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Abstract

Vaccinia virus (VACV) is a dsDNA virus, which replicates in the cytoplasm of
infected host cells. VACYV, similar to other viruses, is detected by host innate immunity
mainly by sensing of viral nucleic acids such as dsRNA, leading to type | interferon (IFN)
and cytokine induction. A major contributor to the ability of VACV to target IFN is the
dsRNA-binding protein E3. Mass spectrometry analysis previously identified DEAH-box
polypeptide 9 (DHX9) as a novel interacting partner of E3. DHX9, an RNA helicase vital in
various aspects of RNA metabolism, had previously been shown to bind to the p65 subunit
of NF-kB to enhance NF-kB-dependent gene expression. Recently, DHX9 was proposed as
a cytoplasmic nucleic acid sensor in dendritic cells of CpG-B DNA and dsRNA, signalling
via MyD88 and MAVS, respectively. The aims of this project were to investigate immune
functions of DHX9 and then to determine whether E3 could antagonise these.

Using DHX9 shRNA-expressing THP-1 cell lines, DHX9 was demonstrated to have
no role in DNA- or RNA-stimulated IFNf mRNA induction or chemokine secretion in
monocytes. DHX9 was found to be required for maximal IFN-stimulated ISG56 mRNA
induction. However, this did not translate to an effect on ISG56 protein expression, possibly
because the mRNA is not limiting for translation. DHX9 was discovered to be required for
TLR- and RNA virus-induced cytokine production in THP-1 cells. Endosomal TLR7/8
signalling was found to be particularily dependent on DHX9, as all CL075-stimulated
cytokines were reduced upon silencing of DHX9 expression. A role for DHX9 in
endosomal TLR signalling is consistent with the fact that it has previously been reported to
interact with MyD88. DHX9 was also found to be critical in 1L-6 production by any stimuli
tested in both THP-1 and BEAS-2B cells. Reporter gene assays showed DHXO to potentiate
activation of the IL-6 promoter.

DHX9 was demonstrated to enhance NF-kB activation in response to any stimuli
tested in HeLa cells, most likely due to its ability to bind p635. Interestingly, DHX9 was also
shown to enhance transactivation of the transcription factors, IRF3 and IRF7. The ability of
DHX9 shown here to transactivate p65 and IRF family members may provide an
explanation as to why DHX9 loss-of-function affected NF-kB- and [RF-dependent
cytokines. It also raises the question of whether DHX9 is a bona fide nucleic acid sensor as
its ability to activate transcription factors may provide an alternative explanation to
previously published data.

Co-immunoprecipitation studies confirmed that E3 interacted with DHX9, and
showed that the interaction was via its RNA-binding domain, and nucleic acid-independent.
Interestingly, THP-1 cells stably expressing VACV E3 were found to have a very similar
cytokine induction profile as DHX9 shRNA-expressing THP-1 cells following stimulation.
In particular, E3-expressing cells displayed reduced expression of IL-6 in response to all
stimuli tested. Notably, E3 was previously reported to inhibit IL-6 production by an
unidentified mechanism, and IL-6 has a role in the clearance of VACV, consistent with the
notion that E3 targets DHX9 as an immune evasion strategy. Further, E3 was capable of
antagonising the ability of DHXO to potentiate NF-kB and IRF7 transactivation. Overall the
results reveal novel roles for DHX9 in cytokine induction and new mechanisms whereby
VACYV E3 contributes to viral immune evasion.
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Chapter 1: Introduction



1.1 The first line of defence

In order to fight pathogens, all organisms require an immune response to mount
a defence against infection. An organism’s immune system can be divided into two; the
innate and the adaptive immune systems. The innate immune system consists of the
primary line of defence against pathogens and is said to be non-specific, in that, it will
attack any invading pathogens [1]. The second line of defence, the adaptive immune
system, requires the innate immune system for its activation and is said to be specific, in
that it has the ability to recognise and remember specific pathogens [2]. Years of
research have provided a much better understanding of the mechanisms involved in the
innate immune response and its integral role in triggering a secondary immune
response, which is vital to the clearance of microbial infection. The innate immune
system is made up of several distinct components which provide the first barriers
against infection. Amongst these are physical barriers such as the bodies’ epithelia, and
the cells (e.g. macrophages and neutrophils) and molecules (e.g. complement system)
available which are capable of controlling or destroying invading pathogens [1]. These
cells express pattern recognition receptors (PRRs) which are key to the initial
recognition of invading pathogens, and the first constituent to the triggering of an
intracellular innate immune response to infection, needed for the activation of the
adaptive immune system [3]. PRRs recognise pathogen associated molecular patterns
(PAMPs) which are molecules that are associated with groups of pathogens but
discernible from host molecules, and are normally essential for pathogen viability [4].
The first described PRR family were the membrane-bound Toll-like receptors (TLRs),
which are key in the recognition of a range of PAMPs and the triggering of an effective
innate immune response to infection [5]. Other PRR families described include the
nucleotide-binding oligomerisation domain (NOD)-like receptors (NLRs) which sense
microbial products in the cytoplasm of cells and have a variety of functions in the
regulation of inflammatory and apoptotic responses [6], and the retinoic-acid-inducible
gene [ (RIG-I)-like receptors (RLRs) which are vital in the detection of various forms of
foreign ribonucleic acid (RNA) [7]. There are also the C-type lectin (CLR) receptors
which are key in anti-fungal immunity, recognising the major carbohydrate structures
found in fungal cell walls, and triggering the induction of anti-fungal effector
mechanisms [8]. Upon activation, the majority of these PRR families share an ability to

trigger the upregulation of a vast array of pro-inflammatory cytokines and type I
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interferon (IFN), i.e. [FNa and IFNp. Pro-inflammatory cytokines (see Section 1.3) are
generally expressed following activation of the transcription factor, nuclear factor-
kappa B (NF-«kB), while IFNs are generally upregulated via activation of interferon
regulatory factor (IRF) transcription factor family members (Section 1.4). There are also
the recently defined family of PRRs involved in deoxyribonucleic acid (DNA) sensing,
termed the absent in melanoma 2 (AIM2)-like receptors (ALRs), which include the
pyrin and HIN domain-containing proteins (PYHINs) IFNy-inducible protein 16
(IF116), AIM2 and p204 [9]. This family have been shown to respond to double-
stranded (ds)DNA of any form or species in the cytosol and trigger an upregulation in
type I IFN [10]. The enzyme cGMP-AMP synthase (cGAS) has also been implicated in
DNA sensing [11].

A number of infectious organisms can be detected and successfully destroyed by
the innate immune system. However, adaptive immunity, which is restricted to
vertebrates, comes into play when the innate defences have been evaded or

overwhelmed by invading pathogens [2].

1.2 Adaptive immunity

While the innate immune response is restricted in its diversity of recognition, the
adaptive immune system is mediated by a highly diverse set of receptors which are
capable of specific antigen recognition. Unlike the innate immune response, which can
be mounted within hours of infection, the adaptive immune response is characterised by
a period of up to a few days clonal expansion before proliferating lymphocytes can
mature into effector cells capable of eliminating the infection. The innate immune
system generally repels a pathogen at the early stage of infection until an effective

adaptive immune response can be mounted [12].

The adaptive immune system is mediated by highly diverse antigen receptors
represented by antibodies and T cell receptors (TCRs), which are clonally expressed on
B and T lymphocytes, respectively [2]. These receptors consist of immunoglobulin
domains which are generated by somatic recombination of variable, diversity and
joining gene segments. This process of somatic recombination provides a vast repertoire

which allows the adaptive immune system to recognise virtually any antigen. Mature T
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cells are activated upon interaction of their TCRs with antigenic peptides complexed
with major histocompatibility complex (MHC) molecules [13]. Cluster of
differentiation (CD)8" T cells engage peptides which are in a complex with MHC class I
molecules while CD4" T cells engage peptides bearing MHC class I molecules. MHC
class I molecules are constitutively expressed on all nucleated cells and MHC class I-
restricted peptides are generally endogenous antigens or antigens from viruses or other
pathogens which replicate intracellularly. Unlike MHC class [, MHC class Il molecules
are present only on antigen presenting cells, such as dendritic cells (DCs), and are
inducible by innate immune stimuli [13]. Antigen presenting cells sample the
environment for antigens and danger molecules and upon binding of antigen and
activation, these cells undergo an upregulation of MHC class Il molecules and migrate
from skin and mucosal sites to regional lymph nodes where they interact with T
lymphocytes to initiate an immune response. T lymphocytes get further stimulated by
DC-secreted cytokines which direct the transition of the naive T cell into the appropriate
effector cell depending on the pathogen encountered. Upon activation, CD4" T
lymphocytes mature into helper T cells (T, cells). There are six main CD4" Ty cell
subsets defined: Tj,1, T2, Ty17, Ty9, follicular and regulatory T cells [14]. Each of these
subsets regulate other immune cells through the secretion of selected cytokines. CD8" T
cells on the other hand, mature into what are referred to as CD8" cytotoxic T cells upon
activation [15]. Cytotoxic T cells are capable of inducing apoptotic cell death of an
infected cell through the release of cytotoxins which include perforin, granzymes and
granulysin. Perforin inserts itself into a target infected cell membrane, forming a pore,
which allows entry of granzymes which can induce caspase-dependent apoptosis of the
target cell. In contrast to T lymphocytes which are involved in a cell-mediated response
to infection, B lymphocytes function “at a distance” by the secretion of highly specific
antibodies into the blood upon activation, which bind and initiate elimination of
extracellular pathogens and toxins [16]. This response is often referred to as humoral
immunity. After antigen binding of the B cell receptor (BCR), naive B cells develop
into plasma cells which are capable of secreting large amounts of antigen-specific
antibodies. Upon recognition of an antigen, both T and B lymphocytes undergo a
process known as clonal selection in which antigen-specific effector cells proliferate in

order to eliminate the pathogen during infection. Upon clearance of infection, some of



these cells are long-lived and establish an immune memory that facilitates a faster and

more vigorous response upon a second encounter with the same pathogen [17].

Although defined as being two separate arms of the immune response, there is
an important functional link between the innate and adaptive immune responses, with
cross-talk between the systems being bidirectional [18]. For instance, TLR stimulation
can upregulate cytokines capable of inducing dendritic cell maturation, expression of
co-stimulatory molecules and T cell differentiation. Also, IFNy secreted by Tyl cells
activates macrophages and interleukin (IL)-4 and IL-6 produced by Ty2 cells can

stimulate some macrophage and dendritic cell subsets [18].

1.3 NF-kB — a key transcription factor in pro-inflammatory cytokine
induction

1.3.1 NF-kB activation

There are five NF-kB family members in mammals; p65 (RelA), RelB, c-Rel,
p50/p105S (NF-xB1), and p52/p100 (NF-kB2) [19]. They are characterised by an N-
terminal Rel homology domain (RHD). Binding to 9—10 base pair DNA sites (kB sites)
as either homodimers or heterodimers, they are capable of exerting both positive and
negative effects on target gene transcription. p65, RelB and c-Rel initiate transcription
through their C-terminal transactivation domains (TADs). Lacking TADs, p50 and p52
are generally not activators of transcription. They require dimerisation with other NF-
kB subunits or non-Rel proteins that have transactivation ability, in order to positively
regulate transcription. p50 and p52 homodimers can negatively regulate transcription by
competing with other TAD-containing dimers for kB binding [19]. In non-stimulated
cells, the NF-kB proteins are localised to the cytoplasm in an inactive form through the
interaction with inhibitor of kappa B (IkB) family members. The IkB family consists of
eight bona fide members; IkBa, IkBf, IkBe, IkB{, BCL-3, IkBNS, p100 (the precursor
of p52), and p105 (the precursor of p50), which are typified by the presence of multiple
ankyrin repeat domains [20]. The prototypical and most extensively studied member is
IkBa, whose primary target is a pS0/p65 heterodimer. IkB members mask the nuclear
localisation sequence (NLS) of NF-kB family members, thereby inhibiting their

translocation to the nucleus. NF-«kB is released following phosphorylation of conserved
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residues on IxB, which leads to its K48-linked polyubiquitination and targeting to the
proteasome for degradation. NF-«B is then free to translocate to the nucleus and initiate

transcription of kB-dependent genes.

The NF-xB signalling pathways have been broadly classified into two types;
canonical (or classical) and non-canonical (Figure 1.1). A common upstream regulatory
step of both pathways is the activation of the IkB kinase (IKK) complex [21]. Classical
NF-xB signalling occurs upon ligand binding to cytokine receptors such as tumor
necrosis factor (TNF) receptor (TNFR) and IL-1 receptor (IL-1R), PRRs and antigen
receptors, and involves the triggering of signalling events which culminates in the
activation of an IKK complex consisting of the catalytic subunits IKKa, IKKf and the
scaffold protein, NF-kB essential modulator (NEMO) [19]. IKKf3 then phosphorylates
IxB, allowing release of NF-kB. Classical NF-kB signalling is mostly mediated by the
pS0 and p65 subunits of NF-kB. On the other hand, non-canonical NF-kB signalling is
induced by specific members of the TNF family, which include CD40 ligand, B-cell
activating factor (BAFF) and lymphotoxin-$ [22]. The non-canonical pathway, which
does not require NEMO, mainly depends on IKKa and an upstream kinase, NF-kB-
inducing kinase (NIK). Receptor activation leads to NIK activation, which
phosphorylates an IKK complex consisting of two IKKa subunits. The IKKa complex
then phosphorylates p100, leading to its partial proteolysis, and resulting formation of
RelB/p52 complexes which translocate to the nucleus. Although NF-kB has a vast array
of target genes, it is best known for its involvement in pro-inflammatory cytokine

induction.
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Figure 1.1 IRF3/7 and NF-kB activation

IRF3 and IRF7 are phosphorylated by the TBK1/IKKe complex, consisting of the TBK1 and IKKeg
kinases, alongside the adaptor proteins; NAP1, TANK, SINTBAD and DDX3. Upon phosphorylation,
IRF homodimers translocate to the nucleus to upregulate IRF-dependent genes. IRF7 is mainly involved
in [FNa production. IRF3, together with NF-kB, AP-1, and the coactivators CBP and p300, bind to the
IFNP promoter, resulting in its transcription. The canonical NF-kB pathway signals via an IKK complex
consisting of the IKKa and IKKf kinases and the scaffold protein NEMO. This pathway is mediated by
the phosphorylation of the inhibitory IxB protein by IKKJ, resulting in its degradation and the release of
p50/p65 heterodimer to translocate to the nucleus. In the non-canonical pathway, receptor-activated NIK
phosphorylates an IKK complex consisting of two IKKa subunits. This IKKa complex then
phosphorylates pl100, resulting in its partial proteolysis and production of p52. p52 then forms a
heterodimer with RelB and enters the nucleus. As well as being required for effective activation of the
IFN promoter, NF-xB is also important in the expression of numerous pro-inflammatory cytokines, such
as TNFa, IL-1 and IL-6.



1.3.2 Pro-inflammatory cytokines

Cytokines and chemokines are a heterogenous group of secreted proteins with
growth, differentiation, and activation functions that regulate and determine the nature
of immune responses [23]. They mediate their actions through both autocrine and
paracrine cell signalling. Although a simplistic means of classification, cytokines are
often divided into pro- and anti-inflammatory cytokines [24]. A pro-inflammatory
cytokine is a cytokine which promotes systemic inflammation [25]. Examples include
IL-1, TNFa and IL-8. When administered to humans, IL-1 and TNFa can produce fever,
inflammation, tissue destruction, and, in some cases, shock and death [26]. Blocking of
IL-1 or TNFa have proved successful in the treatment of numerous inflammatory
diseases such as rheumatoid arthritis and inflammatory bowel disease [27]. IL-8 is a
chemoattractant cytokine, produced by a range of cell types, which attracts and activates
neutrophils in inflammatory regions [28]. Anti-inflammatory cytokines are proteins
which are capable of suppressing the action of pro-inflammatory cytokines [24].
Examples include IL-10, IL-4 and transforming growth factor (TGF)B, which are
capable of suppressing the production of IL-1, TNFa and vascular adhesion molecules.
There is a fine balance between the expression of pro- and anti-inflammatory cytokines.
A dysregulation in pro- and/or anti-inflammatory cytokines can be seen at the heart of
numerous autoimmune diseases, indicating the importance in their balance [29]. There
are a number of cytokines which display both anti- and pro-inflammatory function and
hence the classification system of anti- and pro-inflammatory cytokines is ambiguous.
For example, although IL-4, IL-10 and IL-13 are potent activators of B lymphocytes,
they are still referred to as anti-inflammatory cytokines due to their ability to suppress
genes for pro-inflammatory cytokines such as IL-1 and TNF [25]. Likewise, although
IL-6 is generally referred to as a pro-inflammatory cytokine, it also exhibits anti-
inflammatory function [30]. As only pro-inflammatory cytokine induction was
investigated in this project, the role of anti-inflammatory cytokines will not be further
discussed. The cytokines TNFa, IL-1 and IL-6 are elevated in most, if not all,

inflammatory states, and hence will be discussed further.

1.3.2.1 IL-1 signalling

IL-1 signalling occurs via the cell surface, membrane-bound, IL-1R (Figure 1.2).

The IL-1R complex includes the type I IL-1R (IL-1RI) and the IL-1R accessory protein
8



(IL-1RAcP) [31]. IL-IRI contains a C-terminal cytoplasmic Toll/IL-1R (TIR) domain
which facilitates recruitment of the TIR-domain containing adaptor, myeloid
differentiation primary response gene 88 (MyD88). Upon the binding of IL-1 to IL-1RI,
there is a rapid recruitment of IL-1RAcP, MyD88 and IL-1R-associated kinase (IRAK)
family members [32]. IRAK proteins are kinases capable of the phosphorylation of
downstream signalling components and the assembly of a platform for further signalling
events [33]. Following phosphorylation, IRAK members associate with TNFR-
associated factor (TRAF)6 and promote its polyubiqutination. Recuitment of TGFp-
activated kinase 1 (TAKI)-binding protein (TAB)2/3 and TAKI results in the
phosphorylation of IkB by the IKK complex, freeing NF-kB, and allowing its
translocation to the nucleus, where it upregulates a vast array of NF-kB-dependent
genes. IL-1 signalling also results in the activation of the mitogen activated protein
kinases (MAPKs) p38 and c-Jun N-terminal kinase (JNK), via coupling of TAKI to
their upstream kinases [34]. Ultimately, IL-1-induced NF-kB and MAPK activation
results in the upregulation of a vast array of pro-inflammatory cytokines [32]. These
signalling events are further described in Section 1.5, where TLR signalling via MyD88

occurs via a similar signalling cascade.

1.3.2.2 TNF signalling
TNF can be recognised by two types of receptors: TNFR1 or TNFR2 [35].

While TNFR1 is expressed on almost all cell types and is the major signalling receptor
for TNFa (Figure 1.2), TNFR2, which binds both TNFa and TNF, is mostly expressed
on immune cells and mediates limited biological responses. TNFRI contains a
cytoplasmic death domain, while TNFR2 has a cytoplasmic TRAF-interacting motif.
Both receptors can activate similar IKK and MAPK pathways which result in the
activation of transcription factors such as NF-kB and c-Jun and the expression of
numerous cytokines and chemokines. However, the pro-inflammatory effects of TNF
are thought to be predominantly TNFR1-mediated [36]. Upon TNF binding, TNFR1
receptor trimerization occurs and the receptor interacts with TNFR1-associated death
domain (TRADD) via its death domain [37]. Subsequent recruitment of receptor
interacting protein 1 (RIP1) and TRAF2 leads to the phosphorylation of the IKK
complex and translocation of NF-kB to the nucleus. TRAF2 and RIP1 can interact with

upstream kinases of JNK and p38, respectively, leading to activator protein 1 (AP-1),
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cAMP-response element binding protein (CREB) and CCAAT-enhancer-binding
protein B (C/EBPP) transcription factor activation. Also, TNFR1 can transmit apoptotic
signals through the recruitment of fas-associated death domain protein (FADD) and
subsequent caspase-8 cleavage [36]. Similar to IL-1 signalling, the resulting activation
in NF-kB and MAPK family members results in a potent induction of pro-inflammatory
cytokines. IL-6 is one such cytokine, being strongly NF-kB-dependent [38], that is
potently upregulated following both TNFa and IL-1 signalling.

10
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Figure 1.2 IL-1 and TNF signalling

Upon binding of IL-1 to the IL-1 receptor (IL-1R), there is a rapid recruitment of IL-1R accessory protein
(IL-1RACcP), which associates with MyD88 via its TIR domain. IRAK family members are next recruited
and assemble with TRAF6, which triggers a cascade of events that results in the autophosphorylation of
TAKI1. TAKI1 activates the IKK complex which phosphorylates IkB, freeing NF-kB and allowing its
translocation to the nucleus where it upregulates numerous pro-inflammatory cytokines. As well as
activating the IKK complex, TAKI1 is also capable of directing MKK4/7-dependent phosphorylation of
JNK, ultimately resulting in activation of the AP-1 transcription factor. TAK1 can also signal via MKK3
to cause p38 phosphorylation, subsequently activating the CREB and C/EBPf transcription factors. All of
these transcription factors culminate in the upregulation of numerous pro-inflammatory cytokines. Upon
binding of TNF, TNFRI receptor trimerisation occurs and the IKK complex is activated via a TRADD-
TRAF2-TAK1 pathway. The TNF receptor can also recruit RIP1. TRAF2 and RIP1 can interact with
upstream kinases of JNK and p38, respectively, leading to AP-1, CREB and C/EBPJ transcription factor
activation. The TNF receptor can also trigger apoptosis via the recruitment of TRADD and cleavage of
caspase-8.
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1.3.2.3 IL-6 function and signalling

IL-6 belongs to the IL-6 family of cytokines which includes, IL-11, leukemia
inhibitory factor (LIF), oncostatin M (OSM), ciliary neurotrophic factor (CNTF),
cardiotropin-1 (CT-1), novel neurotrophin-1 (NNT-1)/B cell-stimulating factor 3 (BSF-
3), neuropoietin (NPN), 1L-27, and IL-31 [30, 39]. Following infection or trauma, the
production of PAMPs or danger associated molecular patterns (DAMPs), respectively,
stimulates TLR signalling, which causes the production of IL-6 by monocytes and
macrophages [40]. Signalling via cytokines such as TNFa and IL-1 also leads to the
production of IL-6. As well as playing a role in immunity, IL-6 is also involved in bone
metabolism and the endocrine, nervous and hematopoietic systems [41-43]. IL-6 is
involved in the regulation of Ty,1 and T2 cells, and acts on B lymphocytes to promote
immunoglobulin production [44]. Amongst other functions, IL-6 also has the ability to
stimulate B and T cell differentiation, activate macrophages and natural killer (NK)
cells, and stimulate hepatocytes to produce acute phase proteins [45-48]. IL-6 is critical
in the transition from innate to acquired immunity, being required for both the initial
infiltration of neutrophils to the site of infection, and the subsequent recruitment of
monocytes [49]. As well as exhibiting pro-inflammatory function, IL-6 also has a range
of regenerative or anti-inflammatory functions [30]. For instance, IL-6 has been found

to play a role in liver and peripheral nerve regeneration [S0, 51].

IL-6 signals via the IL-6 receptor and the associated membrane glycoprotein,
gpl130 (Figure 1.3) [52]. The majority of the IL-6 family require the signal transducer
protein gpl30 for signalling transduction [39]. Upon IL-6 binding to the membrane-
bound a IL-6 receptor (mbIL-6Ra), gpl30 associates with the complex, creating a
gpl130-homodimer formation, and initiating signalling. The activated 1L-6 receptor
complex is formed as a hexameric structure comprising of two molecules each of 1L-6,
IL-6Ra and gp130 [53]. Gp130 is essential for signal transduction, binding the IL-6/IL-
6Ra complex at numerous sites [52]. Although it lacks kinase activity, gp130 is non-
covalently associated with Janus kinases (JAKs - JAKI, JAK2 and tyrosine kinase 2
(TYK2)), which become autophosphorylated upon receptor engagement and
phosphorylate gp130. Upon its phosphorylation, gp130 mediates the internalisation of
the receptor complex and further signalling events [54]. Phosphorylated tyrosine

residues on the JAKs and receptor serve as docking sites for SH2-domain containing
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proteins. These include signal transducers and activators of transcription (STAT)3 and
SH2-domain containing protein tyrosine phosphatase (SHP)2 [52]. Following its
phosphorylation, STAT3 translocates to the nucleus and upregulates 1L-6 responsive
genes. SH2-domain-containing proteins link the receptor to MAPK, phosphoinositide 3
kinase (PI3K)/thymoma viral proto-oncogene 1 (AKT) and other cellular pathways [52].
These include, the SHP2 and Shc proteins, which can recruit the growth-factor-receptor-
bound protein 2 (GRB2) adaptor and stimulate the Ras cascade [55], giving rise to
extracellular signal-regulated kinase (ERK) phosphorylation [56]. STAT3-dependent
upregulation of suppressor of cytokine signalling (SOCS)3 also indirectly promotes Ras
signalling by binding to, and reducing the activity, of RasGAP, a negative regulator of
Ras signalling [57]. Also, the recruitment and JAK phosphorylation of insulin receptor
substrate (IRS) and PI3K, results in the activation of the PI3K/AKT pathway [58]. AKT
can phosphorylate the IKK complex, resulting in NF-kB translocation to the nucleus
[59, 60]. Mammalian target of rapamycin (mTOR) has also been shown to be required
for maximal STAT3 activation [61]. Phosphorylated ERK family members can proceed
to activate numerous transcription factors (e.g. C/EBP, AP-1) which, alongside NF-xB
and STAT3, come together to regulate a variety of complex promoters and enhancers
that respond to IL-6, resulting in upregulation of numerous transcription factors, acute

phase proteins and SOCS proteins (Figure 1.3) [52].

In addition to the mbIL-6Ra, a soluble form of the receptor has also been
described (sIL-6Ra) [62]. In contrast to soluble receptors of IL-1a and TNFa, which act
as antagonists, inhibiting the biological activity of their ligands [63, 64], sIL-6Ra
amplifies IL-6-mediated signalling [65]. Although gpl130 is ubiquitously expressed,
mblL-6Ra is only expressed on a few cell types, including macrophages, neutrophils,
and some types of T lymphocytes and hepatocytes [62]. Expression of sIL-6Ra allows
for a much broader range of signalling by IL-6. The sIL-6Ra binds to IL-6 with a
similar affinity as mbIL-6Ra. Activation of cells that only express gp130 via the IL-
6/sIL-6Ra complex is referred to as trans-signalling, while activation via the IL-
6/mbIL-6Ra complex is called classic-signalling [65]. Activation of gp130 by trans-
signalling has been demonstrated to be key in the trafficking of lymphocytes to sites of
inflammation by controlling chemokine expression [66]. Amongst numerous other
functions, trans-signalling has also been shown to promote T cell proliferation during
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colon cancer development and is involved in regulating adhesion molecule expression
on endothelial cells [67, 68]. There are two major mechanisms for the production of
sIL-6Ra. sIL-6Ra can be produced from an alternative spliced IL-6Ra messenger RNA
(mRNA) which lacks the transmembrane and cytosolic domains, or mbIL-6Ra can be
proteolytically cleaved by metalloproteases of the a disintegrin and metalloprotease
(ADAM) family [65]. ADAM proteins are type | transmembrane proteins which are
involved in the shedding of numerous membrane-bound cytokine receptors, including
IL-1Ra and TNFR1/2 [69]. mbIL-6Ra has been described as a substrate for the ADAM
family members ADAMI10 and ADAMI17 [70]. ADAMIO is thought to cause slow
constitutive shedding of the receptor, while ADAMI7 can cause rapid IL-6Ra
proteolysis upon appropriate activation. Amongst others, ADAM17 can be activated by
pro-inflammatory cytokines such as IL-1 and TNFa, bacterial toxins, or phorbol ester
phorbol-12-myristate-13-acetate (PMA), a known activator of protein kinase C (PKC)
[71]. IL-6 trans-signalling has been shown to mediate pro-inflammatory responses while
classic signalling mediates regenerative anti-inflammatory responses [30]. Using
models of inflammation, autoimmune disease, and inflammation-associated cancer in
vivo, blocking of IL-6 trans-signalling was found to cease their inflammatory progress
[65]. A protective effect of IL-6 was reported in IL-6 knockout mice where the
regenerative abilities of IL-6 were needed for intestinal wound healing to Citrobacter
rodentium infection [72]. This activity was concluded to be most likely mbIL-1Ra-

dependent.

As IL-6 is a highly pleiotropic cytokine, its signalling is highly regulated to
prevent overstimulation. Phosphorylation is a key event in IL-6 signal transduction and
there are numerous protein tyrosine phosphatases (PTPs) that are capable of
dephosphorylating [L-6 signalling components, thus negatively regulating IL-6
transduction [73]. SHP2 was the first phosphatase identified as playing a role in the
regulation of IL-6 sigaling [74]. Containing two N-terminal SH2 domains and a C-
terminal catalytic phosphatase domain, all tyrosine-phosphorylated signalling
components are potential substrates of SHP2. Its enzyme activity is inhibited in the
absence of tyrosine-phosphorylated binding partners by the covering of its active site by
its SH2 domain. Binding of its SH2 domains to phosphotyrosine motifs of receptors or
adaptors unfolds the protein, enabling enzyme activity. Several other phosphatases,
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including PTPeC, PTP1B, CD45 and SHP1 have also been reported to regulate JAK-
STAT signalling [75]. The SOCS proteins are another family of proteins that regulate
JAK-STAT signalling [76]. Upregulated following STAT3 translocation to the nucleus,
SOCS1 and SOCS3 can bind to tyrosine phosphorylated-JAK and -gp130, respectively,
to attenuate the IL-6 signalling cascade in a negative feedback loop [77, 78]. In addition
to its signalling being regulated, a tight control of IL-6 mRNA synthesis is also evident
based on the number of transcription factors which have been found to bind the IL-6
promoter and initiate IL-6 mRNA production [52]. Furthermore, generally not
constitutively expressed in resting nontransformed cells, IL-6 upregulation is dependent
on transcription factor activation following stimulation. Several groups have
demonstrated that transcription of the IL-6 gene promoter requires, amongst others,
binding of NF-kB [38], C/EBPJ (NFIL-6) [79], AP-1, CREB [80], IRF1, specificity
protein-1 (Sp-1) [81], friend leukemia integration 1 (FLII) and Kruppel-like factor 4

(KLF4) transcription factors in response to various stimuli [82, 83].
Similar to 1L-6 signalling, type [ IFNs signal via JAK-STAT proteins. Critical in

innate immunity, type 1 IFNs are upregulated following phosphorylation and subsequent

nuclear translocation of members of the IRF family of transcription factors.
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Figure 1.3 IL-6 signalling

After binding of IL-6 to the IL-6 receptor (IL-6R), the IL-6/IL-6R complex associates with gp130,
inducing its homodimerisation, and triggering activation of JAKs. JAKs subsequently phosphorylate
gp130. Phosphorylated gp130 then recruits STAT3, triggering its phosphorylation and translocation to the
nucleus. Phosphorylated gpl130 can also associate with SHP2 which can trigger a Ras-Raf-MEK
signalling cascade, resulting in ERK MAPK phosphorylation. STAT3-dependent upregulation of SOCS3
also indirectly promotes Ras signalling by binding to, and reducing the activity, of RasGAP, a negative
regulator of Ras signalling. JAKs are capable of phosphorylating PI3K, which recruits AKT. AKT is
capable of phosphorylating the IKK complex, which then triggers IkB degradation and NF-kB
translocation to the nucleus. mTOR has been shown to be required for maximal activation of STAT3. NF-
kB, STAT3 and ERK-activated transcription factors, culminate in the nucleus to activate a range of
complex promoters, giving rise to the production of numerous cytokines, acute phase proteins and SOCS.
SOCS proteins negatively regulate upstream IL-6-induced signalling events. Classic IL-6 signalling refers
to the binding of IL-6 to membrane-bound IL-6 receptor, its association with gp130 and initiation of
signalling events. IL-6 trans-signalling refers to the binding of soluble IL-6 receptor to IL-6, its
movement to membrane-bound gp130 and subsequent signalling events. Soluble IL-6 can be created by
the proteolytic cleavage of membrane-bound IL-6R by the metalloproteases ADAM10 and ADAM17.

16



1.4 IRFs and the IFN signalling arm of innate immunity

1.4.1 IRF activation and signalling

The IRF family consists of nine members, IRF1-9. Each IRF member contains a
highly conserved N-terminal DNA binding domain which forms a helix-turn-helix that
recognises a DNA consensus sequence known as IFN-sensitive response element
(ISRE) within the promoters of genes [84]. With the exception of IRF1 and IRF2, each
of the IRFs have a C-terminal IRF association domain that facilitates homo- and
heteromeric interactions with other family members or other transcription factors such
as PU.1 and STATs. IRFs have diverse roles in the body. As well as playing a critical
role in immunity, IRFs have also been found to play a role in the development of
numerous immune cells and to take part in control of cell growth, cell survival and
oncogenesis [85]. Following PRR stimulation, IRFs can cause upregulation in IFN, pro-

inflammatory cytokines and other genes.

The IRF family are best known for their involvement in type I IFN production.
Although IRF3 and IRF7 are primarily involved in the production of type I IFN
following PRR activation, IRF1, IRF5 and IRF8 have also been found to contribute
[86]. IRF3 is constitutively expressed in most cell types. In constrast, IRF7 is expressed
at very low levels in most cells, with the exception of plasmacytoid DCs (pDCs), but is
strongly induced following type I IFN stimulation. Following upstream signalling
events, the TRAF family member-associated NF-xB activator (TANK)-binding kinase 1
(TBK1)/IKKe complex is known to phosphorylate the C-terminal region of IRFs
(Figure 1.1) [85]. This results in their homodimerisation and translocation to the
nucleus. Alongside other transcription factors including CREB-binding protein (CBP),
p300, NF-kB and AP-1, they form an enhanceosome that induces the transcription of
type I IFNs. The TBK1/IKKe complex consists of the serine threonine kinases TBK1
and IKKe and a number of adaptor molecules; TANK, NF-kB-activating kinase-
associated protein 1 (NAP1), similar to NAP1 TBK1 adaptor (SINTBAD) and DEAD-
box protein 3 (DDX3) [87]. In vivo studies using TBKI1 and IKKe knockout mice
suggest that TBK1 has the most predominant role in type I IFN induction with IKKe
being redundant in many cases [88, 89]. The functional relationship of the adaptor

proteins to TBK1 and IKKe remains poorly defined.
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IRF3 is known to be required for effective TLR3, TLR4 and many of the known
cytosolic PRR responses, while TLR7 and TLR9Y signalling in pDCs are more IRF7-
and IRFS-dependent [85]. Both IRF7 and IRFS have been reported to directly interact
with MyD88 and TRAF6 and to have a role in effective TLRY signalling [90, 91].
While IRF7 was found to be required for type I IFN production, IRFS was needed for
pro-inflammatory cytokine induction. Additionally, IRF4 has also been reported to
interact with MyD88. It acts as a negative regulator of TLR signalling by competing
with and inhibiting the sustained binding of IRFS to MyD88 [92]. IRF8 has also been
attributed a role in the TLR9-MyDS88 signalling cascade. The use of IRF8-/- cells
showed an impairment in NF-kB and MAPK activation in response to TLR9 stimulation
[93]. Although not capable of binding MyD88, IRF8 was found to directly interact with
TRAF6. Finally, forming part of the ISG factor 3 (ISGF3) complex required for IFN
signalling, IRF9 has been shown to be required for induction of IRF7 expression

following IFN signalling [86].

1.4.2 The Interferon system

The induction of IFN upon PRR activation, and its subsequent signalling via
IFN receptors leading to the expression of a vast array of [FN-stimulated genes (ISGs),
is crucial in an effective immune response. [FNs were first described in the 1950°s as
secreted soluble factors which were capable of interfering with viral infection [94]. Host
defence against viral invasion involves the initiation of antiviral innate immune
responses which ultimately culminate in the induction of expression of the type I IFNs
and numerous pro-inflammatory cytokines [95]. The central importance of type I [FNs
in antiviral responses has been well characterised and validated in vivo, with mice
deficient in type I IFN receptor [96], or humans with genetic defects in IFN signalling
components [97, 98], having increased susceptibility to viral infection. In addition to
influencing innate immune responses, type I [IFNs are capable of directing the adaptive
immune response by priming cytotoxic T cells and Ty, cells, thereby resulting in the
induction of antigen-specific responses. Roles in modulating apoptosis, the cell cycle,
and numerous other physiological processes have also been reported [99]. Based on
their receptor usage, IFNs have been classified into three classes, type I, I and I11 [100].
The type 1 IFN family consists of 16 members; 12 IFNa subtypes, IFNp,

IFNg, IFNk and IFNw, the type Il family has only one member; IFNy, and the type III
18



family is the IFNA family which includes IFNA1, IFNA2, IFNA3 and IFNA4. Each class
of IFNs signal via different receptors, each of which is composed of two subunits. Type
I IFNs signal via the IFNa/p receptor (IFNAR — composed of IFNAR1 and IFNAR2
subunits), type Il IFNs signal via the IFNy receptor (IFNGR — composed of IFNGRI
and IFNGR2 subunits) and type III IFNs signal via the IFNA receptor (IFNLR -
composed of IFNLR1 and IL-10Rf subunits).

With IFNAR being broadly expressed, almost all cell types can respond to type |
IFN. Although the signalling pathways to type I IFN induction vary between cell type
and stimulus, they all ultimately lead to the activation of IRF3 or IRF7, their
translocation to the nucleus and transcription of IFNa and IFNf [101]. The expression
of IFNy is more restricted, with IFNy being primarily expressed by activated T cells and
NK cells. IFNy signalling is essential for the activation of macrophages to effectively
respond to intracellular microorganisms, and it also promotes the development of CD4"
T cells and cytotoxic CD8" T cells [102]. Although structurally very different from type
[ and type Il IFNs, the most recently classified type Il IFNs are also antiviral and
capable of inducing the production of ISGs [103]. The IFNLR receptor is primarily
expressed on epithelial cells and hence only type I and type Il IFN signalling will be

discussed further here.

Following secretion, IFNs bind to their cognate receptor and trigger a signalling
cascade which ultimately results in the induction of hundreds of ISGs, a number of
which enhance the resistance of cells towards potential viral infection. IFN signalling
mainly occurs via JAK-STAT signalling (Figure 1.4). Each of the receptor subunits
interacts with a member of the JAK family. For type I IFN receptor signalling, IFNARI
associates with TYK2 and IFNAR2 with JAKI. For type II IFN (IFNy) receptor
signalling, IFNGR1 and IFNGR2 interact with JAK1 and JAK2, respectively [104].
Upon IFN binding to the corresponding receptor, the receptor dimerises, triggering
autophosphorylation and activation of the JAKs. These JAKs subsequently
phosphorylate STAT proteins which proceed to form hetero- or homodimers that
translocate to the nucleus and bind to either ISRE or [FNy-activated sites (GAS) within
the promoters of ISGs, initiating their transcription [104]. The main transcription factor

complex formed upon type I IFN receptor activation, ISGF3, consists of STATI,
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STAT2 and IRF9, and is known to specifically bind to ISRE elements. All other STAT
homo- and heterodimers interact with GAS elements. The IFNGR mainly activates
STATI homodimers which target GAS elements [104]. Although initially thought to
only signal via STATI homodimers, further studies have reported that IFNy may also

recruit the ISGF3 complex [105].

As well as JAK-STAT signalling, other signalling cascades have been shown to
be important in an effective IFN response, including MAPK and PI3K cascades [104].
Independent of STAT activation or the assembly of the ISGF3 complex, the p38 MAPK
cascade was found to regulate [FNAR-mediated ISG expression. The IFNAR activates
p38 via the MAPK kinases (MKK)3/6 [106]. The role of p38 in IFNGR signalling is
more controversial but the receptor was reported to interact with MyD88 to mediate
TNFa and /P10 mRNA stability via a MyD88-mixed lineage kinase 3 (MLK3)-p38
‘signalosome’ [107]. There is also evidence to support a role for ERK MAPKs in
effective signalling following both type I and type Il IFN receptor activation. ERK2 has
been demonstrated to be required for effective ISG expression following type I IFN
stimulation [108], while ERK1 and ERK2 have been demonstrated to play a role in the
activation of both C/EBPB- and AP-1-dependent gene transcription in response to
IFNy [109]. Although less extensively studied, there also appears to be a role for JNK
MAPKSs in effective IFN signalling, as both type I and type Il IFN stimulation of cells
were found to cause an increase in the phosphorylation of JNK [110, 111]. Type I IFNs
have been shown to activate JNK for the induction of apoptosis in lymphoma cells
[112], while the activation of JNK after type Il IFN stimulation was reported to
upregulate numerous genes required for antigen presentation such as MHC class II
transactivator (CIITA), and genes encoding MHC class I molecules [111]. PI3K has
also been shown to have an important role in STAT-mediated responses. Upon IFN
treatment, PI3K phosphorylates PKC-8, which in turn phosphorylates STATI,
enhancing its transcriptional activity [113]. PI3K activation is also known to activate
AKT, which regulates apoptosis [114]. PI3K-AKT activation following IFN stimulation
also regulates the activation of mTOR, which mediates the initiation of translation of
numerous ISGs [104]. Furthermore, NF-kB activation has also been reported in

response to type I IFNs via both a PI3K-AKT-dependent pathway leading to classical
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pS0/p65 activation, and a TRAF2/NIK-dependent pathway leading to alternative
p52/p65 activation [115].

Effective IFN signalling and ISG induction is vital in the effective clearance of
viral infection. Numerous ISGs can directly counteract viral infection [116]. For
example, translation of viral mRNA and viral replication can be antagonised by the
upregulation of dsRNA-activated serine/threonine protein kinase R (PKR) following
IFN signalling [117], and viral RNA can be degraded by the increase in expression of
2’5’-oligoadenylate synthetase (OAS) and ribonuclease (RNase) L [118]. Additionally,
IFNs induce the production of hundreds of other ISGs that have roles in combating viral
infection and limiting its spread [119]. The IFN-induced protein with tetratricopeptide
repeats (IFIT) family are another example of ISGs which are involved in numerous
processes in the response to viral infection. Humans have four IFIT family members;
IFIT1 (also known as ISG56), IFIT2 (ISG54), IFIT3 (ISG60) and IFITS (ISGS8) [120].
All members of the IFIT family of ISGs have been shown to be capable of antiviral
activity. For example, ISG56 and ISG54 are capable of suppressing viral translation
during protein synthesis through their direct association with the translational factor
elF3 [121]. Interestingly, further evidence of the importance of the IFIT family
members in antiviral immunity came with the discovery that ISG56 can directly
recognise RNA that carries a triphosphate group on its 5’ terminus (5’ppp RNA), a
pattern that discriminates pathogenic from self RNA [122]. ISG56 was found to
recognise 5’ppp RNA, form a complex with ISG54 and ISG60, and exert antiviral
activity most likely by sequestering viral RNA. Although it was not found to interact
with the other IFIT family members, ISG58 was also found to associate with 5’ppp
RNA [122]. As well as pro-inflammatory cytokine induction, activation of numerous

PRRs can lead to IFN induction, for example, TLRs.
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Figure 1.4 Type I and type II IFN signalling

Type I IFNs signal through the IFNAR receptor, consisting of IFNAR1 and IFNAR2 chains, which are
associated with TYK and JAKI, respectively. Upon binding of type I IFN, IFNAR initiates receptor
dimerisation and activation of its associated JAKs, leading to tyrosine phosphorylation of STATI and
STAT2. STAT1 and STAT2 form a complex with IRF9 (ISGF3 complex), which then translocates to the
nucleus and binds to ISRE promoter elements to initiate ISG transcription. Type II IFNs signal via the
IFNGR receptor, consisting of IFNGR1 and IFNGR2 chains, which are associated with JAK1 and JAK2,
respectively. Type I IFN signalling primarily results in the formation of STAT1 homodimers, and their
induction of genes containing GAS elements. Both IFN pathways can also give rise to other STAT homo-
and heterodimers that mostly bind GAS elements. Type I IFN signalling can also result in p38 activation
via association of the receptor with MKK3/6. Following type II IFN binding, the IFNGR receptor can
interact with MyD88 to mediate /P70 and TNFa mRNA stabilization via a MyD88-MLK3-p38-dependent
pathway. ERK and JNK MAPKSs have been shown to play a role in effective ISG induction following
both type I and type II IFN stimulation. Activation of both receptors can result in signalling via
PI3K/AKT. This pathway results in PKC-3-mediated enhancement of transcriptional activity of STATs,
mTOR-mediated induction of translation, and AKT-mediated induction of apoptosis. Type I IFN
signalling has also been reported to activate classical p5S0/p65 NF-kB activation via a PI3K-AKT-
dependent pathway, or alternative p52/p65 NF-kB activation via a TRAF2-NIK-dependent pathway.
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1.5 Toll-like receptors (TLRs)

1.5.1 TLRs and their ligands

TLRs are a major family of transmembrane PRRs, crucial in the innate response
to infection. Humans encode 10 functional TLR members, each of them binding a
distinct family of microbial molecules [123]. TLRs are composed of three main
domains; an N-terminal leucine rich repeats (LRRs) ectodomain required for the
recognition and binding of specific ligands, a single transmembrane helix and a C-
terminal cytoplasmic TIR domain key to the recruitment of TIR domain-containing
adaptor proteins via homotypic interaction. After ligand binding, these receptors
dimerise, causing a change in the conformation of their intracellular TIR domains which
results in the emergence of binding sites for TIR-domain-containing adaptor proteins,
providing a scaffold for the recruitment of TIR adaptors and subsequent signalling
events (Figure 1.5) [124]. TLRs can be divided into two groups based on their
localisation in the cell. The TLRs found on the cell membrane (TLR 1, 2, 4, 5, and 6)
recognise extracellular microbial components such as lipids and proteins, while the
second group all reside intracellularly, expressed in endocytic compartments where they
primarily recognise nucleic acids (TLR 3, 7, 8 and 9). The differential localisation of the
TLRs is thought to be important for their accessibility to their specific ligands, with the
cell membrane-bound TLRs recognising microbial surface components and the
endocytic TLRs recognising nucleic acid derived from microorganisms following their

endosomal degradation [125].

The founding member of the TLR family is TLR4 [126]. TLR4 recognises
lipopolysaccharide (LPS), a crucial glycolipid component of the outer membrane of
gram-negative bacteria. Upon activation, a homodimer of TLR4 forms a complex with
myeloid differentiation factor 2 (MD-2), CD14 and LPS-binding protein (LBP) [127].
TLR4 has also been described to recognise the F protein of respiratory syncytial virus
(RSV) and the envelope protein of mouse mammary tumor virus (MMTV) [128, 129].
TLR2 forms a heterodimer with either TLR1 or TLR6 to recognise a range of bacterial,
viral and fungal PAMPs [130]. In a similar manner to TLR4 signalling, co-receptors
participate in ligand recognition and effective signalling (CD36 and CD14). The
heterodimer of TLR1 and TLR2 is known to recognise bacterial triacylated lipopeptides
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produced by Escherichia coli and other gram negative bacteria. On the other hand, the
TLR2/TLR6 heterodimer recognises diacylated lipopeptides from gram-positive
bacteria, and a mixture of fungal cell membrane components [130]. Interestingly, TLR2
has been shown to be an important receptor in the recognition of numerous viruses
including hepatitis C virus (HCV) and herpes simplex virus (HSV) [130]. TLR2 has
also been implicated in the innate immune response to vaccinia virus (VACV). As well
as having been reported to be involved in the activation of NK cells and control of
VACYV infection in vivo [131], TLR2 has also been proposed to cause non-nucleic acid-
driven type I IFN induction in response to VACV in inflammatory monocytes [132].
TLRS, which is highly expressed in lamina propria DCs in the intestine, is capable of
recognising bacterial flagellin, a major protein constituent of bacteria flagella which are

employed by a range of microbial pathogens for their mobility [133].

The nucleic acid sensing TLRs (TLR 3, 7, 8 and 9) are restricted to endosomal
membranes, where they mainly encounter ligands derived from phagocytosed pathogens
or infected apoptotic cells [134]. TLR3 recognises viral genomic dsRNA [135]. Beyond
detecting dsRNA from viruses which have a dSRNA genome (e.g. reoviruses), TLR3
can also detect dsRNA replication intermediates of single-stranded (ss)RNA viruses
(e.g. RSV and West Nile virus (WNV)) and some DNA viruses (e.g. HSV and mouse
cytomegalovirus (MCMYV)) [136-139]. TLR3 is also capable of detecting synthetic
dsRNA (polyinosine-polycytidylic acid (poly(I:C)) [140]. The co-receptor CD14 has
also been shown to be required for effective TLR3 signalling. Interestingly, TLR3 is the
only TLR which has been linked to a human disease to date. Patients with missense
mutations in 7LR3, or mutations in TLR3 signalling components [138, 141-143], all
present with recurrent herpes encephalitis, an immunodeficiency disease which mainly
occurs in early childhood during primary infection with HSV-1 [144]. The functional
defect is most likely due to an abrogation in type I IFN production. However, why
patients with this immunodeficiency are only susceptible to HSV remains to be
elucidated [145]. Signalling from endosomes, the closely related TLR7 and TLRS
recognise ssSRNA [146]. TLR7 has also been found to respond to synthetic short
interfering RNA (siRNA), guanine analogues and imidazoquinoline derivatives, such as
resquimod and imiquimod. ssRNAs from vesicular stomatitis virus (VSV) and influenza

viruses are the natural ligands for TLR7 [147]. Guanosine and uridine rich ssRNA from
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human immunodeficiency virus (HIV)-1 is recognised by both TLR7 and TLRS8 [148].
Synthetic TLR7/8 ligands include R848, a synthetic imidazoquinoline, which stimulates
TLR8 signalling, and CL075, a thiazoloquinolone derivative which activates TLRS, and
to a lesser extent, TLR7. There is data suggesting an involvement of TLRS in the
detection of VACV. TLR8 has been reported to be activated in murine pDCs by VACV
DNA [149]. This finding was controversial as DNA has not been previously linked to
TLR8 activation and murine pDCs are generally known to express TLR7 and TLR9Y, but
little TLR8 [150]. TLRY is a bona fide sensor of DNA [151], specifically binding
unmethylated cytosine-phosphate-guanosine (CpG)-containing DNA motifs that are
abundant in bacterial and viral DNA, but rare in the mammalian genome. Amongst
others, TLRY is capable of detecting MCMV, HSV-1/2 and adenovirus [139, 152, 153].
TLR9 has also been reported to sense hemozoin, a residual product of heme-
detoxification by malaria infection [154]. However, more recent studies suggest no
involvement of hemozoin in TLR9 activation, with malarial hemozoin-DNA complexes
being the exclusive trigger of innate immunity [155]. These conflicting studies may be
due to one having been carried out in vivo [154], and the other in vitro [155]. Therefore,
further work will need to be carried out in order to clarify if hemozoin is involved in
TLR9-mediated responses. Among the known 10 human TLRs, TLR10 is the only
member whose agonist or function has yet to be fully characterised [156]. One study has
suggested that TLR 10 cooperates with TLR2 in the detection of triacylated lipopeptides,
recruiting MyD88 to the activated complex [157]. The activated pathway remains
unknown and may differ from the typical TLR2-induced signalling cascade. In another
study, a role for TLR10 as an innate immune sensor of viral infection was suggested
[158]. TLR10 expression was shown to increase upon influenza infection of peripheral
blood monocyte-derived macrophages, with knockdown studies showing TLR10 to be

required for effective pro-inflammatory cytokine and IFN production.

1.5.2 TLR signalling

Upon ligand binding and receptor dimerisation, the TIR domains of TLRs
recruit TIR-domain containing adaptor proteins. There are four of these adaptors which
initiate further signal transduction; MyD88, MyD88 adaptor-like protein (Mal), TIR
domain-containing adapter protein inducing IFNfB (TRIF) and TRIF-related adaptor

molecule (TRAM) [159]. Upon activation, these adaptors initiate signalling cascades
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which culminate in the activation of NF-kB, MAPKs and IRFs (Figure 1.5). The fifth
TIR-domain containing adaptor, sterile o and armadillo motif-containing protein

(SARM), plays more of a negative regulatory role in TLR signalling [160].

TLR signalling can be roughly divided into two major pathways; the MyD88-
and the TRIF-dependent (or MyD88-independent) pathways [161]. All of the TLRs,
with the exception of TLR3, signal via MyD88. In the case of TLR2 and TLR4, the Mal
protein acts as a bridging adapter to recruit MyD88 to the activated receptor. Upon
association with the TLR complex, MyD88 is able to interact with IRAK family
members via its death domain. IRAK4 is recruited, followed by IRAK1 and IRAK2.
IRAK4 most likely activates IRAK 1 and IRAK2 by phosphorylation [33]. Both IRAKSs
then dissociate from the TLR/MyD88 complex to interact with TRAF6, with IRAK2
promoting TRAF6 polyubiquitination. TRAF6, in conjunction with the E2 ubiquitin-
conjugating enzymes Ubcl3 and UevlA, synthesises K63-polyubiquitin, which then
recruits TAB2/3, leading to autophosphorylation and activation of TAK1 [162]. NEMO
(also known as IKKYy) associates with TRAF6 ubiquitin chains via its ubiquitin-binding
domain. NEMO forms a complex with IKKa and IKKf (known as the IKK complex),
which are the catalytic kinases required for phosphorylating IkB [163]. [kB is a protein
which binds to and sequesters NF-kB in the cytoplasm. Upon phosphorylation, kB is
ubiquitinated and targeted to the proteasome for degradation, freeing NF-kB and
allowing its translocation to the nucleus where it can upregulate a vast array of NF-kB-
dependent genes. In addition to being essential for the translocation of NF-kB, TAKI
has also been reported to be capable of MAPK phosphorylation, activating the MAPK
kinases MKK3/6 and MKK4/7, which subsequently phosphorylate p38 and JNK,
respectively [164]. On the other hand, the IKK complex is involved in signalling via the
ERK1/2 MAPKSs, phosphorylating p105 which is a negative regulator of tumor
progression locus 2 (Tpl2) [165]. Upon release from p105, Tpl2 can activate MKK1/2,
the upstream kinases of ERKI1/2. Activation of these MAPKs culminates in the
phosphorylation of transcription factors such as CREB and AP-1. Activation of these
transcription factors alongside NF-xB, triggers the expression of numerous
inflammatory cytokines and chemokines. The endosomally localised MyD88-dependent
TLRs, TLR7, TLR8 and TLRY, differ slightly in that in addition to being capable of
MyD88-dependent NF-kB and MAPK activation as described, they can also trigger the
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expression of type I IFNs, mainly IFNa [134]. In this case, MyD88 forms a complex
with IRAK4, TRAF3, TRAF6, IRAKI and IKKa, with the latter two kinases
phosphorylating IRF7, leading to its translocation to the nucleus [90, 166, 167]. Similar
to signalling from IRF7 [90], IRFS5 also associates with MyD88 but is more specifically
involved in the induction of IL-6 or IL-12 following any TLR activation [91]. IRFS
dimerisation, translocation to the nucleus and induction of inflammatory cytokines, has
been recently shown to be dependent on the phosphorylation by IKKf [168, 169]. Other
IRF family members also play a role in MyD88-dependent signalling. IRF4 has been
found to compete with IRF5 for the binding to MyD88, thereby limiting the production
of pro-inflammatory cytokines [92]. IRF1, also reported to interact with MyDS88,
mediates TLR9-dependent type 1 IFN production in myeloid dendritic cells (mDCs)
[170]. As well as signalling from the plasma membrane, Mal has recently been shown
to also take part in endosomal TLR signalling events. Although its mechanism of action
has yet to fully elucidated, recent studies indicate Mal is required for IFN responses

induced by TLR7 or TLR9 [171].

TLR3 and TLR4 both utilise TRIF to signal via MyD88-independent pathways.

The TRIF pathway differs from the MyD88 pathway in the signalling molecules used to
activate NF-kB and MAPKSs [172]. Also, the TRIF pathway uses an additional pathway
to upregulate IFNf through the activation of the transcription factor IRF3. TLR4 has the
most complex signalling arrangement of the TLR family. Localised at both the plasma
membrane and endosomes, TLR4 can signal via a Mal-MyD88 pathway to induce NF-
kB signalling, or it can signal via a TRAM-TRIF pathway to induce IRF3 signalling.
Unlike TLR3, TLR4 requires TRAM as a bridging adaptor to TRIF. TRAM activation
is regulated by myristoylation and phosphorylation by PKCe [173, 174]. CDI14-
mediated internalisation of TLR4 and the bridging of TRAM to TRIF are required for
effective signalling. Unlike TLR3 which is already localised at endosomes, TLR4
translocates to endosomes following ligand engagement [127]. After TLR3 or TLR4
activation, TRIF binds to TRAF3 and TRAF6 via its N-terminal TRAF-binding motif,
with TRIF-TRAF3 activating the TBK1/IKKe complex (non-canonical IKKs) [175],
resulting in IRF3 activation and subsequent type I IFN induction, or TRIF-TRAF6
activating TAK1 and subsequently NF-kB and MAPKs in a similar way as described for
MyD88-dependent signalling [162]. Alternatively, TRIF recruits the adaptor RIPI
21/



through a RIP homotypic interaction motif, forming a multi-protein signalling complex
along with TRAF6, TRADD, RIP3 and the E3 ubiquitin ligase Pellino-1 [134]. This
complex phosphorylates TAKI1, which in turn activates the NF-xB and MAPK
pathways [176]. SARM has been described to negatively regulate TRIF signalling in
humans [160]. However, ongoing work has shown that the role of SARM may be more
complicated than previously envisaged. Although demonstrated as a negative regulator
of TRIF-dependent signalling in human cell lines [160], a similar role for SARM was
not found in mice. Data from SARM-deficient mice suggested a more positive role for
SARM in antiviral immunity, with the knockout mice showing impaired TNFa
production in the central nervous system following WNV infection [177]. Recently,
SARM was reported to have a critical role in the production of RANTES in
macrophages [ 178]. It was found to specifically promote the recruitment of transcription
factors and RNA Polymerase II (Pol II) to the RANTES promoter. A general concept is
that TLR-triggered production of type I IFN is initiated from endosomal compartments
[134]. Although, a membrane-bound TLR which has been classically considered as only
mediating pro-inflammatory responses, TLR2 has been recently reported to also traffick
to endosomes and trigger type I IFN production [179]. This was demonstrated to
involve a newly described, TLR2-TRAM-MyD88-IRF7 pathway. In a similar way to
how the movement of TLR4 from the plasma membrane to interact with TRIF at
endosomes is TRAM-dependent [127], TLR2-stimulated relocalisation of MyD88 to
endosomes was TRAM-dependent [179]. However, unlike TLR4 signalling,
relocalisation of TLR2 resulted in IRF7, rather than IRF3 signalling. Whether TRAF3 is
involved in the TLR2-TRAM-IRF pathway, and what the downstream kinases for IRF7
phosphorylation are, have yet to be determined. Interestingly, this pathway may provide
an explanation as to how TLR2 was previously shown to unexpectedly induce type I

IFN in a subset of monocytes following VACV infection [132].
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Figure 1.5 Overview of TLR signalling pathways

S

TLRI, 2, 4, S and 6 are all expressed on the cell surface while TLR3, 7, 8 and 9 all localise to endosomal
compartments. All of the TLRs, except TLR3, activate MyD88-dependent signalling to induce NF-xB
and MAPK activation. TLR2 and TLR4 require Mal as a bridging adaptor for interaction with MyD88 to
signal. Upon activation, TLR4 can traffic to endosomes where the bridging adaptor TRAM facilitates
interaction with TRIF. TLR2 can also traffic to endosomes following ligand binding, signalling via
TRAM and MyD88. TLR3 directly recruits TRIF upon ligand binding. After MyD88 recruitment, TLRs
associate with IRAK family members which subsequently activate TRAF6. TAB2/3, in a complex with
TAKI1, then gets recruited most likely via free ubiquitin chains synthesised by TRAF6. This complex
proceeds to phosphorylate upstream MAPK kinases and the IKK complex to give rise to MAPK and NF-
kB activation, respectively. TLR3- and endocytosed TLR4-bound TRIF can associate with TRAF6 to
give rise to TAK1 activation and subsequent NF-kB activation. Alternatively, they can activate TAK1 via
ubiquitinated RIP1. Only endosomal TLRs are capable of type I IFN induction. Endosomal TLR3 and
TLR4 can initiate IRF pathways via recruitment of TRAF3, which activates the non-canonical kinases
TBK1 and IKKe. These kinases phosphorylate IRF3 and IRF7, leading to their nuclear translocation and
upregulation of type I IFN. For MyD88-dependent TLR7, 8 and 9, an association with IRAK family
members and TRAF3 results in the phosphorylation of IRF7 by IKKa, and induction of IFNa.
Endocytosed TLR2, whose signalling pathway has yet to be elucidated, can also cause IRF7
phosphorylation and subsequent I[FNa production. As well as serving as a bridging adaptor for TLR2 and
TLR4, Mal has also been found to be required for effective TLR7, 8 and 9 signalling.
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1.6 Cytosolic RNA sensing

1.6.1 RIG-I-like receptors (RLRs) — Structure and functions

The RLRs form a family of cytosolic receptors which are critical in the
induction of pro-inflammatory cytokines and type I IFN in response to viral and
synthetic RNA in the cytosol (Figure 1.6) [180]. Unlike the nucleic acid sensing
endocytic TLRs, which only recognise nucleic acid after it reaches endosomes
following endocytosis [134], RLRs are cytosolic receptors which are capable of
recognising RNA from actively replicating viruses [181]. Also, while TLR expression is
often cell specific [182], RLR signalling is found to occur in most cell types due to its
ubiquitous expression [183]. The RLR family consists of three highly related proteins;
RIG-I, melanoma differentiation-associated gene 5 (MDAS) and laboratory of genetics
and physiology 2 (LGP2) [184]. They each belong to the aspartate-glutamate-any amino
acid-aspartate/histidine (DExD/H) family, which are characterised by a central ATPase

containing DExD/H box helicase domain [180].

While all three members contain a C-terminal RNA-binding domain, only RIG-I
and MDAS contain N-terminal tandem caspase activation and recruitment domains
(CARDs) [185]. Both RIG-I and LGP2 have been shown to have a repressor domain
(RD) which is important in regulating their activation [186]. In non-infected cells, RIG-
[ is said to be in an inactive conformation, in which the RD masks the CARDs, thus
preventing its interaction with other CARD-containing proteins. In contrast, MDAS,
does not possess a RD and was not shown to have auto-inhibitory function [186].
Ligand binding to the C-terminal domain (CTD) causes the RLRs to undergo a helicase-
dependent conformational change, exposing their CARDs a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>