear localisation is possibly neither pSer-727 nor pTyr-705 STAT3, but is consistent with
unphosphorylated STAT3 which has previously been documented Meyer et al. (2002). However
differences in antibody affinity have not been accounted for.

4.2.7 – pSer-727 STAT3 localises to mitochondria
Studies conducted by Gough et al. (2009) found that in Ras-transformed cells pSer-727 STAT3 was
found to colocalise in mitochondria. From my confocal microscopy images the punctate staining of
pSer-727 STAT3 in the cytoplasm may potentially colocalise to mitochondria, hence I wished to
determine if LPS-induced pSer-727 STAT3 can localise to mitochondria.
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Figure: 4.8: pTyr-705 STAT3 increases following LPS stimulation and can be detected in the nucleus
60 minutes post-stimulation.
RAW264.7 murine macrophages were prepared as described in figure 4.6 and probed with α-pSTAT1
(Tyr-705) antibody. (A) Unstimulated RAW264.7 murine macrophages. (B) LPS (100 ng/ml)
stimulation for 20 minutes. (C) LPS stimulation for 40 minutes. (D) LPS stimulation for 60 minutes.
Diffuse staining of pTyr-705 STAT3 was seen following LPS stimulation. At 60 minutes, nuclear
localisation of tyrosine phosphorylated STAT3 can be observed. All images are single confocal
sections taken with a 60x oil objective lens. These results are a representation of three individual
experiments (n=3), where >100 cells were examined per condition.
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As can be observed in figure 4.9A, unstimulated cells demonstrate very low staining of pSer-727
STAT3. The reduction in background staining can be attributed to the use of digitonin to further
permeabilize the cell membrane to decrease non-specific staining. Consistent with earlier results, LPS
induces punctate staining of pSer-727 STAT3 and when overlayed with Mitotracker Red leads to
colocalisation of pSer-727 STAT3 and mitochondria. Only a low concentration of pSer-727 STAT3
colocalises to mitochondria and this is similar to that observed by Gough et al. (2009). Mitochondrial
localisation of STAT3 occurs in a time-dependent manner commensurate with my prior findings of
small concentrations of pSer-727 STAT3 detected in the nucleus (Figure 4.9B-D).
To further confirm that pSer-727 STAT3 colocalised to mitochondria, intensity profile plots of
colocalisation were conducted on a single plane. The histogram plot represents the intensity of
individual pixels (Y-axis) along a line (X-axis) as shown in figure 4.10. As can be seen in figure 4.10A,
over the 60 minute time course, colocalisation of pSer-727 STAT3 and Mitotracker Red is observed at
20, 40 (Figure 4.10B) and 60 minutes post LPS treatment (Figure 4.10C). This is confirmed by intensity
profile plots which demonstrate the histogram of Mitotracker Red overlays with that of pSer-727
STAT3 and is observed to occur at all three time points.
These results demonstrate that the LPS-induced Ser-727 phosphorylation of STAT3 results in its
mitochondrial localisation persisting for at least 60 minutes post-stimulation.

4.2.8 – Total STAT3 does not localise to mitochondria and remains in the nucleus
Due to the high level of basal STAT3 that was detected in figure 4.1, I next wanted to determine
whether total STAT3 could also colocalise to mitochondria.
In order to remove background and non-specific staining digitonin washes were implemented and as
can be observed, unstimulated RAW264.7 murine macrophages displayed no staining of STAT3 in the
cytoplasm however, STAT3 can be detected in the nucleus (Figure 4.11A). Cells were serum starved
overnight in serum-free media to reduce basal STAT3 activation, though STAT3 can still be observed
in nuclei suggesting the RAW264.7 murine macrophages have an increased level of basal STAT3
activation. Consistent with earlier results, stimulation with LPS induces a time-dependent enrichment
of STAT3 nuclear localisation, although STAT3 is not detected in the cytoplasm, except at 60 minutes
(Figure 4.11D). The overlayed images with Hoechst and Mitotracker Red illustrates that STAT3 is only
detected in the nucleus, with no colocalisation of STAT3 and Mitotracker Red (Figure 4.11). The
punctate staining in the cytoplasm observed at 60 minutes post LPS stimulation is consistent with the
staining pattern observed in figure 4.9 indicating pSer-727 STAT3 is found in the cytoplasm.
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Figure: 4.9: LPS stimulation results in pSer-727 STAT3 colocalisation with mitochondria.
RAW264.7 murine macrophages were prepared as described in figure 4.6. Mitochondria was stained
using Mitotracker Red CMXRos (100 nM) prior to fixation and cells were probed with α-pSTAT1 (Ser727) antibody (A) Unstimulated RAW264.7 murine macrophages. (B) LPS (100 ng/ml) stimulation for
20 minutes. (C) LPS stimulation for 40 minutes. (D) LPS stimulation for 60 minutes. Punctate staining
of pSer-727 STAT3 can be observed following LPS stimulation. When overlayed with Mitotracker Red
it can be seen that pSer-727 STAT3 colocalises with mitochondria (Arrows indicate colocalisation). All
images are single confocal sections taken from a Z-stack with a 60x oil objective lens. These results
are a representation of three individual experiments (n=3), where >100 cells were examined per
condition.
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Figure: 4.10: Intensity profile plot demonstrates colocalisation of Mitotracker Red and pSer-727
STAT3.
Images from figure 4.9 were analysed using an intensity profile plot. Histographs depict colocalisation
of pixels from different channels over a distance. Colocalisation of pixels from Mitotracker Red and
pSer-727 STAT3 can be observed. The white line indicates the area examined for colocalisation. (A)
20 minutes post LPS stimulation. (B) 40 minutes post LPS stimulation. (C) 60 minutes post LPS
stimulation.
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Figure 4.11: STAT3 does not colocalise with mitochondria.
RAW264.7 murine macrophages were prepared as described in figure 4.6. (A) Unstimulated
RAW264.7 murine macrophages. (B) LPS stimulation for 20 minutes. (C) LPS stimulation for 40
minutes. (D) LPS stimulation for 60 minutes. High basal levels of STAT3 can be observed localised in
the nucleus in unstimulated cells. Following LPS stimulation, nuclear levels of STAT3 remain
consistent. All images are single confocal sections taken from a Z-stack with a 60x oil objective lens.
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These results are a representation of three individual experiments (n=3), where >100 cells were
examined per condition.
My results demonstrate that there is a basal level of STAT3 that is localised in the nucleus and this
persisted after LPS stimulation. STAT3 is not detected in mitochondria which concurs with
observations made by Gough et al. (2009), who demonstrated that only pSer-727 STAT3 localises to
mitochondria. The punctate staining of STAT3 in the cytoplasm matches with staining of pSer-727
STAT3 suggesting that pSer-727 STAT3 localises to mitochondria.

4.2.9 – TRAF6 colocalises with pSer-727 STAT3, but this complex is not detected in
mitochondria
As I have previously demonstrated that STAT3 interacts with TRAF6 and following TLR ligand
stimulation STAT3 undergoes serine phosphorylation localising to the mitochondria to potentially
generate ROS through disruption of the ETC. I therefore wanted to determine if STAT3 localises to
the mitochondria in conjunction with TRAF6. During my studies, it was reported by West et al. (2011)
that TRAF6 can also be found localised to mitochondria following TLR agonists stimulation. Therefore
I investigated the ability of pSer-727 STAT3/TRAF6 to localise to mitochondria.
RAW264.7 murine macrophages were stimulated with LPS over a 60 minute time course and stained
with Hoechst stain, Mitotracker Deep Red, a TRAF6 antibody and a pSer-727 STAT3 antibody. As both
TRAF6 and pSer-727 STAT3 are detected at their highest concentrations at 30 and 60 minutes,
respectively, my confocal microscopy experiments focused on these time points. In unstimulated
cells, TRAF6 and STAT3 do not appear to colocalise and pSer-727 STAT3 is only detected at very low
levels (Figure 4.12A). Merging of the channels illustrates a lack of mitochondrial localisation of both
TRAF6 and pSer-727 STAT3 agreeing with my previous data, suggesting a stimulus is required before
translocation of these proteins occur. After stimulation with LPS for 30 minutes however
colocalisation between pSer-727 STAT3 and TRAF6 can be observed (Figure 4.12B). Both pSer-727
STAT3 and TRAF6 can be observed to localise to the mitochondria independently. Although a pSer727 STAT3/TRAF6 complex doesn’t appear to localise to the mitochondria. The same pattern of
interaction can also be seen 60 minutes post-stimulation. Individually pSer-727 STAT3 and TRAF6 can
be found to localise to mitochondria, but this complex cannot be identified in mitochondria. Intensity
profile plots further confirm my observations, displaying cointensities of fluorescence between pSer727 STAT3/TRAF6 (Figure 4.13A), Mitotracker Deep Red/pSer-727 STAT3 (Figure 4.13B) and
Mitotracker Deep Red/TRAF6 (Figure 4.13C).
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Figure: 4.12: LPS stimulation results in pSer-727 STAT3 colocalisation with TRAF6 and pSer-727
STAT3 and TRAF6 can be observed to colocalise with mitochondria individually.
RAW264.7 murine macrophages were prepared as described in figure 4.6. Before fixation cells were
stained with Mitotracker Deep Red (100 nM) then probed with α-TRAF6 and α-pSTAT3 (Ser-727)
antibody. (A) Unstimulated RAW 264.7 murine macrophages. (B) LPS stimulation for 30 minutes. (C)
LPS stimulation for 60 minutes. pSer-727 STAT3 and TRAF6 is not observed to colocalise in
unstimulated cells, but following LPS stimulation pSer-727 STAT3/TRAF6 colocalisation was seen. The
pSer-727 STAT3/TRAF6 complex was not observed to be localising in mitochondria, even after LPS
stimulation. All images are single confocal sections taken from a Z-stack with a 100x oil objective
lens. These results are a representation of three individual experiments (n=3), where >100 cells were
examined per condition.
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Figure: 4.13: pSer-727 STAT3 colocalises with TRAF6 and mitochondria, TRAF6 also colocalises with
mitochondria however of a complex of pSer-727 STAT3/TRAF6 in mitochondria was not observed.
Images from figure 4.12 were analysed using line profile plot analysis. (A) Colocalisation of TRAF6 and
pSer-727 STAT3 can be observed in LPS stimulated cells. (B) Similar to previous findings, pSer-727
STAT3 colocalises to mitochondria after stimulation (C) Following LPS treatment, TRAF6 was also
illustrated to localise to mitochondria.
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Whilst STAT3 undergoes serine phosphorylation and interacts with TRAF6, the complex of pSer-727
STAT3 and TRAF6 does not localise to the mitochondria together. Instead, pSer-727 STAT3 and TRAF6
individually localise to mitochondria.

4.2.10 – pSer-727 STAT3 and TRAF6 can be detected in mitochondrial extracts
In order to validate the confocal microscopy data, I next purified mitochondrial extracts and probed
for pSer-727 STAT3 and TRAF6. As THP1 cells were demonstrated in chapter 3 to exhibit pSer-727
STAT3/TRAF6 interaction and the ease of growing large quantities, these cells were elected for this
experiment. THP1 cells were stimulated with Pam3Cys and LPS, lysed using nitrogen cavitation and
mitochondria were purified using α-TOM22 (outer mitochondria membrane protein) magnetic
microbeads. Mitochondrial extracts were then probed with α-TRAF6 and α-pSer-727 STAT3
antibodies.
Consistent with figure 4.13, both pSer-727 STAT3 and TRAF6 can be detected in mitochondria,
interestingly, both proteins are also found in unstimulated cells although these cells were not serum
starved (Figure 4.14). In Pam3Cys stimulated THP1 cells, both TRAF6 and pSer-727 STAT3
concentrations remain consistent throughout the time course (Figure 4.14A). In contrast, LPS treated
cells displayed a time-dependent enrichment of pSer-727 STAT3, with the levels of pSer-727 STAT3
peaking at 30 minutes (Figure 4.14B). However, the concentration of TRAF6 exhibits little variation
from 0 to 60 minutes.
These results demonstrate that both pSer-727 STAT3 and TRAF6 can localised to mitochondria and
confirm my observations from confocal microscopy images.

4.2.11 –STAT3 S727A mutant inhibits NFκB activation
STAT3 traditionally acts as a transcription factor following Tyr-705 phosphorylation, although it is
unknown whether just Ser-727 phosphorylation alone can induce gene transcription. Hence I
generated a STAT3 mutant containing a serine to alanine mutation at the 727 residue in order to
examine the potential ability of pSer-727 STAT3 in driving promoter activation.
HEK293 cells stably expressing TLR2 were transfected with an NFκB fused to a luciferase construct
along with STAT3 or STAT3 S727A. Following stimulation with Pam3Cys, STAT3 was able to drive
production of NFκB promoter activity. In contrast, STAT3 S727A transfected cells displayed reduced
activation of the NFκB promoter suggesting that STAT3 S727A is acting as a dominant negative
inhibitor (Figure 4.15).
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Figure: 4.14: pSer-727 STAT3 and TRAF6 can be detected in mitochondria.
THP1 cells were seeded at 2 x 107 cells/well, 24 hours prior to stimulation with TLR ligands as
indicated. Cells were harvested in 10 ml of PBS and subjected to nitrogen cavitation. Cellular lysates
were labelled with α-TOM22 magnetic microbeads and rotated for 60 minutes at 4°C. Mitochondria
were isolated through column purification and subjected to gel electrophoresis and probed with αpSTAT3 (Ser-727) (panel 1), α-TRAF6 (panel 2) and α-VDAC (panel 3) antibodies. THP1 cells were
stimulated with (A) Pam3Cys (100 ng/ml) stimulation. Both pSer-727 STAT3 and TRAF6 can be
detected in mitochondria in unstimulated and stimulated cells, though levels of either protein are
not enriched after stimulation. (B) LPS (100 ng/ml) stimulation. Similar to (A), pSer-727 STAT3 and
TRAF6 were found in the mitochondria. After LPS stimulation levels of pSer-727 STAT3 can be
observed to increase, but TRAF6 levels remained constant. These results are a representation of
three individual experiments (n=3).
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Figure: 4.15: STAT3 S727A acts as a dominant negative inhibiting activation of Nfκb.
HEK293 cells stably expressing TLR2 were seeded at 2 x 104 cells/well in a 96-well plate, 24 hours
prior to transfection with Fugene-6 transfection reagent. The cells were transfected with NFκB
promoter fused to a luciferase vector and either STAT3 WT or STAT3 S727A mutant. 24 hours later,
cells were stimulated with Pam3Cys (100 ng/ml) for 6 hours. In response to Pam3Cys stimulation, the
mutant STAT3 demonstrated impaired NFκB promoter activation compared to WT STAT3.
Transfection efficiency was determined by comparing to a constitutively expressed reporter gene, TK
Renilla. Pooled data is represented as mean ± SEM of three independent experiments (n=3).
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Taken together these results demonstrate that the Ser-727 residue of STAT3 is important in driving
promoter activation as the STAT3 S727A mutant decreases NFκB activation.

4.2.12 – STAT3 depletion using siRNA
As STAT3 Ser-727 phosphorylation is able to drive NFκB activation, I next wanted to knockdown
STAT3 to examine their ability to induce cytokine expression.
RAW264.7 murine macrophages were transfected with a control or STAT3 siRNA and then incubated
for 72 hours before harvesting. Cell lysates were separated on a 10% SDS-PAGE gel and probed for
STAT3. Immunoblotting illustrates that STAT3 has been successfully depleted in RAW264.7 murine
macrophages, with β-tubulin confirming equal protein loading (Figure 4.16).

4.2.13 – IL-6 is attenuated in STAT3-depleted macrophages, but TNF-α production
is not affected
RAW264.7 murine macrophages depleted of STAT3 were next stimulated using Pam3Cys, LPS and
CpG DNA. These ligands were selected to examine for differences between plasma membrane and
endosomal TLRs, and also the use of MyD88-dependent or –independent signalling or both pathways
in regards to TLR4.
As can be observed, IL-6 production is significantly ablated in STAT3-depleted macrophages. This
attenuation of IL-6 secretion can be seen following stimulation with Pam3Cys, LPS and CpG DNA
suggesting that STAT3 is involved in the induction of IL-6 through all TLR ligands and is consistent
with immunoblotting data from chapter 3 (Figure 4.17).
Next, I examined TNF-α, a proinflammatory cytokine that is activated during TLR signalling.
Production of TNF-α is unaffected in STAT3 siRNA transfected cells in comparison to control siRNA
transfected cells (Figure 4.18A). It appears that STAT3 plays a minimal role in TLR-induced TNF-α
secretion.
A study conducted by Hoentjen et al. (2005) found that in BMDCs, STAT3 may also regulate IL-12
production. My experiments show that TLR stimulation did not induce IL-12, and knockdown of
STAT3 had no effect on IL-12 production (Figure 4.18B).
Taken together these results demonstrate that STAT3 plays a role in TLR-mediated IL-6 production,
but not TNF-α.
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Figure: 4.16: STAT3 can be effectively silenced in macrophages.
RAW264.7 murine macrophages were seeded at 1 x 104 cells/well in a 96-well plate, 24 hours before
transfection. Cells were transfected with 5 µM of control siRNA or STAT3 siRNA and incubated for 72
hours. Cells were then harvested and separated on a 10% SDS-PAGE gel. STAT3 is demonstrated to
be depleted 72 hours post-transfection compared with control siRNA. These results are a
representation of three individual experiments (n=3).
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Figure: 4.17: IL-6 production is significantly decreased in STAT3-depleted RAW264.7 murine
macrophages.
STAT3 depletion was performed as described in figure 4.16. RAW264.7 murine macrophages were
then stimulated with Pam3Cys (100 ng/ml), LPS (100 ng/ml) and mCpG DNA (500 nM) for 16 hours.
Supernatants were collected and IL-6 production was measured by ELISA. Production of IL-6 was
impaired in STAT3-depleted cells in comparison to control siRNA cells following TLR agonist
stimulation. Pooled data is presented as mean ± SEM of three independent experiments (n=3).
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Figure: 4.18: TNF-α production is not diminished in STAT3 knockdown RAW264.7 murine
macrophages, whilst TLR stimulation fails to induce IL-12 production.
RAW264.7 murine macrophages were prepared as described in figure 4.17. (A) Production of
TNF-α was not affected in STAT3-depleted macrophages in comparison to control siRNA cells
following stimulation with TLR agonists. (B) However, TLR stimulated cells failed to induce IL-12
secretion. Pooled data is presented as mean ± SEM of three independent experiments (n=3).
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4.3 - Discussion
The aims of this chapter are to further characterise the role of STAT3 in TLR signalling. Following
TLR ligand stimulation, mitochondrial staining intensity can be observed to decrease indicative of
a loss membrane potential. This may be a result of ROS production. TLR ligand stimulation was
also able to induce production of ROS; specifically superoxide (DHE) and mtROS (MitoSOX). This is
proposed to be due to STAT3 mitochondrial localisation as pSer-727 STAT3 can be found localised
to mitochondria. Whilst STAT3 does interact with TRAF6, this complex is not seen localising to
mitochondria, although both proteins can be detected in mitochondrial extracts. STAT3 S727A
mutants inhibited activation of the NFκB promoter and depletion of STAT3 resulted in decreased
IL-6 production, but not TNF-α. Taken together my results suggest that following TLR ligand
stimulation, STAT3 is Ser-727 phosphorylated, localises to mitochondria and induces ROS
production. pSer-727 STAT3 can also regulate gene expression and STAT3 is required for inducing
an optimal TLR-induced IL-6 response.
The ability of TLR signalling to influence mitochondria function was first demonstrated by West et
al. (2011) who found translocation of TRAF6 to mitochondria via interaction with ECSIT, induced
production of mtROS following TLR stimulation. Similar to these findings, my results also
demonstrated that TLRs induced mtROS production. Although West et al. (2011) did not observe
poly (I:C)-mediated mtROS, my results contradict this. TLR3 stimulation was able to induce ROS
generation in both cytoplasmic and mitochondrial fractions; furthermore, levels of ROS
production were comparable to Pam3Cys stimulation. This suggest that poly (I:C) can induce
production of ROS and the discrepancy between my findings and West and co-workers (2011)
may be due to the time points examined. As can be observed in figure 4.1, after 24 hours of
stimulation, Mitotracker Red can be observed to recover from the initial loss of staining at 2
hours. Thus it is possible that when West et al. (2011) examined mtROS at 16 hours poststimulation the cells may have neutralised the mtROS produced. TLR3 stimulation has been
documented to induce ROS generation, although this was demonstrated to result in both tyrosine
and serine phosphorylation of STAT1 and its subsequent nuclear localisation (Yang et al., 2013).
As ROS production was detected in the cytoplasm, it is likely that the main source of it originated
from mitochondria. As I have demonstrated that pSer-727 STAT3 can interact with TRAF6 and
pSer-727 STAT3 has been implicated to localise to mitochondria and interact with the ETC, it is
therefore possible that Ser-727 phosphorylated STAT3 may also play a role in mtROS generation
(Gough et al., 2009, Wegrzyn et al., 2009). Despite TRAF6 and STAT3 interaction observed in the
cytoplasm (Figure 4.12) and the detection of both components in mitochondrial extracts (Figure
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4.14), this complex was not detected in mitochondria. As discussed earlier, this suggests that
whilst TRAF6 may facilitate STAT3 Ser-727 phosphorylation it does not transport pSer-727 STAT3
to mitochondria. It is likely that following STAT3 Ser-727 phosphorylation, both TRAF6 and STAT3
disengaged where, as illustrated by West et al. (2011) TRAF6 interacts with ECSIT and localises to
the outer mitochondrial membrane. In contrast, STAT3 may interact with GRIM-19, a subunit of
complex I of the ETC. In vitro studies demonstrated that GRIM-19 facilitated STAT3 mitochondrial
import and a substitution of the Ser-727 residue to alanine reduced STAT3 recruitment to
mitochondria (Tammineni et al., 2013). Taken together this suggests that TLR stimulation induces
recruitment of STAT3 via TRAF6, resulting in its Ser-727 phosphorylation. After STAT3 serine
phosphorylation, the STAT3/TRAF6 complex disassociates, TRAF6 interacts with ECSIT, whereas
pSer-727 STAT3 may interact with GRIM-19, both complexes are then imported into
mitochondria. Further studies are still required to determine the underlying mechanisms which
regulate TLR-induced pSer-727 STAT3 mitochondrial localisation.
Purification of mitochondria and probing with pSer-727 STAT3 and TRAF6 antibodies further
demonstrated mitochondrial localisation of Ser-727 phosphorylated STAT3 and TRAF6.
Interestingly, both Ser-727 STAT3 and TRAF6 were detected in unstimulated cells which differs to
West et al. (2011) who detected TRAF6 mitochondrial localisation at 5 minutes post TLR2 and
TLR4 stimulation. The dissimilarity may be accounted for by the different methods employed in
isolating mitochondria. The use of superparamagnetic microbeads conjugated to α-TOM22
antibody has been reported to isolate higher yields of mitochondria compared to differential
centrifugation and ultra-centrifugation, hence the different results obtained by immunoblot
(Hornig-Do et al., 2009). However, enrichment of TRAF6 was not observed following TLR2 or TLR4
stimulation and may be a result of different cell lines used. In contrast, similar to data shown by
Gough et al. (2009) and Wegrzyn et al. (2009) pSer-727 STAT3 was detected in unstimulated cells.
In Pam3Cys stimulated cells, Ser-727 phosphorylated STAT3 was consistently high, although LPS
stimulation resulted in time-dependent enrichment of pSer-727 STAT3 in mitochondria. The
enrichment of Ser-727 phosphorylated STAT3 correlates with serine phosphorylation observed in
immunoblotting data in chapter 3. This further confirms my results indicating that TLR stimulation
induces mitochondrial localisation of pSer-727 STAT3.
Interestingly, a recent paper has demonstrated that TRAF6 binds STAT3 however, this was found
to downregulate JAK-STAT signalling (Wei et al., 2012). TRAF6 interaction with STAT3 mediates its
K63-linked ubiquitination, which is known to induce non-proteolytic functions (Chen and Sun,
2009). West and colleagues (2011) also showed that ECSIT underwent K63-linked ubiquitination
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following TLR stimulation suggesting that it is possible that TRAF6-mediated ubiquitination may
play a role in mitochondrial import. More work however, is still required to determine the role
ubiquitination has in mitochondrial import of proteins.
Consistent with findings made by West and co-workers (2011), I demonstrated that TLR ligands
can induce a reduction in Mitotracker Red staining which is thought to be a result of mtROS
production. Interestingly, mitochondria membrane depolarisation was more profound in HT1080s
and this may be a result of differing responses in myeloid and non-myeloid cell lines. The
difference in kinetics may be explained by the fact that macrophages are able to utilise the
respiratory burst, hence they are more resistant to the effects of ROS and in fact incorporate ROS
in activation of proinflammatory cytokines and members of the MAPK family (Iles and Forman,
2002). Staining with the cytoplasmic superoxide detector, DHE and the mitochondrial ROS
detector, MitoSOX confirmed that Pam3Cys and LPS can induce mtROS production. The reduction
of Mitotracker Red staining and generation of ROS correlates with the detection of pSer-727
STAT3 from my immunoblotting data; this suggests that Ser-727 phosphorylated STAT3 may
induce ROS generation. This is supported by previous studies that have identified pSer-727 STAT3
in mitochondria (Gough et al., 2009, Wegrzyn et al., 2009). pSer-727 STAT3 was found to be
highly enriched in murine mitochondria compared to cytoplasmic fractions and in STAT3-/- cells
mitochondrial oxidation rates were reduced by 70%, suggesting that STAT3 regulates
mitochondrial respiration (Wegrzyn et al., 2009). This study was complemented by Gough et al.
(2009) who found that pSer-727 STAT3 was required for Ras-transformation and mitochondrial
function was dependent on Ser-727 phosphorylated STAT3. This demonstrates a requirement for
STAT3 in mitochondrial function therefore the induction of pSer-727 STAT3 may induce ROS
secretion. It is possible that Ser-727 phosphorylated STAT3 increases oxidative phosphorylation,
which in turn induces ROS generation through the production of ATP, the increase in energy
would therefore allow activation of other cellular functions to combat infection. (Cadenas and
Davies, 2000). Thus the activation of STAT3 through TLR stimulation may not only induce
inflammatory responses but the resulting ROS production has also been implicated to induce
other cellular signalling pathways (Chandel et al., 1998, Janssen-Heininger et al., 2008, Kamata et
al., 2005). In addition, ROS generation can also activate the prototypic proinflammatory
transcription factor, NFκB, as pSer-727 STAT3’s induction of ROS may augment the acute immune
response (Schreck et al., 1991). Production of ROS by TLRs has previously been reported on. In
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Peptostreptococcus anaerobius produced high levels of NO and ROS (Marcato et al., 2008). Ryan
et al. (2004) also reported that TLR4-induced NFκB activation and IL-8 production could be
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inhibited by antioxidants, illustrating the emerging role ROS has in innate immune signal
transduction. Induction of IL-12 by Lactobacillus was also reported to be dependent on ROS
generation and MyD88 indicating the importance of ROS in TLR signalling. These studies and mine
further demonstrate the emerging role ROS production plays in inflammatory responses,
although further research into the mechanisms of STAT3-mediated ROS generation is still
required to determine the functional role ROS has in innate immune responses.
Basal levels of STAT3 were high in unstimulated cells and STAT3 accumulated in both cytoplasmic
and nuclear fractions. Staining for Tyr-705 and Ser-727 STAT3 however demonstrated that neither
phosphorylated form of STAT3 accounted for the high amount of nuclear STAT3 detected. This
suggests that the STAT3 detected could possibly be unphosphorylated STAT3. As STAT3 can be
activated by growth factors it is possible that secretion of growth factors into media induced
basal STAT3 activity. However, cells were serum starved overnight before stimulation in order to
minimise basal STAT3 activation suggesting that RAW264.7 murine macrophages have increased
levels of nuclear localised STAT3. Traditionally, STAT3 must first be activated by tyrosine
phosphorylation, before dimerisation and its subsequent nuclear translocation. Meyer et al.
(2002) however, identified that in unstimulated cells, both STAT1 and STAT3 were found to
localise to the nucleus independent of tyrosine phosphorylation. STAT3 was also reported to
dynamically shuttle between the cytoplasm and nucleus, and has been detected in nuclei in a
range of immortalised and primary cells even following serum starvation (Liu et al., 2005). Nuclear
translocation of STAT3 was demonstrated to be independent of tyrosine phosphorylation but
instead required aa 150-162 which was necessary for interaction with importin-α3. Importin-α3
was found to bind STAT3 regardless of its phosphorylation state suggesting that pSer-727 STAT3
could also be transported into the nucleus.
The enrichment of total STAT3 observed in the nucleus may possibly suggest that
unphosphorylated STAT3 may also regulate gene expression. Unphosphorylated STAT3 has been
demonstrated to interact with NFκB to bind specific κB DNA motifs and this is dependent on the
C-terminus of TRAF6 (Yoshida et al., 2003). Overexpression of TRAF6 was found to drive the p65
homodimer reporter, demonstrating that TRAF6s involvement may enhance the STAT3/p65 gene
expression (Yoshida et al., 2003). The p50 subunit of NFκB was also illustrated to interact with
STAT3, whilst p65/STAT3 interaction inhibited GAS motif interaction, p50/STAT3 interaction can
co-operate with STAT3 in binding to GAS elements (Yoshida et al., 2003). This suggests that TLRinduced recruitment of TRAF6 may drive STAT3/p65 gene expression and may explain the
enrichment of total STAT3 observed in LPS stimulated cells. Further evidence in support of
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unphosphorylated STAT3 gene expression has found that IL-1 and IL-6 stimulation induces
STAT3/p65 formation and transcription of serum amyloid A, an indicator of the acute-phase
response (Hagihara et al., 2005). Interestingly, Hagihara et al. (2005) found that Ser-727
phosphorylation of STAT3 was required for maximal transcription of serum amyloid A, suggesting
that it is possible that pSer-727 STAT3 can potentially bind the p65 subunit of NFκB and is
required to initiate maximum gene expression. Studies conducted by Yang and colleagues (2007a)
further examined gene induction by STAT3 and NFκB. A STAT3 mutant containing a substitution of
the Tyr-705 residue to phenylalanine was demonstrated to bind NFκB and κB elements in
promoters, demonstrating that STAT3 nuclear localisation was independent of Tyr-705
phosphorylation. These studies therefore indicate that it is possible that pSer-727 STAT3 can be
transported to the nucleus via interaction with NFκB. Recently, it has been demonstrated that
unphosphorylated STAT3 can bind both γ-activated GAS sites as well as AT-rich DNA structures
(Timofeeva et al., 2012). Interestingly, unphosphorylated STAT3 was able to bind GAS elements as
both a monomer and dimer; furthermore unphosphorylated STAT3 also recognised DNA
structures such as 4-way junctions and DNA crossings suggesting it may regulate chromatin
structure. Whether Ser-727 phosphorylation of STAT3 alters the binding sites of STAT3 is
unknown, however Ser-727 phosphorylation of STAT3 has been shown to be required for
association with p300, a transcriptional co-activating protein (Schuringa et al., 2000). Taken
together these studies demonstrate the ability of unphosphorylated STAT3 in regulating gene
expression. As Ser-727 phosphorylation of STAT3 does not induce conformational changes it is
possible that pSer-727 STAT3 may also bind NFκB. However, Ser-727 phosphorylation of STAT3
can potentially alter the DNA binding sites it recognises by binding other co-factors therefore
further work is required to determine if pSer-727 STAT3 localises to the nucleus, the proteins it
interacts with and the DNA binding sites that pSer-727 STAT3 recognises.
Only a small percentage of pSer-727 STAT3 was observed to localise in mitochondria and as
STAT3 dynamically shuttles between the cytoplasm and nucleus, it is possible that Ser-727
phosphorylated STAT3 exhibits similar properties. This is also consistent with previous
observations regulating Ras oncogene activation of pSer-727 STAT3 (D. Gough; personal
communication) (Gough et al., 2009). Thus the ability of pSer-727 STAT3 to drive gene expression
was investigated using a STAT3 mutant containing a substitution of the Ser-727 residue to
alanine. Compared to WT STAT3, STAT3 S727A behaved as a dominant negative, inhibiting
activation of the NFκB promoter following Pam3Cys stimulation. This suggests the Ser-727 residue
may regulate gene expression in response to TLR2 ligands. Other studies have also reported
similar findings, with the most convincing being a mouse line in which the serine 727 residue was
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substituted with alanine. Fibroblasts harvested from the mice only had ~50% of the
transcriptional response compared to WT cells (Shen et al., 2004). In CLL cells, STAT3 was found
to be constitutively phosphorylated on Ser-727 but not Tyr-705 and Ser-727 STAT3 was able to
translocate to the nucleus and bind DNA (Hazan-Halevy et al., 2010). This suggests that pSer-727
STAT3 may also function as a transcription factor. As discussed earlier, unphosphorylated STAT3
can bind NFκB and translocate to the nucleus. As serine phosphorylation is not known to induce a
conformational change in STAT3 it is possible that pSer-727 STAT3 binds NFκB and regulates gene
expression (Yoshida et al., 2003). The requirement for Ser-727 in driving promoter activation
could also be dependent on pSer-727 STAT3 recruitment of p300 (Schuringa et al., 2000).
Whether this complex increases the DNA binding affinity of pSer-727 STAT3 is unknown, however
it is possible that pSer-727 requires the recruitment of other co-factors to stabilize this
interaction. My experiments and previous studies therefore suggest that the Ser-727 residue of
STAT3 does modulate gene expression through a currently unknown mechanism.
To further investigate the role of STAT3 in TLR signalling, I next examined whether siRNA
depletion of STAT3 affected induction of proinflammatory genes. In response to Pam3Cys, LPS and
CpG DNA, reduction of STAT3 severely impaired induction of IL-6. As STAT3 is the main mediator
of IL-6 signalling (Akira et al., 1994), it is not unexpected that knockdown of STAT3 impairs IL-6
production. Greenhill et al. (2011) found that IL-6 trans-signalling was regulated by STAT3 in F/F
mice stimulated with LPS. F/F mice crossed with STAT3+/- mice alleviated LPS hypersensitivity and
also reduced levels of IL-6 induced by LPS. My data concurs with this study and further
demonstrates the role of STAT3 in TLR and JAK-STAT cross-talk not only through TLR4/LPS, but
also through TLR2/Pam3Cys and TLR9/CpG DNA. In contrast to IL-6 production, TNF-α secretion
was not affected in STAT3-depleted cells. TNF-α levels were comparable to control siRNA treated
cells, suggesting that STAT3 is not involved in TNF-α regulation. In response to LPS, STAT3 has
been documented as a poor regulator of TNF-α in human monocytes as STAT3 does not directly
inhibit IκB degradation or TNF-α production, however STAT3 does suppress LPS-induced TNF-α
production through activation of IL-10 (Prele et al., 2007). In concordance with this study, my
results display a similar finding, STAT3 does not appear to regulate TNF-α production in response
to TLR stimulation. Whilst TNF-α secretion was not affected in STAT3-depleted macrophages, TLR
stimulation failed to induce production of IL-12p40. IL-12 is an important cytokine that serves as a
bridge connecting the innate and adaptive immune response by inducing the maturation of type I
T helper cells (Trinchieri, 1995). Although IL-12 can be induced by TLR stimulation (Brightbill et al.,
1999), my results demonstrate that in RAW264.7 murine macrophages IL-12 stimulation does not
appear to be induced by TLRs. However, further studies may explain this phenomenon in other
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cell types such as DCs, fibroblasts, epithelial cells etc. In an IL-10-deficient enterocolitis mice
model STAT3 activation has been demonstrated to reduce IL-12p40 expression by inducing
production of SOCS3 (Kobayashi et al., 2003). Hoentjen et al. (2005) also reported that
constitutively active STAT3 was able to inhibit LPS-induced IL-12p40 expression. This suggests that
STAT3 functions by negatively regulating IL-12p40 production and this process is dependent on IL10 signalling. Tyrosine phosphorylation appears to play a major role in this IL-10-dependent
negative feedback loop, though whether Ser-727 phosphorylated STAT3 can negatively regulate
IL-12p40 expression remains to be investigated. Taken together this suggests TLR-induced STAT3
activation regulates IL-6, but not TNF-α production. Whether Ser-727 phosphorylation of STAT3
plays a role in IL-6 secretion remains to be determined. Future studies would investigate cytokine
expression in particular IL-6 in STAT3 S727A cells when available and whether STAT3 S727A can
localise to mitochondria and induce mtROS production.
Constitutive STAT3 activation and unregulated STAT3 signalling has been implicated in the
progression of many forms of cancer (Yu et al., 2009). Therefore understanding cross-talk
between inflammatory signalling pathways may provide further insights into the activation of
STAT3. In recent years, TLR signalling has also been implicated in driving the development of
cancers. Tye and colleagues (2012) demonstrated in the F/F mice model that STAT3 directly
upregulated expression of TLR2, which was found to promote both cell survival and proliferation
in gastric cancer. This further demonstrates the importance of inflammation in cancers and
represents potential therapeutic opportunities. A recent study has also demonstrated the role of
mtROS in driving tumour survival (Yuan et al., 2013). Aggressive gastric tumours were identified
to highly express TLR4 and this correlated with enhanced cell proliferation. The TLR4-induced
mtROS generation is associated with increased cell survival and thus represents a new mechanism
in regulating tumour growth. Mitochondrial STAT3 is known to upregulate ETC function and thus
increase mtROS generation. Zhang and co-workers (2013) found in the breast cancer cell line 4T1,
transfected with STAT3 S727D, had enhanced tumour growth, increased complex I activity and
reduced ROS production. In contrast, STAT3 S727A transfected cells exhibited the opposite
characteristics displaying slower tumour growth, decreased complex I activity and an increase in
ROS production when under hypoxic conditions. Thus this suggests that mitochondrial located
pSer-727 STAT3 could play a role in promoting tumour growth and demonstrates the potential
role constitutive serine phosphorylated STAT3 has in cancer. My studies, combined with these
previous works suggest that whilst the TLR-induced Ser-727 phosphorylation of STAT3 may
augment the innate immune response, deregulation of this signalling pathway may have drastic
consequences by producing an inflammatory milieu that favours tumour growth and/or
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progression. Thus tight regulation of this inflammatory pathway is required by reducing
inflammation through decreasing STAT3 Ser-727 phosphorylation, mtROS generation and IL-6
production may offer potential therapeutic benefits. Further research is still required to fully
elucidate the mechanisms behind TLR-mediated STAT3-driven tumourigenesis.
In summary, this chapter provides an insight into the biological role pSer-727 STAT3 plays in
innate immunity. Upon TLR ligand stimulation, STAT3 is rapidly serine phosphorylated and
localises in mitochondria, there it induces production of mtROS. The generation of mtROS may
therefore augment the innate immune response by activating secondary pathways. My results
further demonstrate the importance of STAT3 and the Ser-727 residue in expression of cytokines
as depletion of STAT3 or mutation of the Ser-727 residue impairs expression of specific
proinflammatory cytokines. Future studies will be required to further elucidate the mechanisms
of STAT3 mitochondria localisation, ROS production and how the pSer-727 STAT3 modulates the
innate inflammatory response.
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Chapter 5 – The Role of STAT1 Ser-727 in TLR-mediated
Inflammation
5.1 – Introduction
The functions attributed to STAT1 primarily relate to its role in mediating the effects of IFNs. Studies
conducted with STAT1-deficient cells and STAT1 knockout mice have demonstrated that STAT1 has
antiproliferative and pro-apoptotic effects when activated by IFNs (Durbin et al., 1996, Meraz et al.,
1996, Bromberg et al., 1996, Kumar et al., 1997, Ramana et al., 2000). STAT1 was first identified to be
recruited to the IFN-γ receptor, following activation of JAK1 and JAK2, the C-terminus of the IFN-γ
receptor and JAKs become tyrosine phosphorylated, STAT1 is then recruited to the receptor where it
undergoes tyrosine phosphorylation allowing its subsequent nuclear translocation and transcription
of IFN-γ-dependent genes (Igarashi et al., 1994). It was also found that lymphocyte proliferation and
survival required a transcriptionally active STAT1 however, it was only partially dependent on IFN-γ
signalling (Lee et al., 2000). STAT1’s involvement in cancer was demonstrated through the use of
STAT1-deficient mice that were highly susceptible to chemically-induced and transplanted tumours,
suggesting that STAT1 may potentially function as a tumour suppressor (Kaplan et al., 1998, Durbin
et al., 1996).
The effect of Ser-727 phosphorylation on STAT1 was first shown by Wen et al. (1995) to be required
for maximal transcriptional activity as STAT1 S727A mutants induced 80% less IFN-γ-dependent
genes. It appears however that tyrosine phosphorylation is not a prerequisite for serine
phosphorylation, as both residues can undergo phosphorylation independent of one another (Zhu et
al., 1997). Levels of serine phosphorylated STAT1 are higher than that of tyrosine phosphorylated
STAT1 suggesting that pSer-727 STAT1 may potentially exist as a monomer (Zhu et al., 1997). Kovarik
et al. (1998) observed that following stimulation with LPS, UV irradiation and TNF-α, STAT1 also
undergoes rapid Ser-727 phosphorylation independent of tyrosine phosphorylation, and this serine
phosphorylation was demonstrated to increase STAT1-dependent gene transcription. Interestingly,
although the Ser-727 phosphorylation of STAT1 increases its transcriptional activity, it does not
increase its ability to bind DNA suggesting that Ser-727 phosphorylation does not induce
conformational changes to STAT1 (Wen and Darnell, 1997). Mice expressing a mutant STAT1 S727A
were challenged with Listeria monocytogenes and had increased mortality compared to WT mice
(Varinou et al., 2003). These mice displayed impaired clearance of bacteria from the liver and spleen,
although they were less susceptible to LPS-induced septic shock syndrome (Varinou et al., 2003). The
expression of IFN-γ-dependent genes was also greatly reduced in these mice, though STAT1 S727A
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chromatin binding was not affected. This study illustrates the role of serine phosphorylation in
macrophage activation and induction of IFN-γ-dependent gene expression.
Previous studies have demonstrated pSer-727 STAT1’s role in modulating gene expression. In human
fibroblasts, TNF-α stimulation greatly enhanced apoptosis and STAT1 was found to be required for
the constitutive expression of the caspase-1, caspase-2 and caspase-3 (Kumar et al., 1997). STAT1
Y701F mutants re-constituted into U3A cells, which lack STAT1, were sensitive to TNF-α-induced
apoptosis, although expression of caspase-2 and caspases-3 were only slightly lower when compared
to WT cells indicating that STAT1 dimerisation is not crucial for the regulation of these caspases. In
contrast, the STAT1 S727A mutant were resistant to TNF-α-induced apoptosis and whilst levels of
caspase-1 were comparable to WT cells, caspase-3 expression was reduced substantially suggesting
that pSer-727 STAT1 may regulate the constitutive expression of specific genes. Further evidence
demonstrating the importance STAT1 Ser-727 phosphorylation comes from a study which found that
in Wilms’ tumour, a paediatric solid cancer, STAT1 was identified to be constitutively phosphorylated
on Ser-727 in 19 of 21 Wilms’ tumour samples, in contrast Tyr-701 phosphorylation of STAT1 was not
detected (Timofeeva et al., 2006). Ser-727 phosphorylated STAT1 was resistant to apoptosis through
upregulating expression of HSP27 and anti-apoptotic protein Myeloid Cell Leukaemia Sequence 1
(MCL-1). It was also identified that the serine/threonine kinase Casein Kinase 2 (CK2) was responsible
for serine phosphorylating STAT1 as inhibition of CK2 blocked anchorage-independent growth of cells
and caused them to be more vulnerable to growth stresses thus resulting in apoptosis (Timofeeva et
al., 2006). These studies indicate the Ser-727 phosphorylated STAT1 may also be a marker of disease.
STAT1 has been implicated in disease progression of atherosclerosis as it forms a point of
convergence for TLR4/LPS and IFN-γ signalling (Sikorski et al., 2011a, Sikorski et al., 2011b). The
synergism between LPS and IFN-γ signalling resulted in enhanced STAT1 phosphorylation, the
expression of proinflammatory cytokines and the upregulation of Intracellular Adhesion Molecule 1
(ICAM-1) and chemokine IFN-γ-induced Protein 10 kDa (IP-10), both chronic inflammatory indicators
(Sikorski et al., 2011a). Human Microvascular Endothelial Cells (HMECs) jointly stimulated with LPS
and IFN-γ and subsequently treated with the STAT1 inhibitor, fludarabine, displayed reduced
expression of ICAM-1 and IP-10, thus demonstrating STAT1’s involvement in the initial onset of
atherosclerotic plaque formation (Sikorski et al., 2011a). Additionally, in salivary gland cells STAT1
Ser-727 phosphorylation also appears to play an important role in IFN-γ-induced apoptosis (Tsuboi et
al., 2011). Human salivary gland cells ectopically expressing STAT1 Y701F, expression of IP-10, IRF1
and Fas was increased following IFN-γ stimulation (Tsuboi et al., 2011). In contrast, cells transfected
with STAT1 S727A and stimulated with IFN-γ only displayed an increase in IP-10 mRNA expression
thus further demonstrating pSer-727 STAT1’s ability to regulate specific gene expression. Following
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IFN-γ treatment, STAT1 Y701F cells which can only undergo Ser-727 phosphorylation also exhibited
increases in apoptosis, demonstrating that serine phosphorylation of STAT1 can have a role in
inducing cellular functions (Tsuboi et al., 2011).
Recently it has been found that pSer-727 STAT1 may have a role in cells that express the antigen
presenting molecule Human Leukocyte Antigen-subtypes B*2701-2759 (HLA-B27) (Ruuska et al.,
2013). HLA-B27 has been implicated in increased disease susceptibility, although the mechanisms are
still unknown. It is thought other than its role as an antigen presenting molecule, HLA-B27 may also
modulate inflammatory responses further increasing susceptibility to spondylarthropathies, a chronic
inflammatory joint disease of the vertebral column (Vahamiko et al., 2005). In U937 human
monocytic cells transfected with HLA-B27, then infected with Salmonella enteritidis, STAT1 Ser-727
phosphorylation was prolonged and believed to exacerbate the inflammatory response. Whilst
inhibition of PKR can block Tyr-701 phosphorylation (Ruuska et al., 2012), Ser-727 phosphorylation
was not inhibited and STAT1 was demonstrated to localise into the nucleus in the infected HLA-B27
cells (Ruuska et al., 2013). STAT1’s role in the pathogenesis of spondylarthropathies therefore
appears to be dependent on STAT1 Ser-727 phosphorylation, its nuclear localisation and may be a
result of excessive inflammation from the induction of proinflammatory genes.
TNF-α is well documented to be pivotal in driving the development of arthritis in patients and antiTNF-α therapy has been revolutionary in the treatment of these chronic inflammatory joint diseases
(Moelants et al., 2013, Olivieri et al., 2013). In patients with Reactive Arthritis (RecA), who are also
HLA-B27 positive, LPS can be detected in their joints. LPS was found to enhance TNF-α production in
HLA-B27 positive patients and this was determined to be the result of rapid and increased
degradation of IκB. (Penttinen et al., 2002). It is therefore possible that the prolonged STAT1 Ser-727
phosphorylation may contribute to macrophage activation and inflammatory cytokine expression
ultimately leading to the development of spondylarthritis. Thus understanding the role pSer-727
STAT1 plays in inflammation is important for developing new therapies to alleviate symptoms or cure
diseases.
The role of STAT1 in inflammation, in particular the role of TLR-induced pSer-727 STAT1 has not been
fully explored. My finding that STAT1 interacts with TRAF6 and undergoes rapid Ser-727
phosphorylation following TLR stimulation suggests that STAT1 may play a role in TLR-mediated
inflammation and modulation of macrophages. Whilst previous studies have demonstrated that TLR2
and TLR4 induced Ser-727 phosphorylation of STAT1, a biological function for the serine
phosphorylation was not described. However Schroder and co-workers (2007) demonstrated a
regulatory role for STAT1 serine phosphorylation differentially in DCs and macrophages. This chapter
will examine the biological consequences of TLR stimulation in the absence of STAT1 and the
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mutation of the Ser-727 residue to alanine rendering the phosphorylation site of STAT1 inactive.
These studies will provide insights into the role STAT1 serine phosphorylation plays in TLR-induced
proinflammatory responses.
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5.2 – Results
5.2.1 – STAT1 localises to the nucleus following LPS stimulation
Having established a mechanism of cross-talk between TLR and JAK-STAT signalling via interaction of
TRAF6 and STAT1, I wished to determine what the biological implications were of serine
phosphorylation. Traditionally tyrosine phosphorylation leads to STAT1 dimerisation and its
translocation to the nucleus where it acts as a transcription factor, serine phosphorylation also
occurs in the cytoplasm but is delayed compared to tyrosine phosphorylation (Zhu et al., 1997). The
role that serine phosphorylation plays and the cellular location of TLR-induced pSer-727 STAT1 have
not been investigated. Therefore, I first examined the cellular location of LPS-induced STAT1 by
fluorescence microscopy. LPS was chosen as it a very potent and immunogenic molecule that signals
through TLR4 activating both the MyD88-dependent and –independent pathways.
RAW264.7 murine macrophages were stimulated with LPS at 0, 20, 40 and 60 minutes; time points I
have previously demonstrated to induce strong STAT1 Ser-727 phosphorylation. Cells were then
stained with Hoechst and probed for total STAT1 localisation. Unstimulated cells displayed STAT1
located in the cytoplasm with no STAT1 detected in the nucleus (Figure 5.1A). Following 20 minutes
stimulation with LPS however, STAT1 can be detected translocating to the nucleus (Figure 5.1B).
STAT1 accumulation in the nucleus was observed to increase in a time-dependent manner with
detectable STAT1 increasing at 40 minutes (Figure 5.1C) with the majority of STAT1 translocated to
the nucleus at 60 minutes (Figure 5.1D).
Taken together, this result demonstrates that TLR4 induces STAT1 nuclear localisation in a timedependent manner.

5.2.2 – LPS induces pSer-727 STAT1 nuclear translocation
I next wanted to identify the phosphorylation state of nuclear localising STAT1. My studies and those
conducted by Kovarik et al. (1999) and Rhee et al. (2003) demonstrated that LPS stimulation resulted
in rapid Ser-727 phosphorylation with delayed tyrosine phosphorylation observed 2 hours poststimulation, it is therefore possible that the nuclear localisation of STAT1 is a result of serine
phosphorylation and not tyrosine phosphorylation.
As can be observed in Figure 5.2A, resting cells display little pSer-727 STAT1, similar to my earlier
immunoblot data. LPS stimulation however, induces rapid nuclear localisation of pSer-727 STAT1,
within 20 minutes, consistent to that observed for STAT1 (Figure 5.2B). Nuclear localised pSer-727
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Figure 5.1: LPS stimulation induces nuclear localisation of STAT1.
RAW264.7 murine macrophages were seeded onto coverslips at 2 x 104 cells/well, 24 hours prior to
stimulation. Cells were stimulated with LPS at 100 ng/ml for indicated time, fixed with 10% formalin,
permeabilize with 0.1% Triton X-100 solution and stained with Hoechst 33342 (1 μg/ml) and α-STAT1
antibody. STAT1 was visualised with Alexa Fluor 488 goat α-rabbit antibody and mounted onto slides
using Dako fluorescent medium. (A) Unstimulated RAW264.7 murine macrophages. (B) LPS
stimulation for 20 minutes. (C) LPS stimulation for 40 minutes. (D) LPS stimulation for 60 minutes.
Following LPS stimulation, STAT1 can be seen to localise to the nucleus (B-D). All images are single
confocal sections taken with a 60x oil objective lens. These results are a representation of three
individual experiments (n=3), where >100 cells were examined per condition.
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Figure 5.2: Rapid nuclear localisation of pSer-727 STAT1 following LPS stimulation.
RAW264.7 murine macrophages were prepared as described in figure 5.1, with α-pSTAT1 (Ser-727)
antibody used to probe cells. (A) Unstimulated RAW264.7 murine macrophages. (B) LPS stimulation
for 20 minutes. (C) LPS stimulation for 40 minutes. (D) LPS stimulation for 60 minutes. pSer-727
STAT1 is observed to localise into the nucleus following LPS stimulation (B-D). This nuclear
localisation occurs as early as 20 minutes and increased in a time-dependent manner. All images are
single confocal sections taken with a 60x oil objective lens on. These results are a representation of
three individual experiments (n=3), where >100 cells were examined per condition.
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STAT1 levels increased in the nucleus in a time-dependent manner with the highest accumulation of
nuclear pSer-727 STAT1 detected at 60 minutes post-LPS challenge (Figure 5.2C & D).
Typically, serine phosphorylation is not known to induce nuclear translocation of STAT1; therefore
tyrosine phosphorylation must also be examined to determine if LPS can induce Tyr-701
phosphorylated STAT1 in RAW264.7 murine macrophages.

5.2.3 – Nuclear pTyr-701 STAT1 is only detected 60 minutes post-LPS stimulation
Having demonstrated that pSer-727 STAT1 rapidly localises to the nucleus, it is necessary to
determine if pTyr-701 STAT1 also undergoes TLR4-induced nuclear translocation. Traditionally STAT1
requires tyrosine phosphorylation in order to dimerise and translocate to the nucleus. Therefore it is
essential to establish if Ser-727 phosphorylation and nuclear translocation occurs following TLR4
stimulation independent of tyrosine phosphorylation.
Consistent with my earlier results, unstimulated macrophages display virtually no pTyr-701 STAT1
(Figure 5.3A). Stimulation of RAW264.7 murine macrophages for 20 minutes did not induce
detectable pTyr-701 STAT1 (Figure 5.3B), although tyrosine phosphorylated STAT1 was detected at
40 minutes (Figure 5.3C), this was not observed to be localised to nuclei like pSer-727 STAT1, as
observed in figure 5.2C. pTyr-701 STAT1 detected at 60 minutes post-LPS stimulation was consistent
with my earlier observations of STAT1 activation determined by immunoblot (Figure 5.3D).
My results suggest that that following LPS stimulation early nuclear localisation of STAT1 is
specifically Ser-727 phosphorylated STAT1. The serine phosphorylation of STAT1 resulting in nuclear
localisation has not been documented before and represents a novel mechanism for TLR-induced
STAT1 nuclear localisation.

5.2.4 – pSer-727 STAT1 does not colocalise with mitochondria
My studies have found that TLR activation can induce STAT3 translocation to the mitochondria and
regulate mitochondrial dysfunction and ROS production, which was also demonstrated in Rastransformed cells (Gough et al., 2009). Whilst I have established that pSer-727 STAT1 translocates to
the nucleus following TLR stimulation I also wished to determine if STAT1 may also localise to the
mitochondria commensurate with my observations with STAT3.
RAW264.7 murine macrophages were stimulated with LPS over a 60 minute time course and nuclei
stained with Hoechst, Mitotracker Red to identify mitochondria and probed for pSer-727 STAT1.
Unstimulated cells displayed a small amount of pSer-727 STAT1 in the nucleus which concurs with my
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Figure 5.3: Nuclear localisation of pTyr-701 STAT1 is only induced 60 minutes post LPS stimulation.
RAW264.7 murine macrophages were prepared as described in figure 5.1. α-pSTAT1 (Tyr-701)
antibody was used to probe cells. (A) Unstimulated RAW264.7 murine macrophages. (B) LPS
stimulation for 20 minutes. (C) LPS stimulation for 40 minutes. (D) LPS stimulation for 60 minutes.
Tyrosine phosphorylation of STAT1 is not detected at 20 and 40 minutes after LPS stimulation (B-C).
Nuclear localisation of pTyr-701 STAT1 can be seen at the 60 minute time point (D). All images are
single confocal sections taken with a 60x oil objective lens. These results are a representation of
three individual experiments (n=3), where >100 cells were examined per condition.
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previous data (Figure 5.4A). Stimulation with LPS resulted in a marked increase of pSer-727 STAT1
localised to the nucleus (Figure 5.4B). However, when overlayed with Hoechst stain and Mitotracker
Red, it was observed that pSer-727 STAT1 was predominately localised to the nucleus at all time
points, whilst cytoplasmic serine phosphorylated STAT1 remains diffuse throughout the cell (Figure
5.4B-D). Serine phosphorylated STAT1 were not observed to colocalise with mitochondria as
determined by Mitotracker Red staining.
LPS-induced STAT1 Ser-727 phosphorylation translocates to the nucleus unlike STAT3 which localises
to mitochondria following LPS stimulation.

5.2.5 – Nuclear localisation of pSer-727 STAT1 can be induced by multiple TLRs
To support my finding that TLR4-induced STAT1 nuclear localisation, I next stimulated RAW264.7
murine macrophages with TLR2 (Pam3Cys), TLR3 (poly (I:C)), TLR7 (loxoribine), TLR9 (CpG DNA)
ligands and IFN-α, a known inducer of STAT1 Ser-727 phosphorylation and nuclear localisation.
Cellular lysates were then separated into cytoplasmic and nuclear fractions and probed for pSer-727
STAT1 by immunoblot following 60 minute stimulation.
Consistent with my earlier findings, all TLR ligands induced Ser-727 phosphorylation of STAT1 in the
cytoplasm fraction (Figure 5.5A). Cytoplasmic fractionation was confirmed by immunoblotting for βtubulin. This was supported by densitometry analysis demonstrating significant serine
phosphorylation of STAT1 above that of the unstimulated cells (Figure 5.5B). IFN-α induced STAT1
Ser-727 phosphorylation that was detected strongly in both cytoplasmic and nuclear fractions (Figure
5.5A, lane 7 and C, lane 7). Confocal microscopy illustrated LPS-induced pSer-727 STAT1 nuclear
localisation and this is confirmed by immunoblotting the nuclear fractions (Figure 5.5C, lane 4). It can
also be observed that all TLRs induced pSer-727 STAT1 nuclear localisation albeit at lower levels for
TLR3 and TLR7 stimulation (Figure 5.5C). Nuclear fractionation was confirmed by analysis of Histone
Deacetylase 3 (HDAC3). Nuclear localisation by all TLRs was supplemented by densitometry analysis
of multiple nuclear fractionation experiments (Figure 5.5D).
These findings further support my initial observation from fluorescent microscopy where I observed
nuclear localisation of TLR4-induced pSer-727 STAT1 and demonstrate that TLR-induced pSer-727
STAT1 nuclear localisation is a general TLR mechanism.

216

Chapter 5: The Role of STAT1 Ser-727 in TLR-mediated Inflammation

Hoechst

pSer-727 STAT1

Mitotracker Red

Overlay

A

Hoechst

pSer-727 STAT1

Mitotracker Red

Overlay

B

Hoechst

pSer-727 STAT1

Mitotracker Red

Overlay

C

Hoechst

pSer-727 STAT1

Mitotracker Red

Overlay

D

Hoechst

pSer-727 STAT1

Mitotracker Red

Overlay

Figure 5.4: pSer-727 STAT1 does not localise to mitochondria following LPS stimulation.
Cells were prepared as described in figure 5.1. Mitotracker Red (100 nM) was used to stain cells prior
to fixation and cells were probed with α-pSTAT1 (Ser-727) antibody. (A) Unstimulated RAW264.7
murine macrophages. (B) LPS stimulation for 20 minutes. (C) LPS stimulation for 40 minutes. (D) LPS
stimulation for 60 minutes. Following LPS stimulation, pSer-727 STAT1 is observed to accumulate in
the nucleus, with no STAT1 localising in mitochondria at all time points (B-D). All images are single
confocal sections from a Z-stack taken with a 60x oil objective lens. These results are a
representation of three individual experiments (n=3), where >100 cells were examined per condition.
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Figure 5.5: pSer-727 STAT1 can be detected in both cytoplasmic and nuclear fractions following TLR
stimulation.
RAW264.7 murine macrophages were seeded at 1 x 106 cells/well in a 6-well plate, 24 hours before
stimulation. Cells were then stimulated with Pam3Cys (100 ng/ml), poly (I:C) (10 ug/ml), LPS (100
ng/ml), loxoribine (500 µM), mCpG DNA (500 nM) and IFN-α (1000 IU) for 60 minutes. Cells were
harvested in plasma membrane lysis buffer, the nuclear pellet removed and nuclear extraction buffer
used to fractionate the respective components. Proteins were separated on a 10% SDS-PAGE gel
transferred and PVDF membrane visualised by enhanced fluorescence. Membranes were incubated
with α-pSTAT1 (Ser-727) antibody (1/1000) and total STAT1 antibody. (A) Following TLR agonist
stimulation, STAT1 undergoes serine phosphorylation in the cytoplasm and (C) serine phosphorylated
STAT1 can also detected in the nucleus. Densitometry conducted on the (B) cytoplasmic and (D)
nuclear lysates demonstrate the ability of TLR ligandss to induce Ser-727 phosphorylation of STAT1.
These results are a representation of three individual experiments (n=3).
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5.2.6 – Hyperactive F/F MEFs display decreased cytokine expression in the
absence of STAT1.
Previous studies in our laboratory conducted by Greenhill et al. (unpublished data) have found that
F/F mice when treated with LPS display a hyperinflammatory phenotype. STAT3 has been implicated
to drive IL-6 production in these mice further exacerbating the systemic immune response. These
mice however, also display increased expression of STAT1 (Jenkins et al., 2005). As my results have
demonstrated that STAT1 localises to the nucleus upon TLR stimulation, it is possible that STAT1
contributes to the hyperinflammatory phenotype of the F/F mice through increased STAT1
activation. Thus I examined whether F/F STAT1-/- mice display diminished activation of inflammatory
cytokines compared to F/F mice following TLR stimulation.
Cytokine analysis of the supernatants of the F/F MEFs vs. F/F STAT1-/- illustrates that STAT1-deficency
reduces production of TNF-α following stimulation with TLR ligands (Figure 5.6). In response to
Pam3Cys (TLR2) and LPS (TLR4), F/F STAT1-/- MEFs display significantly reduced production of TNF-α,
suggesting STAT1 may play a role in mediating the proinflammatory response following TLR ligand
stimulation (Figure 5.6A & B). CpG DNA (TLR9) stimulation on the other hand slightly diminished TNFα secretion (though not significant) demonstrating that STAT1 may also regulate TLR9-induced
responses (Figure 5.6C).
In contrast to the effect of STAT1-deficiency on TNF-α production, IL-6 secretion however is
unaffected in STAT1-deficient MEFs. F/F STAT1-/- MEFS produce comparable levels of IL-6 compared
to F/F MEFs following Pam3Cys and LPS treatment (Figure 5.7A & B). Interestingly however, CpG DNA
stimulation results in decreased IL-6 production (Figure 5.7C).
These results therefore suggest that STAT1 plays a role in the specific expression of TNF-α in
response to TLR stimulation. IL-6 secretion however, appears to be regulated by another factor,
although optimal TLR9-mediated IL-6 responses do require STAT1.

5.2.7 – STAT1 S727A mutant suppresses TLR2-mediated NFκB promoter activity.
Taken together my data suggests that the Ser-727 residue in STAT1 is important in the regulation of
nuclear translocation of STAT1 following TLR stimulation. As F/F STAT1-/- MEFs had reduced TNF-α
production, I next wished to investigate the role STAT1 Ser-727 has in inducing activation of the
prototypic inflammatory transcription factor, NFκB. A substitution of the Ser-727 residue to alanine
was performed and used to determine the role of the mutant STAT1 in activation of TLR-induced
proinflammatory gene promoter activity compared to WT STAT1.
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Figure 5.6: F/F STAT1-/- MEFs are impaired in their ability to induce TNF-α production in response to
TLR stimulation.
F/F MEFs vs F/F STAT1-/- MEFs were seeded at 2 x 104 cells/well in a 96-well plate, 24 hours prior to
stimulation. Cells were stimulated with (A) Pam3Cys (10 ng/ml), (B) LPS (10ng/ml) and (C) mCpG DNA
(100 nM) for 16 hours. Supernatants were collected and TNF-α production measured by ELISA. In
response to TLR agonists, F/F STAT1-/- MEFs displayed impaired production of TNF-α compared to F/F
MEFs. Pooled data is presented as mean ± SEM of three independent experiments (n=3).
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Figure 5.7: IL-6 production is not reduced in F/F STAT1-/- MEFs in response to Pam3Cys and LPS
except following CpG DNA treatment.
Cells were prepared as described in figure 5.6. Cells were stimulated with (A) Pam3Cys (10 ng/ml),
(B) LPS (10 ng/ml) and (C) mCpG DNA (100 nM) for 16 hours. Supernatants were collected and IL-6
production measured by ELISA. In response to TLR agonists, F/F STAT1-/- MEFs produced increased
levels of IL-6 compared to F/F MEFs. Though CpG DNA-induced IL-6 production is diminished in F/F
STAT1-/- MEFs. Pooled data is presented as mean ± SEM of three independent experiments (n=3).
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HEK293s stably expressing TLR2 were transfected with an NFκB promoter luciferase construct in
conjunction with STAT1 WT or STAT1 S727A. Cells were then stimulated with increasing
concentrations of Pam3Cys to isolate responses to MyD88-dependent TLR signalling. In TLR2
responsive cells, HEK293s expressing WT STAT1 displayed a dose-dependent increase in NFκBluciferase promoter activity (Figure 5.8). Conversely, whilst STAT1 S727A expressing HEK293 cells also
displayed a dose-dependent increase in NFκB promoter activity, the response was significantly
decreased compared to WT STAT1 (Figure 5.8).
Having demonstrated STAT1 selectivity for TNF-α expression in the previous section I next evaluated
the effect STAT1 S727A has in activating the TNF-α promoter following TLR2 stimulation.
Interestingly, whilst both STAT1 WT and STAT1 S727A displayed a dose-dependent increase in TNF-αluciferase promoter activity, STAT1 S727A did not inhibit activation of the TNF-α promoter (Figure
5.9).
Conversely, analysis of IL-6 expression in response to Pam3Cys treatment displays STAT1 S727A
significantly inhibiting activation of IL-6 promoter activity (Figure 5.10). Consistent with earlier results
WT STAT1 exhibits a dose-dependent increase in IL-6 promoter activation (Figure 5.10).
Taken together these results suggests that STAT1 S727A has diminished transactivator function
suppressing TLR2-induced responses, implicating a role for STAT1 Ser-727 phosphorylation in
mediating TLR-induced activation of NFκB and IL-6.

5.2.8 – Nuclear localisation of STAT1 is not affected in STAT1 S727A BMMs
My earlier confocal microscopy studies demonstrated that it was the pSer-727 form of STAT1 that
was detectable in the cytoplasm following TLR stimulation. Therefore I next wished to determine if
Ser-727 phosphorylation was required for nuclear localisation of STAT1. BMMs were generated from
femurs of mice expressing STAT1 S727A; these mice have impaired clearance of bacteria and are less
susceptible to LPS-induced septic shock (Varinou et al., 2003). Multi-planar images were taken of WT
and STAT1 S727A BMMs either unstimulated or treated with Pam3Cys (TLR2), LPS (TLR4) or CpG DNA
(TLR9) for 30 and 60 minutes. Quantification of Z-stacks was conducted using Imaris imaging
software (Bitplane ver. 7.6.4).
Contrasting from earlier results which demonstrated a potential role for pSer-727 STAT1 in mediating
TLR2-induced responses, both unstimulated WT and STAT1 S727A BMMs displayed high basal levels
of STAT1 nuclear localisation (Figure 5.11A & B). Pam3Cys stimulation however, did not induce an
increase in STAT1 nuclear translocation at 30 minutes in both WT and STAT1 S727A BMMs (Figure
5.11D & E), nor was this observed at 60 minutes (Figure 5.11E & F).
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Figure 5.8: STAT1 S727A mutant suppresses TLR2-mediated NFκB activation.
HEK293 cells stably expressing TLR2 were seeded at 2 x 104 cells/well in a 96-well plate, 24 hours
before transfection. The cells were transfected with a firefly luciferase reporter gene under the
control an NFκB promoter and either STAT1 WT or STAT1 S727A mutant. 24 hours after transfection,
cells were stimulated with Pam3Cys (5 ng/ml, 20 ng/ml and 50 ng/ml) for 6 hours. Cells were
harvested and luciferase activity determined. Transfection efficiency was determined by comparing
to a constitutively expressed reporter gene, TK Renilla. In response to various concentrations of
Pam3Cys, STAT1 S727A has diminished transactivator function and suppresses activation of NFκB in
comparison to STAT1 WT transfected cells. Pool data is represented as mean ± SEM of four
independent experiments (n=4).
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Figure 5.9: STAT1 S727A does not supress TLR2-induced TNF-α activation.
Cells were prepared as described in figure 5.8. HEK293s stably expressing TLR2 were transfected with
a firefly luciferase reporter gene under the control a TNF-α promoter and either STAT1 WT or STAT1
S727A mutant. Following stimulation with Pam3Cys, STAT1 S727A transfected cells did not supress
TNF-α activation compared to WT STAT1. Pooled data is represented as mean ± SEM of four
independent experiments (n=4).
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Figure 5.10: S727A mutation suppresses the ability of STAT1 to drive IL-6 promoter activity
following Pam3Cys challenge.
Cells were prepared as described in figure 5.8. HEK293s were transfected with firefly luciferase
reporter gene under the control an IL-6 promoter and either STAT1 WT or STAT1 S727A mutant. In
response to various concentrations of Pam3Cys, STAT1 S727A transfected cells displayed supressed
activation of IL-6 in comparison to STAT1 WT transfected cells. Pooled data is represented as mean ±
SEM of four independent experiments (n=4).
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Figure 5.11: Nuclear localisation of STAT1 can be observed in both WT and STAT1 S727A BMMs
following Pam3Cys stimulation.
BMMs were prepared as described in figure 5.1. BMMs were stimulated with 100 ng/ml of Pam3Cys
and probed with α-STAT1 antibody. (A) WT BMMs, unstimulated. (B) STAT1 S727A BMMs,
unstimulated. (C) WT BMMs, 30 minute Pam3Cys stimulation. (D) STAT1 S727A BMMs, 30 minute
Pam3Cys stimulation. (E) WT BMMs, 60 minute Pam3Cys stimulation. (F) STAT1 S727A BMMs, 60
minute Pam3Cys stimulation. Following stimulation with Pam3Cys, no observable difference can be
detected in the nuclear localisation of STAT1. All images are single confocal sections from Z-stacks
taken with a 100x oil objective lens. These results are a representation of three individual
experiments (n=3), where >100 cells were examined per condition.
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LPS stimulation which was demonstrated to induce rapid and strong Ser-727 phosphorylation of
STAT1 also illustrated a comparable result, levels of STAT1 translocating to the nucleus were not
dissimilar between WT and STAT1 S727A BMMs at 30 minutes (Figure 5.12C & D) and this remained
unchanged at the 60 minute time point (Figure 5.12E & F).
Following CpG DNA stimulation F/F STAT1-/- MEFs exhibited decreased IL-6 and TNF-α production
suggesting that STAT1 may be required for optimal TLR9-induced responses, it is therefore possible
that STAT1 S727A BMMs may also display lowered levels of STAT1 nuclear translocation. CpG DNA
treatment however displayed analogous concentrations of STAT1 translocation to the nucleus at
both 30 (Figure 5.13C & D) and 60 minutes (Figure 5.13E & F), respectively.
To further determine if differences were observed of STAT1 nuclear localisation between WT and
STAT1 S727A BMMs, Z-stacks were quantified using Imaris imaging software where staining of STAT1
in the nucleus was determined. As can be observed in figure 5.14, only slight variations of nuclear
localisation can be observed between WT BMMs and STAT1 S727A BMMs when stained for total
STAT1. Stimulation with Pam3Cys did not induced differing levels of STAT1 nuclear localisation (Figure
5.14A). In addition, LPS treatment produced similar results with no observable change of STAT1
nuclear localisation between WT and STAT1 S727A BMMs (Figure 5.14B). Quantification of images
taken from BMMs stimulated with CpG DNA also demonstrated little variation between WT and
STAT1 S727A BMMs nor was there any significant differences that can be observed at 30 and 60
minutes post-stimulation (Figure 5.14C).
My results here demonstrate no difference in nuclear localisation between WT and STAT1 S727A
BMMs following TLR stimulation, although it is possible that the lack of variation observed is due to
the inability to directly visualise pSer-727 STAT1.

5.2.9 – TNF-α, but not IL-6 or RANTES production is diminished in STAT1 S727A
BMMs
To determine the biological requirement of Ser-727 phosphorylation of STAT1 in TLR-induced
inflammation I next used BMMs generated from WT and STAT1 S727A mice and assessed cytokine
expression.
As can be observed in Figure 5.15, WT BMMs displayed a concentration-dependent increase in TNF-α
protein expression following stimulation with multiple TLR agonists (Figure 5.15A-E). Importantly,
macrophages expressing STAT1 S727A displayed significantly reduced TNF-α expression in response
to all TLR ligands assigned. This was particularly evident at the higher doses of TLR stimulation
suggesting STAT1 Ser-727 phosphorylation is required for optimal TLR-induced TNF-α expression.
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Figure 5.12: Following LPS stimulation, STAT1 is observed to translocate to nuclei in both WT and
STAT1 S727A BMMs.
BMMs were prepared as described in figure 5.1. BMMs were stimulated with 100 ng/ml of LPS and
probed with α-STAT1 antibody. (A) WT BMMs, unstimulated (B) STAT1 S727A BMMs, unstimulated.
(C) WT BMMs, 30 minute LPS stimulation. (D) STAT1 S727A BMMs, 30 minute LPS stimulation. (E) WT
BMMs, 60 minute LPS stimulation. (F) STAT1 S727A BMMs, 60 minute LPS stimulation. LPS
stimulation does not induce a difference in STAT1 nuclear translocation between WT and STAT1
S727A BMMs. All images are single confocal sections from Z-stacks taken with a 100x oil objective
lens. These results are a representation of three individual experiments (n=3), where >100 cells were
examined per condition.
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Figure 5.13: Nuclear localisation of STAT1 is similar between WT and STAT1 S727A BMMs post-CpG
DNA stimulation.
BMMs were prepared as described in figure 5.1. BMMs were stimulated with 500 nM of CpG DNA
and probed with α-STAT1 antibody. (A) WT BMMs, unstimulated. (B) STAT1 S727A BMMs,
unstimulated. (C) WT BMMs, 30 minute CpG DNA stimulation. (D) STAT1 S727A BMMs, 30 minute
CpG DNA stimulation. (E) WT BMMs, 60 minute CpG DNA stimulation. (F) STAT1 S727A BMMs, 60
minute CpG DNA stimulation. STAT1 Nuclear localisation profiles are similar between WT and STAT1
S727A BMMs following CpG DNA stimulation. All images are single confocal sections from Z-stacks
taken with a 100x oil objective lens. These results are a representation of three individual
experiments (n=3), where >100 cells were examined per condition.
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Figure 5.14: Nuclear localisation of STAT1 is not affected in STAT1 S727A BMMs.
Z stacks were subjected to analysis using Imaris imaging software, where total STAT1 intensity and
nuclear STAT1 intensity was determined and expressed as a percentage. BMMs were stimulated with
(A) Pam3Cys (100 ng/ml) (B) LPS (100 ng/ml) (C) CpG DNA (500 nm) for 30 and 60 minutes. Following
stimulation with TLR ligands, nuclear localisation of STAT1 did not differ between WT and STAT1
S727A BMMs, suggesting that the detection of total STAT1, which consists of unphosphorylated and
phosphorylated STAT1, may have obscured results. Pooled data is represented as mean ± SEM of
three independent experiments where >100 cells were examined. (n=3)
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Figure 5.15: TNF-α production in STAT1 S727A BMMs is attenuated in response to TLR ligands.
WT and STAT1 S727A BMMs were seeded at 2 x 104 cells/well, 24 hours prior to stimulation. BMMs
were then stimulated with a selection of TLR ligands at the indicated concentrations for 16 hours.
Supernatants were collected and measured by ELISA. BMMs were stimulated with (A) Pam3Cys (B)
poly (I:C) (C) LPS (D) loxoribine (E) CpG DNA. Following stimulation with TLR ligands, TNF-α
production is attenuated in STAT1 S727A BMMs in comparison to WT BMMs. Pooled data is
represented as mean ± SEM of three independent experiments (n=3).
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In contrast, IL-6 production was not diminished in STAT1 S727A BMMs. Whilst poly (I:C) stimulation
failed to induce IL-6 secretion in WT and STAT1 S727A BMMs, all other TLR ligands tested induced
comparable levels of IL-6 in both sets of BMMs (Figure 5.16A-E). At higher concentrations, TLR4induced IL-6 production was greater in WT BMMs, though this was not observed when stimulating
with other TLR agonists. This suggests a minimal role for TLR-induced IL-6 expression, although LPSmediated inflammation may require Ser-727 phosphorylation of STAT1.
Consistent with figure 5.16, production of RANTES was also not affected in STAT1 S727A BMMs. In
WT BMMs, stimulation with TLR ligands induced a concentration-dependent increase in RANTES
protein expression (Figure 5.17A-E). However, RANTES secretion in STAT1 S727A BMMs was
comparable when treated with TLR agonists. Similar to IL-6 production, TLR-induced RANTES
expression appears to not required STAT1 serine phosphorylation.
Interestingly, whilst TLRs are known inducers of IL-12 in DCs (Qi et al., 2003) and TLR-induced STAT1
activation has been reported to be required for optimal IL-12 production (Gautier et al., 2005) TLR
stimulation of both WT and STAT1 S727A BMMs failed to induce significant production of IL-12 above
non-stimulated cells (Figure 5.18A-E).
The results here demonstrate that whilst the pSer-727 STAT1 is not critical to the innate immune
response it appears to function as a mechanism of fine-tuning the inflammatory reaction. pSer-727
STAT1 may sculpt the inflammatory response through regulation of TNF-α production.
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Figure 5.16: Production of IL-6 is not affected in STAT1 S727A BMM compared to WT BMMs when
stimulated with TLR ligands.
BMMs were prepared as described figure 5.15. (A) Pam3Cys (B) poly (I:C) (C) LPS (D) loxoribine (E)
CpG DNA. Similar to WT BMMs, production of IL-6 following TLR stimulation was not attenuated,
except in LPS stimulated BMMs where IL-6 levels were diminished. Pooled data is represented as
mean ± SEM of three independent experiments (n=3).
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Figure 5.17: RANTES production is not inhibited in STAT1 S727A BMMs in response to TLR
stimulation.
BMMs were prepared as described figure 5.15. (A) Pam3Cys (B) poly (I:C) (C) LPS (D) loxoribine (E)
CpG DNA. In response to TLR stimulation, RANTES production in STAT1 S727A BMMs is comparable
to WT BMMS. Pooled data is represented as mean ± SEM of three independent experiments (n=3).
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Figure 5.18: TLR stimulation does not induce IL-12 production in BMMs.
BMMs were prepared as described figure 5.15. (A) Pam3Cys (B) poly (I:C) (C) LPS (D) loxoribine (E)
CpG DNA. TLR stimulation failed to induce production of IL-12 in both WT and STAT1 S727A BMMs.
Pooled data is represented as mean ± SEM of three independent experiments (n=3).
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5.3 - Discussion
In this chapter I have demonstrated that pSer-727 STAT1 localises to the nucleus following TLR
ligand stimulation. This occurs rapidly and appears to be independent of Tyr-701 phosphorylation.
In contrast to STAT3, STAT1 does not localise to mitochondria, but exclusively to the nucleus.
Nuclear fractionation further demonstrates that STAT1 can be detected in the nucleus supporting
my confocal microscopy studies. Importantly, STAT1 appears to require Ser-727 phosphorylation
and mutation of serine to alanine inhibited TLR2-induced NFκB promoter activity. Furthermore,
TLR stimulation of STAT1 S727A BMMs displayed specific attenuation of TNF-α production
compared to WT BMMs. Contrastingly, STAT1 nuclear localisation was not inhibited in STAT1
S727A BMMs yet further studies are required to determine if the serine residue effects nuclear
translocation. Together these studies demonstrate Ser-727 phosphorylation of STAT1 plays an
important role in sculpting the innate immune response through specific regulation of TNF-α
secretion.
Having established a mechanism of cross-talk between TLR and JAK-STAT signalling, it was next
necessary to establish the biological significance of serine phosphorylated STAT1. Classically,
STAT1 activation leads to its Tyr-701 phosphorylation which induces dimerisation and subsequent
translocation to the nucleus to bind DNA and initiate gene transcription (Shuai et al., 1992).
Serine phosphorylation on the other hand initiates the full transcriptional activity of STAT1 (Wen
and Darnell, 1997) and has not been documented to induce nuclear translocation of STAT1. My
results are the first to demonstrate TLR-dependent pSer-727 STAT1 nuclear localisation. TLRinduced STAT1 Ser-727 phosphorylation was detected in the nucleus as earlier as 20 minutes
suggesting the TLR recruitment of STAT1 bypasses canonical IFN-induced activation of JAK-STAT
signalling.
Recently, pSer-727 STAT3 has been detected localising to mitochondria (Wegrzyn et al., 2009,
Gough et al., 2009), and in chapter 4 my results also found pSer-727 STAT3 in the mitochondria
following LPS stimulation. This therefore prompted me to investigate if STAT1 would also localise
to mitochondria following LPS stimulation. My experiments demonstrated that pSer-727 STAT1
exclusively localises to the nucleus, with STAT1 not being detected in mitochondria. It appears
mitochondrial localisation is exclusively a pSer-727 STAT3 mechanism, and pSer-727 STAT1 has
another role in the cell. Although my studies did not demonstrate STAT1 colocalising to
mitochondria, similar to STAT3, previous studies have implicated STAT1 in ROS production.
Macrophages treated with the pan-caspase inhibitor, benzyloxycarbonyl-Val-Ala-Asp (zVAD) and
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LPS underwent rapid cell death resulting from the generation of superoxide (Kim and Lee, 2005).
In STAT1-deficient macrophages however, superoxide levels were diminished and these
macrophages were resistant to zVAD/LPS-induced death (Kim and Lee, 2005). This process of cell
death was found to be mediated by p38k-induced Ser-727 phosphorylation of STAT1 as inhibition
of p38k with SB203580, abolished STAT1 Ser-727 phosphorylation, reduced ROS production and
zVAD/LPS-induced macrophage death. This suggests that whilst the tyrosine phosphorylation of
STAT1 allows it to behave as a transcription factor, serine phosphorylation of STAT1 may induce
STAT1’s secondary functions. Whilst I found that inhibition of p38k did inhibit TLR-induced STAT1
Ser-727 phosphorylation, it is possible that different kinases that may serine phosphorylate STAT1
can potentially activate ancillary roles of STAT1. This could be a general mechanism present for all
STATs, as discussed in chapter 4, STAT3 can also undergo Ser-727 phosphorylation where it has
been demonstrated to localise to mitochondria (Gough et al., 2009). This suggests that the serine
phosphorylation of STATs activates secondary mechanisms in regulating cellular function.
It is also possible that the cellular location pSer-727 may dictate its role. As hypothesized by
Schroder et al. (2007); in the cytoplasm STAT1 may indirectly modulate gene expression either by
sequestering other transcription factors or by binding to them and inducing nuclear transport of
the complex. This differs to the role that tyrosine phosphorylated STAT1 dimer has in the nucleus,
where serine phosphorylation results in enhancing its transcriptional activity (Wen et al., 1995).
My findings also demonstrated that nuclear localisation which is dependent on tyrosine
phosphorylation is not a prerequisite for STAT1 Ser-727 phosphorylation. Consistent with
observations made by Zhu et al. (1997), both serine and tyrosine phosphorylation occurred
independently, with rapid Ser-727 phosphorylation detected before Tyr-701 phosphorylation. In
the context of TLR signalling it appears that STAT1 may be recruited into TLR signalling and serine
phosphorylated inducing an early phase immune response. Tyrosine phosphorylation occurs later
into the response mediated by IFN possibly sustaining this inflammatory state (Noppert et al.,
2007).
As pSer-727 STAT1 was detected in the nucleus of cells following LPS stimulation, I wanted to
further demonstrate that nuclear pSer-727 STAT1 could be induced by other TLRs. pSer-727
STAT1 could be identified in both cytoplasmic and nuclear fractions suggesting that not all pSer727 STAT1 localises to the nucleus. Although pSer-727 STAT1 was detected at lower
concentrations in TLR3 stimulated cells this may be due to the kinetics of TLR3-induced STAT1
Ser-727 phosphorylation. All other TLRs examined induced STAT1 Ser-727 phosphorylation at 1020 minutes, in contrast, TLR3-induced STAT1 Ser-727 phosphorylation occurred at 60 minutes
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therefore pSer-727 STAT1 may not have translocated to the nucleus at this time point. It has
previously been reported that in macrophages, whilst LPS and CpG DNA induced Ser-727
phosphorylation of STAT1, pSer-727 STAT1 is retained in the cytoplasm unless it is also tyrosine
phosphorylated (Schroder et al., 2007). My results differ from this study though as STAT1 was
demonstrated to translocate to the nucleus independent of tyrosine phosphorylation and this
was proven to be a general TLR response. Canonical activation of JAK-STAT signalling results in
Tyr-701 phosphorylation of STAT1 and its subsequent translocation to the nucleus and this chain
of events was found to be prerequisites for IFN-induced STAT1 serine phosphorylation (Sadzak et
al., 2008). My findings however, reveal that the TLR activation of STAT1 bypasses the canonical
activation of STAT1, as Ser-727 phosphorylation of STAT1 occurred rapidly before Tyr-701
phosphorylation was detected. Importantly, in response to TLRs that do not induce type I IFNs, I
did not detect any pTyr-701 STAT1 (Figure 3.2, 3.5 & 3.6) Traditionally STAT1 localises to the
nucleus via the formation of STAT1 homodimers or heterodimers with STAT2 or STAT3 (Qureshi
et al., 1995, Tian et al., 1994). Although I have shown pSer-727 STAT1 in nuclei, it remains to be
determined whether pSer-727 STAT1 exists as a monomer, dimer or bound to another cofactor.
Unphosphorylated STAT1 has been demonstrated to bind IRF1 and constitutively regulate
expression of Low Molecular Mass Polypeptide 2 (LMP2), a subunit of the 20S proteasome
(Chatterjee-Kishore et al., 2000). As the serine phosphorylation of STAT1 does not induce
conformation changes, STAT1 may remain bound to IRF1 and modulate expression of
proinflammatory cytokines. In addition, unphosphorylated STAT1 was demonstrated to bind DNA
in vitro (Chatterjee-Kishore et al., 2000), suggesting pSer-727 STAT1 can also bind DNA. How pSer727 STAT1 is transported in the nucleus remains unclear, as tyrosine phosphorylation is required
to expose the NLS of STAT1, pSer-727 STAT1 may bind other cofactors or form a complex with
unphosphorylated STAT1 that is translocated to the nucleus.
As unphosphorylated STAT1 has been demonstrated to regulate gene expression, pSer-727 STAT1
localisation to the nucleus may also be an indication of transcriptional regulation (ChatterjeeKishore et al., 2000, Cheon and Stark, 2009). Thus I investigated this using a luciferase reporter
assay utilising STAT1 WT and a STAT1 S727A mutant. My results demonstrated that STAT1 S727A
is impaired in driving the promoters of NFκB and IL-6, but not TNF-α in response to Pam3Cys.
These results suggest that pSer-727 STAT1 is able to modulate proinflammatory gene expression
but are contradictory to my findings in BMMs. Although there are discrepancies between the
BMM and luciferase reporter assay, the ability of pSer-727 STAT1 to drive gene expression has
previously been reported (Timofeeva et al., 2006, McLaren et al., 2007, Ramsauer et al., 2007). In
Epstein-Barr Virus (EBV) infected cells and Wilms’ tumour, STAT1 is found to be constitutively Ser241
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727 phosphorylated and has been demonstrated to upregulated specific genes (McLaren et al.,
2007, Timofeeva et al., 2006). Furthermore, STAT1 S727A expressing cells were found to have a
reduced ability in recruiting CREB-binding Protein (CBP) to the Guanylate Binding Protein 2 (Gbp2)
promoter (Ramsauer et al., 2007). Taken together this indicates pSer-727 STAT1 can directly
regulate gene expression, though further assays are required to determine if TLR-mediated STAT1
Ser-727 phosphorylation also induces its ability to interact with DNA.
Further assessment of the nuclear localisation of STAT1 was performed in WT and STAT1 S727A
BMMs, as distinct nuclear localisation of pSer-727 STAT1 was observed in RAW264.7 murine
macrophages. The nuclear localisation profile of STAT1 S727A BMMs did not differ from WT
BMMs and may be a result of the antibody used. As an antibody against pSer-727 STAT1 could not
be utilised to stain for STAT1 in STAT1 S727A BMMs, use of a total STAT1 antibody did not provide
a clear means of determining nuclear localisation difference. Unphosphorylated STAT1 has been
reported to interact with IRF1 and translocate to the nucleus, thus the lack of difference between
WT and STAT1 S727A BMMs may be a result of nuclear localised unphosphorylated STAT1
(Chatterjee-Kishore et al., 2000). Whether unphosphorylated STAT1 plays a role in maintaining
innate immune responses remains to be studied. Future experiments examining the nuclear
localisation of STAT1 in STAT1 S727A BMMs are necessary to fully elucidate the importance of the
Ser-727 residue in STAT1 nuclear translocation.
A previous student in our laboratory has identified that in the F/F mice model, STAT1 was found
to be hyperactivated following stimulation with LPS (Greenhill, 2011). I therefore investigated
cytokine expression in MEFs generated from F/F mice and MEFs that were also deficient in STAT1
(F/F STAT1-/-). My findings demonstrated that whilst production of TNF-α is impaired (Figure 5.6),
IL-6 production in F/F STAT1-/- MEFs was increased except in response to CpG DNA (Figure 5.7). In
F/F mice, STAT3 is known to drive LPS hypersensitivity and IL-6 production, therefore STAT1deficiency is not expected to affect IL-6 production (Greenhill et al., 2011). It is uncertain why IL-6
protein expression is increased in F/F STAT1-/- MEFs and whether STAT1 supresses TLR2- and
TLR4-induced IL-6 secretion remains to be investigated. However, the increase in IL-6 production
has been documented in STAT1 KO mice infected with Lymphocytic Choriomeningitis Virus
(LMCV) and constitutively active STAT1 has been illustrated to attenuate IL-6-induced STAT3
activity demonstrating the opposing effects STAT1 has on STAT3 (Hofer et al., 2012, Dimberg et
al., 2012). In contrast to IL-6, TNF-α appears to be reliant on pSer-727 STAT1 and this agrees with
the STAT1-deficient mice model used, which exhibited lower levels of TNF-α mRNA expression
when infected with Mycobacterium tuberculosis (Sugawara et al., 2004). This suggests that in F/F
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mice following TLR stimulation, STAT1 primarily regulates production of TNF-α, whereas IL-6 is
dependent on STAT3 (see chapter 4), providing a point of divergence for STAT1 and STAT3 in TLR
signalling. CpG-induced IL-6 production however, appears to utilize another mechanism which is
reliant on STAT1. Previous studies by Schroder et al. (2007) and others have identified that CpG
DNA induces an alternative pattern of signalling that can activate STAT1 (Takauji et al., 2002,
Schmitz et al., 2007). In pDCs, CpG DNA is thought to induce p38k-dependent STAT1 tyrosine and
serine phosphorylation independent of IFN-α/β, which results in ISGF3 formation and
transcription of IRF7 (Takauji et al., 2002). The ablated IL-6 production in CpG DNA stimulated F/F
STAT1-/- MEFs may therefore be a consequence of STAT1’s absence, suggesting that CpG DNA
responses require STAT1 in order to fully activate the inflammatory response. In addition, CpG
DNA stimulation of myeloid DCs (mDCs) results in IRF1-dependent IFN-β secretion and activation
of IFN-stimulated genes further signifying STAT1’s role in TLR9-induced responses (Schmitz et al.,
2007). My results add further to this specificity of activation by demonstrating that STAT1
regulates TLR-induced TNF-α production, but not IL-6.
To further investigate the role of pSer-727 STAT1 in the modulation of TLR-induced inflammation
I examined TNF-α, IL-6, IL-12 and RANTES protein expression following multiple TLR challenge.
STAT1 S727A mice, which are unable to undergo Ser-727 phosphorylation due to an alanine
substitution have previously been shown to be refractory to LPS-induced lethality, although this
was attributed to diminished IFN-γ-induced gene expression (Varinou et al., 2003). Macrophages
derived from these mice displayed a clear specificity in the requirement of STAT1 Ser-727
phosphorylation for generation of TNF-α following TLR stimulation. This suggests that in addition
to reduced IFN-γ signalling in STAT1 S727A mice, the phenotype observed in these mice may also
be a result of diminished TNF-α secretion. Both IFN-γ and TNF-α have been demonstrated to act
synergistically in inducing many proinflammatory genes and this is dependent on cross-talk
between STAT1 and NFκB (Ohmori et al., 1997). As both IFN-γ-induced genes and TNF-α levels are
reduced in STAT1 S727A mice this may explain the impaired clearance of bacteria. Taken together
this illustrates the importance of STAT1 Ser-727 phosphorylation in regulating TNF-α production.
The use of a primary cell line represents a more accurate biological representation of in vivo
responses hence the discrepancies observe in my luciferase reporter assay and BMM data. The
different cell lines used may also contribute to the differences observed in my luciferase reporter
assay and ELISA experiments. HEK293s which are non-myeloid in origin may have alternative
mechanisms of propagating signal transduction therefore direct comparisons may not be valid.
Commensurate with the F/F STAT1-/- MEFs, IL-6 production in response to TLR ligands in STAT1
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S727A BMMs was only slightly diminished and is expected as STAT3 is known to be the primary
effector of IL-6 (Akira et al., 1994). CpG DNA-induce IL-6 production was not decreased suggesting
that whilst STAT1 is required to fully activate TLR9-mediated responses, the Ser-727 residue is not
involved in inducing IL-6 secretion. In contrast, IL-6 production is reduced in LPS stimulated STAT1
S727A BMMs, signifying that the Ser-727 residue may contribute to the increase in transcription
of IL-6. Although STAT1 can be activated by IL-6 resulting in the formation of STAT1/STAT3
heterodimers, it plays a minimal role in IL-6 signalling (Sanz et al., 2008). Astrocytes in the central
nervous system of transgenic mice (Glial Fibrillary (GF)-IL-6) vs. STAT1-/- GF-IL-6 mice, displayed
only minor differences in inflammatory phenotype. The absence of STAT1 did not affect
transcription of IL-6 mRNA in STAT1-/- GF-IL-6 mice demonstrating the minimal role STAT1 plays in
IL-6 signalling. STAT1 serine phosphorylation also appears to follow a similar fashion, with the
substitution of the Ser-727 residue to alanine having a minor effect on IL-6 production. RANTES
production was also not affected by STAT1 S727A mutation, although STAT1 has been implicated
in the regulation of RANTES in response to type I IFNs, this is dependent on Tyr-701
phosphorylation of STAT1, the formation of ISGF3 and signalling through a non-classical ISRE
pathway (Cremer et al., 2002). As RANTES is also dependent on NFκB and IRF3 (Moriuchi et al.,
1997, Lin et al., 1999, Wietek et al., 2003) STAT1 may not be required in inducing RANTES
secretion because endosomal TLR signalling activates both NFκB and IRF3 activation. Whilst I did
not detect IL-12p40 expression in my stimulated macrophages, in DCs however, TLR ligands can
induce production of IL-12p70. (Gautier et al., 2005). IL-12p70 secretion correlated with a strong
type I IFN response and IFNAR-/- mice failed to tyrosine phosphorylate STAT1 or secrete IL-12p70
suggesting that IL-12 production is dependent on tyrosine phosphorylation but not serine
phosphorylation of STAT1. This also further suggests cell type specificity of activation as
macrophages and DCs differentially activate STAT1. In STAT1 S727A BMMs, Schroder et al. (2007)
detected increased expression of IL-12p40 mRNA after CpG DNA stimulation, however as
observed in my results CpG DNA fails to induce IL-12 production. Although mRNA levels do not
correlate to protein levels, why increased IL-12 is not detected remains to be investigated. From
my data, it can be observed that only TNF-α production is affected in STAT1 S727A BMMs. This
would therefore suggest that STAT1 localises to the nucleus and modulates TNF-α production.
Schroder and co-workers (2007) proposed that in BMMs, STAT1 undergoing Ser-727
phosphorylation remains in the cytoplasm where it may indirectly modulate gene expression
through the sequestration of other transcription factors. My results however are contrary, as
pSer-727 STAT1 was demonstrated to localise to the nucleus where it appears to regulate
expression of TNF-α. This suggests that in response to TLR stimulation, STAT1 Ser-727
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phosphorylation only targets a very specific subset of genes to induce an anti-pathogenic state.
Whilst STAT1 S727A BMMs only displayed attenuation of TNF-α, in contrast, IL-6 and RANTES
generation was comparable to WT BMMs, suggesting that rather than playing a critical role in
inflammatory responses, pSer-727 STAT1 may potentially fine-tune the innate immune response.
In inflammatory responses, STAT1 is well documented in regulating IFN and TLR macrophage
activation through feed-forward and feedback mechanisms (Hu et al., 2008). The sculpting of the
innate immune response occurs through maintaining a balance between activation of STAT1 by
IFN-γ and the anti-inflammatory properties of IL-10 and STAT3. Thus this equilibrium is critical in
sustaining appropriate inflammatory responses. pSer-727 STAT1 may therefore also have similar
properties in instigating the initial immune reaction through the regulation of TNF-α production.
Preliminary bioinformatic analysis of 1500 bp upstream of the mouse Tnf-α gene (Table 5.1)
reveals that this promoter sequence contains a STAT1 half-site. A STAT1 site would represent a
homodimer of STAT1 binding to DNA, whereas this non-canonical STAT1 half-site suggests that
STAT1 may bind to the mouse Tnf-α promoter as a monomer or as a heterodimer bound to
another cofactor. As it is unknown what configuration pSer-727 STAT1 adopts when entering the
nucleus, this analysis proposes two possible scenarios. The first is that pSer-727 STAT1 localises to
the nucleus as a monomer where it binds the Tnf-α promoter. In support of this STAT1 has been
implicated in binding to the LMP2 promoter and overexpression of unphosphorylated STAT1
maintained transcription of IFN-induced genes, although whether monomeric pSer-727 STAT1
directly binds DNA has not been documented (Chatterjee-Kishore et al., 2000, Cheon and Stark,
2009). Serine phosphorylation of STAT1 however, is not known to induce a conformational
change in STAT1 unlike tyrosine phosphorylation which results in a conformational change and
dimerisation. Therefore as unphosphorylated STAT1 can bind DNA albeit weaker than a pTyr-701
STAT1 dimer, it can be postulated that Ser-727 phosphorylated STAT1 may also exhibit similar
properties to unphosphorylated STAT1. The second possibility would be that pSer-727 STAT1
binds another cofactor allowing this heterodimeric complex to undergo nuclear importation thus
allowing it to bind DNA and initiate transcription. Unphosphorylated STAT1 has been documented
to bind IRF1 (Chatterjee-Kishore et al., 2000), whether pSer-727 STAT1 binds to another cofactor
remains to be investigated. It is possible that pSer-727 STAT1 mimics unphosphorylated STAT1
and binds another transcription factor allowing its subsequent translocation to the nucleus. Ouchi
et al. (2000) identified that Ser-727 phosphorylated STAT1 was able to bind Breast Cancer 1, Early
Onset (BRCA1) and mediate IFN-γ-dependent transcription of p21WAF1 gene. Mutation of the
Ser-727 residue reduced interaction of BRCA1 suggesting that pSer-727 STAT1 can bind other
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Table 5.1: Promoter analysis indicating potential STAT1 binding sites.
1500 bp upstream of the mouse Tnf, Il-6, Rantes and Il-12 promoter was selected and promoter
analysis conducted with TRANSFAC Match (version 2011.1). Generic STAT and STAT1 sites were
identified. STAT1 half-sites indicate that the STAT1 binds the promoter either as a monomer or
bound to another co-factor.
Matrix

Position

Core

Matrix

Sequence (+) -

Factor

Identifier

(strand)

Match

Match

strand

Name

TNF

V$STAT1_02

764 (+)

0.999

0.997

cacTTCCC

TNF

V$STAT_Q6

805 (-)

0.994

0.986

tccAAGAActcaa

STAT

TNF

V$STAT_Q6

1413 (-)

1.000

0.999

tccCAGAAaagca

STAT

IL-6

-

-

-

-

-

-

RANTES

V$STAT_Q6

37 (-)

0.994

0.989

tccAAGAActtac

STAT

IL-12a (p35)

-

-

-

-

-

-

IL-12b (p40)

V$STAT1_02

1435 (+)

0.999

0.999

catTTCCC

IL-12b (p40)

V$STAT1_03

1435 (+)

1.000

0.999

caTTTCCc

Promoter
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proteins and regulate gene expression. Analysis of the II-6 promoter (Table 5.1) reveals no
identifiable STAT1 binding sites further supporting my BMM results that STAT1 does not regulate
IL-6 production. The Rantes promoter also lacks distinct STAT1 sites supporting the lack of a role
of STAT1 in regulating expression of RANTES. Two STAT1 half-sites were also found in the Il-12b
promoter whilst none were identified in the Il-12a promoter. As discussed earlier the Il-12b
promoter transcribes the p40 subunit of IL-12 and Schroder et al. (2007) was able to detect
increases in expression of mRNA IL-12p40 following CpG DNA stimulation in STAT1 S727A BMMs.
However, in my experiments TLR stimulation failed to induce IL-12 production in both WT and
STAT1 S727A BMMs, suggesting that stimuli other than TLR ligands may induce STAT1-dependent
activation of the Il-12b promoter. Although previous studies conducted in macrophages have
demonstrated that TLR stimulation results in IL-12p40 production (Cowdery et al., 1999) a
subsequent study has reported this to be independent of IFN-γ and LPS signalling (Bradford et al.,
2002). The identification of STAT1 half-sites in Il-12b does lend credence that STAT1 is able to
regulate IL-12 production but not in the context that I have examined it in or in the cell line used.
It would appear that in response to TLR stimulation, pSer-727 STAT1 plays a dominant role in
regulating TNF production, although further investigation into how this sculpts the innate and
adaptive immune response is required to determine the importance of STAT1 serine
phosphorylation in immune function.
Inflammation has a pivotal role in pathogen clearance and injury. This mechanism of defence is
tightly regulated as uncontrolled inflammation can be a precursor to the development of chronic
inflammation and diseases such as cancer, arthritis and atherosclerosis. Therefore my study
represents a preliminary step into understanding the regulation of inflammation through crosstalk of immune signalling pathways. As pSer-727 STAT1 appears to specifically regulate a subset of
genes such as TNF-α secretion, it therefore represents the therapeutic potential in reducing
inflammatory cytokines levels without compromising the bodies’ ability to deal with pathogens.
Further research is still required in understanding TLR-induced STAT1-dependent TNF-α
production and how pSer-727 STAT1 may sculpt the innate inflammatory response. Future
experiments would examine the conformation STAT1 adopts when translocating to the nucleus,
potential DNA binding sites for pSer-727 STAT1 and whether STAT1 S727A alleviates inflammation
in disease models.
In conclusion, I have demonstrated the biological significance of pSer-727 STAT1 in TLR-mediated
innate immune inflammatory responses. The novel finding that pSer-727 STAT1 localises to the
nucleus following TLR stimulation has to my knowledge not previously been reported and it
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appears to specifically regulate TNF-α gene transcription. Thus, pSer-727 STAT1 appears to finetune the acute inflammatory response through specifically regulating inflammatory genes.
Further research is still required to elucidate the mechanisms behind TLR and JAK-STAT cross-talk
and the way it modulates the innate immune response.
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The TLRs are fundamental to initiating the innate immune response when combating infection.
Although inflammatory signal transduction pathways have been extensively studied, the cross-talk
between these pathways is much less understood. Interaction among signalling pathways adds
another level of complexity to these already intricate pathways, but also allows further layers of
control and potentially, specificity to the immune response. Thus understanding these interactions
and complexities allows for a more targeted approach when developing therapeutics to control
inflammatory responses.

Traditionally, the TLR and JAK-STAT signalling pathways intersect through the induction of type I IFN
secretion resulting in binding of the IFNAR complex, tyrosine phosphorylation of STAT1 and
transcription of IRGs (Noppert et al., 2007). The direct recruitment of STAT1 and STAT3 into TLR
signalling however represents a novel mechanism where STAT1 and STAT3 appear to fine-tune the
innate inflammatory response through regulation of TNF-α and IL-6 production, respectively. This is
the first demonstration of serine phosphorylated STAT1 and STAT3 regulating TLR-mediated innate
immune responses. Whilst tyrosine phosphorylation of STAT1 and STAT3 predominately regulates
their cellular functions, here I have established a novel mechanism whereby serine phosphorylation
appears to specifically mediate TLR-induced inflammation independent of STAT tyrosine
phosphorylation. The data presented in this thesis therefore identifies a unique method of
modulating innate immune responses where pSer-727 STAT1 localises to the nucleus independent of
tyrosine phosphorylation. STAT3 on the other hand, in its Ser-727 phosphorylated form localises to
mitochondria where it may potentially interact with the ETC inducing ROS production, which can
further activate ROS-dependent signalling. There is increasing evidence in the literature
demonstrating that ROS generation can activate and modulate innate immune signalling. My findings
further extend these studies and suggest that STAT3 may modulate inflammatory pathways via this
method (Gloire et al., 2006, Zhou et al., 2010, West et al., 2011). These findings therefore
significantly enhance our understanding of the role Ser-727 phosphorylated STAT1 and STAT3 plays
in TLR signalling. Importantly, this novel mechanism of innate immune signalling regulation provides
a unique insight into the cross-talk between these inflammatory signalling pathways with emphases
on TRAF6:STAT interaction and serine phosphorylation.

STAT1 has previously been demonstrated to undergo Ser-727 phosphorylation following Pam3Cys,
LPS, CpG DNA stimulation and UV irradiation. (Kovarik et al., 1999, Rhee et al., 2003, Schroder et al.,
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2007). My results however, are the first to demonstrate that STAT1 Ser-727 phosphorylation can be
induced by all TLRs, irrespective of their cellular location and use of adaptor molecules. To the best of
my knowledge, this thesis also assigns a biological role to TLR-induced STAT1 Ser-727
phosphorylation. As discussed in chapter 5, pSer-727 STAT1 translocates to the nucleus where it
specifically regulates TNF-α production. Rather than augmenting the innate immune response, STAT1
Ser-727 phosphorylation appears to sculpt the inflammatory reaction by regulating expression of
TNF-α upon TLR stimulation. Following TLR stimulation STAT3 was also observed to undergo Ser-727
phosphorylation, but this results in its mitochondrial localisation. Importantly, TLR-induced STAT3
Ser-727 phosphorylation was found to regulate IL-6 production, but not other cytokines, providing a
distinct point of divergence between the roles of STAT1 and STAT3 in modulating specific TLRinduced inflammatory mediators.

TRAF6 is a key molecule in TLR signalling, functioning as both a bridging adaptor and a point of
bifurcation of signal transduction. The ability of proteins to interact with TRAF6 is attributed to the
presence of a T6BM (P-X-E-X-X-(aromatic/acidic residue) in interacting proteins which associate with
the TRAF domain of TRAF6. (Ye et al., 2002). Both STAT1 and STAT3 each contain three T6BMs and it
is thought that this motif facilitates the TRAF6 interaction I have demonstrated. Future studies
identifying the specific T6BM are required to further demonstrate the importance of this interaction
in mediating the actions of STAT1 and STAT3. It is possible however, that all three T6BMs are
required for TRAF6 interaction, as shown by Sato et al. (2003), only mutation of all three of TRIF’s
T6BMs and truncation of the C-terminal region was TRAF6 interaction abrogated. It is thought that
TRAF6 functions as a bridging adaptor, bringing STAT1 and STAT3 into proximity to a
serine/threonine kinase. Interestingly, a recent paper described the interaction of TRAF6 and STAT3,
where STAT3 is negatively regulated through ubiquitination (Wei et al., 2012). TLR-induced NFκB
activation requires the autoubiquitination of TRAF6 through the addition of K63-linked polyubiquitin
chains (Lamothe et al., 2007). Thus the interaction of STAT1 and STAT3 with TRAF6 may potentially
result in their K63-linked ubiquitination. Whether this is required for TLR-induced pSer-727 STAT1
and pSer-727 STAT3 function remains to be determined. Further research into whether inhibition of
TRAF6-mediated K63-linked ubiquitination affects pSer-727 STAT1 and pSer-727 STAT3 actions may
provide additional insights into TLR-mediated inflammation.

The identification of the serine kinase responsible for STAT1 and STAT3 Ser-727 phosphorylation may
also be important in the development of therapeutics. Without inhibiting the pleotropic effects of
tyrosine phosphorylated STAT1 and STAT3, hindering STAT serine phosphorylation could potentially
reduce inflammation without compromising the body’s innate immune signalling pathways. Although
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I was unsuccessful in identifying the serine kinase, other kinases remain that could potentially serine
phosphorylate STAT1 and STAT3. As STAT1 and STAT3 are recruited into the TLR pathway it is
therefore possible that serine kinases upstream and downstream of this pathway are capable of
activating STAT1 and STAT3. TAK1 which lies downstream of TRAF6, serine phosphorylates the IKK
complex allowing NFκB nuclear translocation (Kaisho and Akira, 2006). As TRAF6 functions as a
bridging protein facilitating contact between TAK1 and the IKK complex, it is possible that TRAF6
serves a similar role, bringing TAK1 into proximity to STAT1 and STAT3. Further studies utilising
inhibitors of TAK1 and TAK1-deficient cells however, are still required to fully elucidate the role TAK1
plays in STAT serine phosphorylation. The IRAKs which lie upstream of TRAF6 may also serine
phosphorylate STAT1 and STAT3 however investigating this will encounter some difficulties.
Inhibition of the IRAKs will potentially ablate canonical TLR signalling thus obstructing the TLRinduced TRAF6 recruitment of STAT1 and STAT3. Recently, CDK8 has been implicated in the Ser-727
phosphorylation of STAT1 following IFN-γ stimulation (Bancerek et al., 2013). Based on my findings
however, it appears unlikely that CDK8 serine phosphorylates STAT1 and STAT3, as CDK8 is a nuclear
kinase, whereas I have demonstrated that both STAT1 and STAT3 undergoes Ser-727
phosphorylation whilst remaining within the cytoplasm. Future work investigating the serine kinase
that phosphorylates STAT1 and STAT3 is important for the development of therapeutics to decrease
STAT activity and reduce inflammatory mediators.

In recent years emerging evidence has suggested that the immune system is contributing to cancer
development. In particular, TLR-mediated inflammation has been implicated in driving carcinogenesis
(Rakoff-Nahoum and Medzhitov, 2009). The idea that TLRs can enhance tumourigenesis originated
from studies which found that LPS treatment augments tumour growth and survival in adoptively
transferred tumours (Pidgeon et al., 1999, Harmey et al., 2002). This direct cross-talk between TLR
and JAK-STAT signalling that I have demonstrated represents an alternative method for deregulated
innate immune signalling that may create an inflammatory milieu for cancer cells to thrive in. Recent
studies utilising a gastric cancer mice model demonstrated that cross-talk between TLR2 and STAT3
contributed to the pathogenesis of gastric cancer (Tye et al., 2012). The oncogenicity of STAT3 in part
drives gastric cancer development however, unexpectedly TLR2 was found to promote cell survival
and proliferation. In gastric cells, the ability of TLR2 to induce STAT3 Ser-727 phosphorylation which
in turn drives IL-6 production suggests that this cross-talk may augment tumour growth. The
production of ROS has also recently been demonstrated to promote gastric cancer through TLR4
(Yuan et al., 2013). TLR4 stimulation enhanced tumour cell proliferation, whereas inhibition of TLR4induced mtROS decreased cell viability. This further highlights the emerging role TLRs play in the
pathogenesis of cancer. The localisation of pSer-727 STAT3 in the mitochondria and its ability to
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regulate the ETC leading to mtROS production could indicate that the cross-talk of TLR4 and STAT3
may exacerbate carcinogenesis. In normal cells the controlled cross-talk of TLR and JAK-STAT
signalling allows for fine-tuning of the innate immune response to clear infection; however
deregulated signalling can lead to excessive cytokine and ROS production which further amplifies
inflammatory signalling. The oncogenic properties of mitochondrial pSer-727 STAT3 was recently
demonstrated in the growth of breast cancer in mice (Zhang et al., 2013). STAT3 containing a
mitochondrial localisation sequence and substitution of the Ser-727 to an alanine residue displayed
slower tumour growth in 4T1 breast cancer cells. In addition, these cells exhibited decreased
complex I activity and increased ROS generation in hypoxic conditions. These results therefore
suggest that mitochondrial localised pSer-727 STAT3 plays a role in pathogenesis of 4T1 cancer cells
independent of tyrosine phosphorylation. Taken together, these studies and my results indicate that
under normal conditions, Ser-727 phosphorylation of STAT3 is required for shaping the initial innate
immune response however constitutive Ser-727 phosphorylation of STAT3 can have detrimental
effects. The creation of the inflammatory milieu creates an optimal environment for tumourigenesis,
whilst excess ROS generation further enhances tumour growth. Thus careful regulation of STAT3 is
required in order to maintain homeostasis.

An increasing body of evidence has demonstrated the importance of ROS in innate immunity
(Matsuzawa et al., 2005, West et al., 2011, Yang et al., 2013). The ability of STAT3 to induce mtROS
production therefore suggests that this could activate other inflammatory signalling pathways.
Recent studies have demonstrated that mtROS production can induce activation of the NLRP3
inflammasome (Zhou et al., 2010), an oligomeric complex consisting of NLRP3, Apoptosis-associated
Speck-like Protein Containing a CARD (ASC), Cardinal and caspase-1 that cleaves pro-IL-1β and proIL-18 into their respective mature forms IL-1β and IL-18 (Agostini et al., 2004). The inflammasome
requires two signals to become activated; the first to increase expression of inflammasome
components and the second to activate caspases. A subsequent study verified the requirement of
mtROS in inducing NLRP3 inflammasome activation and Voltage-dependent Anion Channels 1
(VDAC1) was demonstrated to be essential for inflammasome activation (Zhou et al., 2011). Whether
TLR-induced STAT3-dependent mtROS generation can activate the inflammasome remains to be
determined however, TLR4-induced STAT3 Ser-727 phosphorylation would induce ROS activation
which in turn may potentially trigger interaction of the NLRP3 inflammasome with Thioredoxininteracting Protein (TXNIP) (Zhou et al., 2010). It remains to be determined if the TLR-induced pSer727 STAT3-mediated ROS production is sufficient to induce this interaction and how mtROS can
regulate inflammasome function. However, inhibition of mitophagy, the process of removing
damaged ROS-generating mitochondria, has been demonstrated to activate the NLRP3
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inflammasome (Zhou et al., 2011, Nakahira et al., 2011). Collectively, these studies suggest a role for
mtROS in activating the inflammasome.

The tight control of these inflammatory pathways is critical to their function, as unregulated
inflammatory signalling can result in autoimmune and inflammatory disease like arthritis and also the
initiation of tumourigenesis (Marshak-Rothstein, 2006, Papadimitraki et al., 2007, Mantovani et al.,
2008, Ben-Neriah and Karin, 2011). The constitutive activation of STAT1 and STAT3 has been
implicated in several cancers such as Wilms’ tumour, gastric cancer and colon cancer (Timofeeva et
al., 2006, Jenkins et al., 2005, Corvinus et al., 2005). Both STAT1 and STAT3 have been found to be
constitutively active and it was demonstrated by Tye et al. (2012) that TLR2 promoted gastric tumour
proliferation. My studies demonstrating TLRs “bridging” STAT1 and STAT3 may therefore provide the
link between TLR signalling and tumourigenesis. Both STAT1 and STAT3 have opposing roles in
cellular function. Although STAT1 has not been implicated in the cross-talk of TLR signalling and
cancer, it has been associated with many types of cancer where it can either be pro-carcinogenic or
anti-carcinogenic. (Frank et al., 1997, Kaplan et al., 1998, Bowman et al., 2000). Interestingly, STAT1
Ser-727 phosphorylation was found to affect both Natural Killer (NK) cell cytotoxicity and tumour
surveillance (Putz et al., 2013). Against cancer cells, NK cell toxicity was enhanced in STAT1 S727A
mice and this translated to increased protection to tumour formation. This data suggests that in NK
cells CDK8-mediated STAT1 Ser-727 phosphorylation has an inhibitory effect on NK cell activity.
STAT1 is constitutively Ser-727 phosphorylated in NK cells and this may function as a protective
feature as NK cells from STAT1 S727A mice are hyperactivated (Putz et al., 2013). Whether pSer-727
STAT1 is pro-survival or pro-apoptosis in cancer remains to be determined and future studies
examining tumour development in STAT1 S727A mice challenged with TLR ligands may provide
further insights into the role Ser-727 STAT1 plays in the cross-talk of TLR signalling and cancer. It is
important to note that it has previously been shown that STAT1 S727A mice were protected from
LPS-induced lethality, although this was attributed to deregulation of IFN-γ signalling.

STAT1-deficient mice were demonstrated to be more susceptible to infection by microbial pathogens
due to a defective IFN-γ-mediated immune response (Durbin et al., 1996). However, these mice
displayed no developmental defects, but developed spontaneous tumours. Crossing these mice with
mice deficient in the key tumour suppressor gene, p53, results in increased tumour formation
(Kaplan et al., 1998) and interaction with p53 is required to induce apoptosis in response to DNA
damage (Townsend et al., 2004). This therefore suggests that STAT1 plays an important role in
regulating proliferation and may function as a tumour suppressor gene. STAT1 has also been
implicated in inducing TNF-α-mediated apoptotic cell death in U3A cells and is required for the
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constitutive expression of caspase-1, caspase-2 and caspase-3 (Kumar et al., 1997). STAT1’s ability to
drive apoptosis was demonstrated to be dependent on the phosphorylation of Ser-727 residue in
cardiac myocytes (Stephanou et al., 2001). Furthermore, STAT1-/- cells were found to have defects in
the checkpoints of the cell cycle (Townsend et al., 2005). These studies therefore suggest that STAT1
plays an important role in inducing cell death in response to specific stimuli. Contrastingly, in Wilms’
tumour, 19 of 21 primary tumour samples were found to have constitutive STAT1 Ser-727
phosphorylation (Timofeeva et al., 2006). STAT1 Ser-727 phosphorylation inhibited apoptosis by
upregulating production of HSP27 and the anti-apoptotic protein MCL-1. This therefore suggests that
in normal cells, activation of STAT1 can induce both apoptosis of DNA damaged cells and arrest cell
cycle progression. In contrast, constitutive Ser-727 phosphorylation of STAT1 results in upregulation
of anti-apoptotic genes leading to apoptotic resistance and suppression of the cytotoxic response.
Why constitutively Ser-727 phosphorylated STAT1 leads to adverse cellular effects may be
attributable to the induction of other proinflammatory genes. As I have demonstrated in chapter 5,
TLR stimulation can also induce STAT1 Ser-727 phosphorylation leading to secretion of TNF-α.
Deregulated TNF-α production can have deleterious effects and is associated with autoimmune and
inflammatory diseases such as rheumatoid arthritis, septic shock and inflammatory bowel disease
(Feldmann et al., 1995, Beutler and Cerami, 1989, Kollias et al., 1999). Accordingly, this suggests that
in diseases that exhibit constitutive STAT1 or STAT3 serine phosphorylation targeting IL-6 or TNF-α
production may potentially alleviate disease progression.

In contrast to STAT1, STAT3 is implicated in many cancers where it has been shown to be
constitutively active and anti-apoptotic (Garcia and Jove, 1998). The Epidermal Growth Factor
Receptor (EGFR), Platelet-derived Growth Factor Receptor (PDGFR) and the non-tyrosine kinase, Src,
lie upstream of STAT3 and in many solid tumour cancers are overexpressed leading to persistent
activation of STAT3 (Zhong et al., 1994, Bowman et al., 2001, Yu et al., 1995) . Furthermore, STAT3
was found to behave as an oncogene in nude mice resulting in tumour formation (Bromberg et al.,
1999). Moreover, a constitutively active form of STAT3 (STAT3C) was found to be sufficient to
mediate cell transformation by v-Src (Bromberg et al., 1998). This therefore demonstrates
unregulated STAT3 signalling can initiate tumourigenesis and enhance cell proliferation. STAT3’s antiapoptotic properties are thought to be activated through interaction with the proto-oncogene, c-Jun.
Ivanov et al. (2001) demonstrated that STAT3/c-Jun interaction reduced expression of Fas, thus
decreasing the apoptotic potential of Fas/FasL pathway. These studies further exhibit the oncogenic
nature of STAT3 by enhancing cell proliferation, down regulating apoptosis and inducing cellular
transformation.
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As observed from my results in chapter 3, STAT3 interacts with TRAF6, though this complex isn’t
detected in mitochondria, indicating that STAT3 may localise to mitochondria as a monomer or
bound to another cofactor. As STAT3 does not contain a mitochondrial localisation sequence it is
likely that it is bound to another protein that facilitates its mitochondrial localisation. Recent studies
have implicated GRIM-19 in binding STAT3 and transporting it into mitochondria (Tammineni et al.,
2013). GRIM-19, a component of complex I of the ETC was demonstrated to interact with Ser-727
phosphorylated STAT3 and chaperone pSer-727 STAT3 into the inner mitochondrial membrane
(Tammineni et al., 2013). This consequently suggests that STAT3 interacts with complex I of the ETC
to induce mtROS production. Wegrzyn et al. (2009) observed in STAT3-deficient cells, activities of
complex I and complex II were decreased, and when reconstituted with a mitochondrial targeted
STAT3 S727D, a mimetic of constitutively serine phosphorylated STAT3, activities of complex I and II
were restored, signifying the importance of the Ser-727 residue in regulating cellular respiration. A
similar finding was reported by Gough et al. (2009) who found decreased complex II and V activity in
Ras-transformed STAT3-/- cells. The mitochondrial function of STAT3 is dependent on Ser-727
suggesting that the ability of STAT3 to interact with and regulate mitochondrial activity is reliant
upon serine phosphorylation. Further investigation of pSer-727 STAT3’s role in cellular respiration
may provide additional insights into the progression of normal cells to cancer cells as well as the
induction of mtROS in pathogen clearance.

TLR stimulation results in mtROS generation which is in concordance with observations from West et
al. (2011). Although STAT3 is thought to induce ROS production, further experiments are required to
definitively demonstrate this. Future work will involve examining mtROS generation and cytokine
expression in STAT3 S727A macrophages. STAT3 S727As ability to localise to mitochondria will also
be observed to determine if the serine residue is crucial for TLR-induced STAT3 mitochondrial
localisation. These experiments will provide further insights into the role Ser-727 plays in TLRinduced inflammation. Infection models can also be utilised to further investigate the biological role
STAT serine phosphorylation plays. If available STAT1 S727A and STAT3 S727A mice will be used as
infection models to fully elucidate Ser-727 phosphorylation in innate immune pathways.

Understanding the cellular processes that STAT1 and STAT3 are involved in is particularly important
in the development of therapeutics. Due to the contrasting nature of these two molecules the
accidental inhibition of either STAT can ultimately lead to drastic consequences in patient outcomes.
There are few inhibitors of STAT1 reported in the literature, on the other hand due to many cancers
that display constitutive STAT3 activation, STAT3 remains a primary drug target. Due to the
importance of tyrosine phosphorylation and STAT3 dimerisation the majority of inhibitors focus on
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targeting these aspects of STAT3 (Turkson and Jove, 2000, Turkson, 2004). The current approach to
STAT signalling inhibition targets four aspects of STAT function. Firstly, Peptidomimetic Inhibitors
(PMI) and Small-molecule Dimerisation Disruptors (SMDDs) work via inhibition of pTyr-SH2
interaction, thereby disrupting STAT dimer formation (Turkson et al., 2001). Compared to SMDDs
however, peptide inhibitors have had less clinical success due to their poor cell permeability and
instability making them a less viable therapeutic (Miklossy et al., 2013). Due to the importance of
tyrosine phosphorylation in inducing STAT dimerisation, the use of tyrosine kinase inhibitors
represents another STAT inhibition strategy; these however can affect multiple STATs and lack the
specificity of other approaches (Yue and Turkson, 2009). Equally, protein tyrosine phosphatases have
been identified to be activated and the dephosphorylation of STATs results in downregulation of
their signalling, demonstrating an alternative method of STAT inhibition (Miklossy et al., 2013). The
last strategy involves the use of oligodeoxynucleotide (ODN) decoys to inhibit STAT DNA binding
domains (Sen et al., 2009, Sen et al., 2012). These ODN decoys compete with endogenous DNA
promoter sequences thus supressing gene expression and are able to discriminate between STAT1
and STAT3 (Souissi et al., 2012). Recently the use of Antisense Oligonucleotides (ASOs), which bind to
the RNA that transcribes the target protein, have shown great promise in pre-clinical toxicology
studies (Burel et al., 2013). Despite the many STAT inhibitors that are been currently studied, only
tyrosine kinase inhibitors are presently being utilised in clinical settings (Cheng et al., 2009,
Muhammad et al., 2012). These however, do not directly target the STATs. Therefore the potential
benefits in STAT inhibition have not been fully realised. As I have demonstrated in my findings that
serine phosphorylation of STAT1 and STAT3 allow them to regulate the expression of specific genes,
this represents potential drug targets. In contrast to tyrosine phosphorylation, Ser-727
phosphorylation is not crucial for STAT activation. Therefore inhibition of STAT serine
phosphorylation may sufficiently impair its function and provides specificity in therapy as opposed to
affecting STAT tyrosine phosphorylation and its pleotropic effects. Although further research into this
area is still required to fully elucidate the role STAT1 and STAT3 Ser-727 phosphorylation have in
cellular function and the effects this has on carcinogenesis.

Overall the findings in this thesis provide further insight into inflammatory signal cross-talk. The
recruitment of STAT1 and STAT3 into the TLR pathway and their subsequent Ser-727 phosphorylation
represents a novel mechanism in fine-tuning the innate immune response. Further biological
implications of STAT serine phosphorylation remain to be investigated and may offer potential
therapeutics in treating cancer and inflammatory diseases.
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10% Ammonium Persulphate (APS)
0.1 g APS (Bio-Rad Laboratories)
1 ml

MQ.H2O (Merck-Millipore)

Stored at -20˚C.
5% Bovine Serum Albumin (BSA)
5% (w/v) BSA (Sigma-Aldrich)
50 ml

1 x TBST

Coomassie R-250 Blue Dye
0.25% (w/v) Brillant Blue G (Sigma)
50% (v/v)

Methanol (MeOH, Chem-Supply)

10% (v/v)

Glacial Acetic Acid (AR grade, Merck-Millipore)

Made up to a total volume of 500 ml with MQ.H2O.
Coomassie De-stain Solution
20% (v/v) MeOH
7% (v/v)

Glacial Acetic Acid

3% (v/v)

Glycerol (Amresco)

Made up to a total volume of 500 ml with MQ.H2O.
Digitonin/Sucrose Buffer
2 μM

Digitonin (Sigma-Aldrich)

300 mM Sucrose (Sigma-Aldrich)
10 mM

HEPES (pH 7.4, Merck-Millipore)

10 mM

Sodium Chloride (NaCl)

3 mM

Magnesium Chloride (MgCl2, Sigma-Aldrich)

1 mM

Dithiothreitol (DTT, Sigma-Aldrich)

0.4 mM

Phenylmethylsulphonyl Fluoride (PMSF, Sigma-Aldrich)

0.1 mM

Sodium Vanadate (NaV, Sigma-Aldrich)

Made up to a total volume of 50 ml with MQ.H2O.
Stored at 4°C.
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DNA Loading Dye
0.2% (w/v)

Bromophenol Blue (Sigma-Aldrich)

0.2% (w/v)

Xylene Cyanol (Sigma-Aldrich)

10 mM

Ethylenediaminetetraacetic acid (EDTA, pH 8.0)

20% (v/v)

Glycerol

Made up to a total volume of 10 ml with MQ.H2O.
Dulbecco’s Modified Eagle’s Medium (DMEM) - Supplemented
10% (v/v)

Fetal Bovine Serum (FBS, Life Technologies)

2 mM

L-Glutamine (Life Technologies)

50 U/ml and 50 μg/ml Penicillin- Streptomycin (Life Technologies)
In 500 ml of DMEM (Life Technologies).
0.5 M EDTA
186.12 g EDTA (Chem-Supply)
pH to 8.0 with 10 M NaOH
Made up to a total volume of 1 L with MQ.H2O.
ELISA Stop Solution
2N Sulphuric Acid (H2SO4, Merck-Millipore)
Made up to a total volume of 100 ml with MQ.H2O.
70% Ethanol (EtOH)
70% (v/v) Absolute EtOH (Chem-Supply)
Made up to a total volume of 1 L with MQ.H2O.
1% Gelatin
1% (w/v) Gelatin (Sigma-Aldrich)
Made up to a total volume of 100 ml with MQ.H2O, then autoclaved.
10 x Glycine Stripping Buffer
250 mM Glycine-HCl (pH 2)
Made up to a total volume of 500 ml with MQ.H2O.
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1 x Glycine Stripping Buffer
50 ml

10 x Glycine Stripping Buffer

450 ml MQ.H2O
1 M HEPES
23.83 g HEPES
pH adjusted to 7.4 with NaOH.
Made up to a total volume of 100 ml with MQ.H2O.
High Salt Soluble Buffer (HSSB)
50 mM

HEPES (pH 7.6)

500 mM

NaCl (Merck-Millipore)

0.5 mM

EDTA (pH 8.0)

0.5% (v/v) Triton X-100 (Merck-Millipore)
Made up to a total volume of 500 ml with MQ.H2O.
IL-6 & TNF ELISA Assay Diluent
10% (v/v) FBS
Made up to a total volume of 50 ml with PBS pH 7.4.
IL-6 ELISA Coating Buffer
85 mM Sodium Hydrogen Carbonate (NaHCO3)
15 mM Sodium Carbonate (Na2CO3)
Made up to a total volume of 100 ml with MQ.H2O.
pH adjusted to 9.5 with Sodium hydroxide (NaOH).
Stored at 4°C.
1 M Isopropyl-β -D-Thiogalactopyranoside (IPTG)
0.1191 g IPTG (Promega)
Dissolved in 5 ml of MQ.H2O.
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Kal B Stock Solution
50 mM

Tris-HCl (pH 7.4, Amresco)

150 mM NaCl
1% (v/v)

Triton X-100

1 mM

EDTA (pH 8.0)

Made up to a total volume of 1 L with MQ.H2O.
Stored at 4°C.
Kal B Lysis Buffer – Supplemented
1

Complete Mini, EDTA-free protease inhibitor cocktail tablet (Roche Diagnostics)

1 mM Sodium Fluoride (NaF, Lancaster)
1 mM NaV
1 mM PMSF
Made up to a total volume of 50 ml with Kal B Solution.
Stored at 4°C.
Kal B Lysis Buffer with Ser/Thr Phosphate Inhibitors - Supplemented
Shaving of Complete Mini, EDTA-free protease inhibitor cocktail tablet
20 μl

50 x Ser/Thr Phosphate Inhibitors

1 mM NaV
1 mM PMSF
Made up to a total volume of 1 ml with Kal B Solution.
Stored at 4˚C.
Laemmli Reducing Sample Buffer
90% (v/v) 5 x SDS-PAGE Buffer
10% (v/v) 2-Mercaptoethanol (BME, Sigma-Aldrich)
Low Salt Soluble buffer (LSSB)
50 mM

HEPES (pH 7.6)

50 mM

NaCl

0.5 mM

EDTA (pH 8.0)

Made up to a total volume of 500 ml with MQ.H2O.
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Luria Bertani (LB) Agar
1% (w/v)

Bacto-Tryptone (BD Biosciences)

0.5% (w/v) Bacto-Yeast Extract (BD Biosciences)
170 mM

NaCl

1.5% (w/v) Agar (Oxiod)
Made up to a total volume of 1 L with MQ.H2O and autoclaved.
LB Ampicillin Plates
100 ml of solidified LB agar were melted and cooled to ~50°C, 100 μg/ml ampicillin was added to
the agar and the solution poured into 10 cm plates. The plates were allowed to dry under Bunsen
burner flame then stored at 4°C.
LB Broth
1% (w/v)

Bacto-Tryptone

0.5% (w/v) Bacto-Yeast Extract
170 mM

NaCl

Made up to a total volume of 1 L with MQ.H2O and autoclaved.
1 M Magnesium Chloride (MgCl2)
20.33 g MgCl2.6H2O (Sigma-Aldrich)
Made up to a total volume of 100 ml with MQ.H2O.
Nuclei Lysis Buffer
20 mM

HEPES (pH 7.8)

420 mM

NaCl

20% (v/v) Glycerol
0.2 mM

EDTA (pH 8.0)

1.5 mM

MgCl2

Made up to a total volume of 100 ml with MQ.H2O.
Store at 4°C.
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10x Phosphate Buffered Saline (PBS)
1400 mM NaCl
30 mM

Potassium Chloride (KCl, Merck-Millipore)

100 mM

Disodium Hydrogen Phosphate (Na2HPO4, Merck-Millipore)

18 mM

Potassium Dihydrogen Phosphate (KH2KPO4, Merck-Millipore)

Made up to a total volume of 5 L with MQ.H2O.
1x Phosphate Buffered Saline (PBS, 7.4)
500 ml 10x PBS
4.5 L

MQ.H2O

pH adjusted to 7.4.
0.5% PBS-Tween (PBST)
1L

1x PBS

0.5% (v/v) Tween 20 (Sigma-Aldrich)
100 nM Phenylmethylsulphonyl Fluoride (PMSF)
174.2 mg PMSF
10 ml

Isopropanol (Merck-Millipore)

Stored at 4°C.
Plasma Membrane Lysis Buffer
10 mM

HEPES pH 7.4

1.5 mM

MgCl2

10 mM

KCl

0.1% (v/v) Nonidet P-40 (Sigma-Aldrich)
Made up to a total volume of 100 ml with MQ.H2O.
Store at 4°C.
1 M Potassium Chloride (KCl)
7.4 g KCl (Sigma-Aldrich)
Made up to a total volume of 100 ml with MQ.H2O.

264

Appendix I – Formulation of Buffers and Solutions
RANTES ELISA Assay Diluent
1% (w/v) BSA
50 ml

PBS

RPMI Media 1640 – Supplemented
10% (v/v)

FCS

2 mM

L-Glutamine

50 U/ml and 50 μg/ml Penicillin- Streptomycin
In 500 ml of RPMI 1640 Medium (Life Technologies).
5 × SDS-PAGE Loading Dye
60mM

1M Tris-HCl

25% (v/v)

Glycerol

2% (w/v)

SDS (Merck-Millipore)

0.1% (w/v) Bromophenol Blue
Made up to a total volume of 100 ml with MQ.H2O.
SDS-PAGE Lower Gel Buffer
1.5 M

Tris-HCl (pH 8.8)

0.4% (w/v) SDS
Made up to a total volume of 1 L with MQ.H2O.
10x SDS-PAGE Running Buffer
250 mM

Tris-HCl (pH 8.3)

1920 mM Glycine
1% (w/v)

SDS

Made up to a total volume of 10 L with MQ.H2O.
1 × SDS-PAGE Running Buffer
100 ml 10x SDS-PAGE Running Buffer
900 ml MQ.H2O
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SDS-PAGE Upper Gel Buffer (pH 6.8)
500 mM

Tris-HCl (pH 6.8)

0.4% (w/v) SDS
Made up to a total volume of 500 ml with MQ.H2O.
50 x Serine/Threonine Phosphate Inhibitors
50 mM

Sodium Pyrophosphate (Sigma-Aldrich)

50 mM

Sodium Molybdate (Merck-Millipore)

500 mM NaF
Make up to a total volume of 500 ml with MQ.H2O .
Stored at 4˚C.
1% Skim Milk Solution
0.5 g

Skim Milk Powder (Diploma)

50 ml 0.5% PBST
Stored at 4°C.
2.5% Skim Milk Solution with Ser/Thr Phosphate Inhibitors
7.5 g

Skim Milk Powder

6 ml

50 x Ser/Thr Phosphate Inhibitors

1 mM

NaV

300 ml

1 x TBST

Stored at 4°C.
5% Skim Milk Solution
2.5 g

Skim Milk Powder

50 ml 0.5% PBST
Stored at 4°C.
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5% Skim Milk Solution with Ser/Thr Phosphate Inhibitors
15 g

Skim Milk Powder

6 ml

50 x Ser/Thr Phosphate Inhibitors

1 mM

NaV

300 ml

1 x TBST

Stored at 4°C.
SOC Medium
2% (w/v)

Bacto-Tryptone

0.5% (w/v)

Bacto-Yeast Extract

0.01 M

NaCl

2.5 mM

KCl

Made up to a total volume of 490 ml with MQ.H2O.
Autoclave, cool and add:
10 mM MgCl2
10 mM Magnesium Sulphate (MgSO4, Merck-Millipore)
10 mM Glucose (Merck-Millipore)
5 M Sodium Chloride (NaCl)
146.1 g NaCl
Made up to a total volume of 500 ml with MQ.H2O
1 M Sodium Fluoride (NaF)
4.2 g NaF
2 ml

MQ.H2O

Stored at -20°C.
10 M Sodium Hydroxide (NaOH)
200 g NaOH (Panreac)
Made up to a total volume of 500 ml with MQ.H2O.
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1 M Sodium Vanadate (NaV)
1.839 g Sodium Othrovanadate (Sigma-Aldrich)
Made up to a total volume of 100 ml with MQ.H2O.
pH adjusted to 10.0 with HCl and boil until colourless then allow to cool to room temperature.
pH adjusted to 10.0 with NaOH and boil until colourless then allow to cool to room temperature.
Store at -80°C.
50x Tris Acetate EDTA Buffer (TAE)
2M

Tris-acetae (pH 8.3)

0.05 M EDTA (pH 8.0)
Made up to a total volume of 10 L with MQ.H2O.
1x TAE
400 ml 50x TAE buffer
1.6 L

MQ.H2O

10x Tris Buffered Saline- Tween (TBST)
100 mM

Tris-HCl (pH 8)

1.5 M

NaCl

0.5% (v/v) Tween 20
Made up to a total volume of 1 L with MQ.H2O.
1x TBST
100 ml

10 x TBST

900 ml

MQ.H2O

TNF-α ELISA Coating Buffer
100 mM NaHCO3
34 mM

Na2CO3

Made up to a total volume of 100 ml with MQ.H2O.
pH adjusted to 9.5.
Stored at 4°C.
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10x Transfer Buffer
15.6 mM Tris-HCl (pH 8.3)
120 mM

Glycine

Made up to a total volume of 1 L with MQ.H2O.
1x Transfer Buffer
80 ml

10 x Transfer Buffer

160 ml MeOH
560 ml MQ.H2O
Cool to 4˚C prior to use.
0.1% Triton X-100
0.1% (v/v) Triton X-100
Made up to a total volume of 100 ml with MQ.H2O.
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Site-directed mutagenesis primers
STAT1 sense S727A
5’-AACCTGCTCCCCATGGCTCCTGAGGAGTTTG-3’

STAT1 anti-sense S727A
5’-CAAACTCCTCAGGAGCCATGGGGAGCAGGTT-3’

STAT3 sense S727A
5’-GACCTGCCGATGGCCCCCCGCACTT-3’

STAT3 anti-sense S727A
5’-AAGTGCGGGGGGCCATCGGCAGGTC-3’

Sequencing primers
STAT1
5’-TGTCTCAGTGGTCGAACTTCAG-3’
5’-CAGGCTCAGTCGGGGAATATTC-3’
5’-AGTGGAAGCGGAGACAGCAGA -3’
5’-CCCCTGACATCATTCGCAATTAC-3’
5’-CGACAGTATGATGAACACAG-3’

STAT3
5’CTGCTAATGACGTTATCCAG-3’
5’-ACAGATTGCCTGCATTGGAGG-3’
5’-CTGCCAGTGTAGTCAGCTG-3’
5’-CCAATTGGAACCTGGGATC-3’
5’-GAAGAGCTGGCTGACTGGAA-3’
5’-CAGATGCCAAATGCTTGGGCA-3’
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Manufacturer

Location

Agfa-Gevaert

Mortsel, Belgium

Agilent Technologies

Mulgrave, VIC, Australia

Amber Scientific

Midvale, WA, Australia

Amresco

Solon, OH, USA

Applied Biosystems

Foster City, CA, USA

BD Biosciences

North Ryde, NSW, Australia

Beckman Coulter

Lane Cove, NSW, Australia

Biolegend

San Diego, CA, USA

Bio-Rad Laboratories

Gladesville, NSW, Australia

Bitplane

Zurich, Switzerland

BMG Labtech

Mornington, VIC, Australia

Chem-Supply

Port Adelaide, SA, Australia

Cole-Parmer

Vernon Hills, IL, USA

Corning

Tewksbury, MA, USA

Dako

Campbellfield, VIC, Australia

EMC Microcollections

Tüvingen, Germany

Enzo Life Sciences

Farmingdale, NY, USA

GE Healthcare Life Sciences

Rydalmere, NSW, Australia

Gene Works

Hindmarsh, SA, Australia

Graphpad Software

La Jollam, CA, USA

Griener Bio-One

Frickenhausen, Germany

Hoefer

Holliston, MA, USA

Invivogen

San Diego, CA, USA

Kimtech Science

Milsons Point, NSW, Australia

Leica Microsystems

North Ryde, NSW, Australia

LI-COR Biosciences

Lincoln, NE, USA

Life Technologies

Mulgrave, VIC, Australia

Menzel-Gläser

Brunswick, Germany

Merck-Millipore

Kilsyth, VIC, Australia

Miltenyi Biotech

Macquarie Park, NSW, Australia

New England Biolabs

Ipswich, MA, USA
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Nikon Instruments

Melville, NY, USA

Optik Labor

Lancing, UK

Panreac

Barcelona, Spain

Parr Instrument Company

Moline, IL, USA

Promega

Alexandria, NSW, Australia

Qiagen

Chadstone, VIC, Australia

R&D Systems

Minneapolis, MN, USA

Roche Diagnostics

Castle Hill, NSW, Australia

Rockland

Gilbertsville, PA, USA

Santa Cruz Biotechnology

Dalla, TX, USA

Sarstedt

Technology Park, SA, Australia

Sigma-Aldrich

Sydney, NSW, Australia

Sony

Clayton, VIC, Australia

SteriHealth

Dandenong South, VIC, Australia

Thermo Scientific

Scoresby, VIC, Australia

TPP

Trasadingen, Switzerland

Vilber Lourmat

Marne-la-Vallée, France
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