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Abstract

A crucial early step for the initiation of an effective anti-viral response after sensing the presence of viruses
is the activation of the transcription factors nuclear factor kappa-B (NFkB) and interferon regulatory factors
(IRFs) by pattern recognition receptors (PRR). These transcription factors drive the expression of pro-
inflammatory cytokines and type |l interferons. Large double-stranded DNA poxviruses, such as Vaccinia virus
(VACV), have evolved numerous strategies to evade these host signalling systems and elucidation of such
strategies has identified key mechanisms of innate immunity. The aim of this project is to discover novel
intracellular VACV immunomodulators and characterise the role of their host targets in innate immunity.
Seven novel poxviral NFkB and/or IRF inhibitors (M1, F17, A47, A57, B2, B12 and B13) were identified from a
systematic reporter gene assay (RGA) screen for viral modulators of PRR signalling pathways, which included
Toll-like-receptors, retinoic acid inducible gene 1-like-receptors, and the DNA sensor cyclic GMP-AMP
synthase. Further RGA and functional analyses revealed that all seven proteins inhibited NFkB signalling
activation by a broad variety of upstream PRR sensing pathways suggesting inhibition at points proximal to
NFkB activation. In addition, F17, A47, A57, B2, B12 and B13 also inhibited IRFs, consistent with the ability of
viral immunomodulators to target multiple host pathways. Stable-inducible cell lines expressing these novel
inhibitors were used to identify their interaction partners by mass spectrometry analysis. The kinases
vaccinia-related kinase 1 (VRK1), cyclin-dependent kinase 1 (CDK1) and the nucleosome remodeling and
histone deacetylation (NuRD) complex were discovered to bind B12, F17, and A57, respectively. B12, F17,
A57 and B2 emerged as the most promising novel VACV proteins, due to their significant inhibition of
transcription factors, and to their putative host targets. B2 was the most potent PRR and pro-inflammatory
cytokine signalling inhibitor discovered in this screen, however no interaction partners for this protein were
identified. F17 is packaged into the nascent virion and can therefore exert its inhibition immediately after
infection and prior to translation of other VACV immunomodulators. This protein was shown to be a potent
cytosolic NFkB inhibitor, and delayed phosphorylation of p65. CDK1 was one of the identified host proteins
that associated with F17. Based on this preliminary data we propose a role for CDK1 in innate immune
signalling. B12, a nuclear pseudokinase, shares approximately 30 % amino acid sequence identity with VRK1,
and was shown to bind VRK1. The nuclear serine/threonine kinase VRK1 has been reported in cell cycle
regulation, yet no involvement in innate immunity has been discovered to date. B12 was the second strongest
immunomodulator identified in this screen and we therefore propose that VRK1 plays a role in PRR and pro-
inflammatory cytokine signalling. Several members of the NuRD complex were identified as interaction
partners of A57, which may explain its ability to interfere with IRF and NFkB signalling proximal to these
transcription factors, since this complex has been reported to repress expression of genes involved in innate
immunity.

The present study revealed seven novel VACV immunomodulators, and thus implicated two cellular kinases
and a chromatin remodeling complex as having roles in innate immunity due to their association with viral
inhibitors. These results confirm the continuing usefulness of VACV as a model to investigate mechanisms in

innate immunity.
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Chapter 1: Introduction

1.1. Poxviruses

1.1.1. Poxvirus taxonomy

The Poxviridae family comprises two sub-families: chordopoxviruses and entomopoxviruses infecting
vertebrates and insects, respectively (Lefkowitz et al. 2006; Haller et al. 2014). Three genera have been
described for entomopoxviruses (designated entomopoxviruses A-C). Chordopoxviruses are composed of the
genera orthopoxviruses, parapoxviruses, avipoxviruses, capipoxviruses, leporipoxviruses, suipoxviruses,
molluscipoxviruses, yatapoxviruses, cervidpoxviruses and crocodylipoxviruses. The two chordopoxviruses
Variola virus (VARV), and Molluscum contagiosum virus (MCV), are the only obligate human poxviral
pathogens, as no natural occurring animal host has yet been identified for either virus (McFadden 2005).
Although humans are not the reservoir of orthopoxviruses, with exception of VARV, parapoxviruses, and

yatapoxviruses, members of these genera have been reported to infect humans zoonotically (see 1.1.3).

1.1.2. Smallpox and vaccination

Variola virus is the causative agent of smallpox (Fenner et al. 1988), a febrile disease which presents with a
characteristic rash, lesions, and a mortality rate ranging from 10 — 75 %. The earliest written records
describing the disease have been found in China and dated back as far as the 4" century AD. Ever since, VARV
has affected human populations worldwide until its eradication in 1980. During the early 20" century alone
approximately 500 million people were killed by smallpox (Mahalingam et al. 2004). As a protection from the
disease two practises became popular: variolation and vaccination (Fenner et al. 1988). Variolation was first
described during the 10" century in China and consisted of intranasal or intradermal administration of pus or
dried scab recovered from VARV-infected individuals. Despite lowering the case-fatality from 20 —30 % to 0.5
— 2 %, this method was superseded by vaccination at the end of the 18" century. Edward Jenner coined the
term vaccination in 1796, derived from ‘vacca’ the Latin word for cow, and was the first to document this
practise (Riedel 2005; Sanchez-Sampedro et al. 2015). Vaccination consisted of intradermal administration
of pus recovered from lesions of horses, cows, or individuals (e.g. dairymaids, horse handlers) suffering from
what was presumably a Cowpox virus infection (CPXV, also an Orthopoxvirus). Adverse effects were mild
compared to variolation, and generally limited to a scar at the site of inoculation. Thus, the first generation
of smallpox vaccines were established (Jacobs et al. 2009; Verardi et al. 2012). It later became clear that
members of the Orthopoxvirus genus conferred cross-protection to each other due to neutralising antibodies
against viral membrane proteins (Fenner et al. 1988), which are very similar between strains. The vaccine
virus strain, Vaccinia virus (VACV), was initially propagated in calf skin, however to limit contaminations,
second generation vaccines were produced in tissue culture. Vaccination against smallpox for the general
public was ceased after eradication of the disease, due to the occurrence of rare severe adverse effects,
where the risk of VACV spreading systemically (e.g. generalised vaccinia, eczema vaccinatum, progressive
vaccinia, postvaccinal encephalitis) became more probable than an encounter with smallpox due to the
absence of an animal reservoir. To address adverse effects, third generation vaccines were developed, which
were generated by the removal of non-essential genes from the viral genome through either passage in

atypical hosts (e.g. Modified Vaccinia Ankara (MVA), (Antoine et al. 1998)) or through targeted deletion of
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individual genes (e.g. NYVAC, (Tartaglia et al. 1992)). These virus strains are attenuated, and safer to use than
their parental VACV strain, however they still bear risks particularly for use in immunocompromised
individuals. For this reason there is an ongoing interest in characterising poxviruses, and in particular viral
proteins that are able to modulate the immune system, the deletion of which may further reduce the adverse

effects of these vaccines.

1.1.3. Zoonotic poxviruses

With waning cross-protection conferred by VACV, other orthopoxviruses may emerge as zoonoses
(Shchelkunov 2013), some of which were documented already during the final stages of the smallpox
eradication program e.g. Monkeypox virus (MPXV) (Ladnyj et al. 1972). Whilst the animal reservoir of MPXV
is likely to be a rodent species (Essbauer et al. 2010), monkeys and humans can be infected and develop
smallpox-like symptoms (McCollum & Damon 2014), which vary from mild to severe depending on the host
species. Two distinct phylogenetic clades, i.e. Central African and West African, have been identified for
MPXV, which differ in their virulence. Cases of zoonotic transmission have been repeatedly reported in the
Democratic Republic of Congo (Rimoin et al. 2010), and its neighbouring countries (Damon et al. 2006), and
in 2003 an outbreak caused by imported prairie dogs from Ghana occurred in the US, resulting in 72 infections
(Reed et al. 2004).

Cowpox virus has played a crucial role in the eradication of smallpox (Essbauer et al. 2010). It causes a local,
self-limiting disease in humans, characterised by pustular skin lesions at site of infection, which can develop
into necrotic ulcers (Glatz et al. 2010; Favier et al. 2011). The animal reservoir of CPXV are rodents (Elsendoorn
et al. 2011), with incidental hosts including cats, cows and zoo animals, which may facilitate transmission to
humans. Recently, pet rats have been increasingly reported to transmit CPXV to humans (Elsendoorn et al.
2011).

Phylogenetic analyses have revealed a close evolutionary relationship between Camelpox virus (CMLV) and
VARV (Gubser & Smith 2002). Similar to VARV, CMLV causes a systemic and often fatal disease in a single host
(i.e. camels). During an outbreak in India in 2009, 3 human cases of CMLV were reported, however symptoms
were limited to the primary site of infection (Bera et al. 2011).

The emergence of zoonoses involving VACV-like viruses such as Buffalopox virus, Aracatuba virus and
Cantagalo virus has been documented in India and Brazil (Singh et al. 2012). In addition to cows, buffalos
were used in India to produce the vaccine strain before cell culture systems were available. Furthermore,
during eradication, VACV may have been spread to cows by vaccinated individuals handling cattle. No
reservoir for VACV or VACV-like viruses has been found to date. Whilst infection of cattle and buffalos with
VACV-like viruses causes severe disease in these animals, resulting in reduced milk production and death, to
date immunocompetent humans solely present with lesions on hands and arms (Oliveira et al. 2013; Oliveira
et al. 2014; Abrahdo et al. 2015).

Other poxviruses with zoonotic potential are Tanapox virus of the Yatapoxvirus genus (Essbauer et al. 2010),
and the Parapoxvirus Orf virus, which causes a mild cutaneous infection in humans following handling of
contaminated goats (Kitchen et al. 2014; Turk et al. 2014; Keshan Zhang et al. 2014). Poxviruses, and in

particular orthopoxviruses have the ability to infect humans, however human-to-human transmission of
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these zoonotic viruses appears very restricted as only very few cases have been reported to date (Fine et al.
1988; Learned et al. 2005; Turk et al. 2014; Oliveira et al. 2014). Such low infection rates may be the result
of existing cross-protection by the smallpox vaccine in a vaccinated population. However, to prevent the
potential emergence of zoonotic poxviruses, a new generation of vaccines is under development. These
vaccines are derived from a variety of poxviruses (e.g. ortho-, lepori-, and avipoxviruses), with the majority
based on VACV (Jacobs et al. 2009), not only because it confers cross-protection, but also because of the
extensive immunological and clinical knowledge of this virus gained during and since the smallpox

eradication.

1.1.1. Vaccine vectors

Even prior to the eradication of smallpox, the scientific community recognised that VACV and other
poxviruses could act as vaccine vectors in the vaccination strategies against other pathogens (Fenner et al.
1988). Recombinant VACV could be easily generated, as VACV was able to incorporate plasmid as well as
genomic deoxyribonucleic acid (DNA) through homologous recombination (Evans et al. 1988). It was shown
that the VACV genome supported the insertion of genes up to 25 kilo base pairs (kbp) (Smith & Moss 1983),
and multiple genes encoding different proteins could be inserted (Perkus et al. 1985), which were
expressed during vaccination and elicited an appropriate immune response against the expressed protein.
Since then, numerous vaccines candidates have been developed for viral, bacterial and parasitic pathogens
for use in animals and humans (Verardi et al. 2012; Sanchez-Sampedro et al. 2015). The rabies vaccine
Raboral-VRG® is based on VACV, and has been used to successfully reduce the spread of this disease in
wildlife in Europe and North America (Pastoret & Brochier 1996). Whilst no human poxviral vaccines have
been licenced to date, numerous candidates are in preclinical and clinical trials (Verardi et al. 2012;
Sanchez-Sampedro et al. 2015). MVA in particular has been intensively studied as a vaccine vector, and
recently several successful phase one and two clinical trials have reported its potential for use against
Human immunodeficiency virus (HIV) (Goepfert et al. 2014; Nilsson et al. 2014), Influenza A virus (IAV)

(Kreijtz et al. 2014), tuberculosis (Tameris et al. 2014), and malaria (Hodgson et al. 2015).

1.1.2. Oncolytic virotherapy

The concept of treating cancer with viruses arose during the 1920’s (Noguchi et al. 1963). In 1963, Noguchi
and co-authors were able to successfully reduce skin cancers in 26 patients by directly injecting so-called
“purified vaccine lymph”, a suspension of live VACV, into the cancer. Whilst oncolysis was observed in the
majority of treated patients, adverse effects such as fever also occurred. Vaccine vectors have since then
been improved (Verardi et al. 2012; Sanchez-Sampedro et al. 2015). It was shown that non-essential genes
of viruses could be deleted, which conferred a tropism for cancer cells (Guo et al. 2005; Guo et al. 2008).
Accordingly, the objectives behind oncolytic virotherapy are the specific destruction of cancer cells by the
virus and development of an immune response against infected cancer cells (Guo et al. 2008). Whilst
numerous oncolytic poxviruses are currently in development, recently a VACV strain (Pexa-Vec) targeting

primary liver cancer successfully completed phase 1 clinical trials and has entered phase 2 clinical trials
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(Breitbach et al. 2015). A MVA strain (TroVACX) targeting metastatic colorectal cancer has also passed initial
phase 1 and 2 trials (Rowe & Cen 2014).

1.1.3. Genome organisation

The poxviral genome is composed of linear double-stranded (ds) DNA of 130 to 230 kb (Moss 2013). The
two DNA strands are connected at their termini generating hairpin loops (Figure 1-1). Bioinformatic
analyses have demonstrated that ninety viral proteins are conserved among chordopoxviruses, 49 of which
are conserved within the Poxviridae family (Upton et al. 2003; Gubser et al. 2004). These genes have been
mapped within the central 100 kb of the genome, which predominantly encodes proteins involved in
ribonucleic acid (RNA) and DNA synthesis, protein processing, virion assembly and maturation. In
comparison, the genomic termini are less well conserved as exemplified by a bioinformatical analysis that
identified only twelve common proteins within the terminal 100 kb of the Orthopoxvirus genus. These

proteins are termed “virulence factors” and intervene in host tropism and immune responses.

Variable region Conserved region Variable region

C MAFLePRTc [ o] » [ »

Figure 1-1 Schematic Hind Il restriction map of VACV Copenhagen strain

VACV is a linear dsDNA molecule with covalently linked termini, which contain inverted terminal repeats (ITR). Variable
regions and regions conserved amongst chordopoxviruses are indicated by bars. Hind Il digestion fragments are
designated by a letter (A-O). Adapted from (DeFilippes 1982).

By way of nomenclature, poxviral genes are annotated with reference to the VACV Copenhagen (Cop) strain
given in the format X#(R/L), where X is a letter (A-O) designating the Hind Ill fragment (A-O), # is a number
pertaining to the open reading frame (ORF), and R or L denoting a suffix indicating the direction of

transcription. The latter is omitted when referring to proteins (DeFilippes 1982; Moss 2013).

1.1.4. Viral life cycle

VACV virions exist in two distinct infectious forms mr sy .
W, ' “Figure 1-2 VACV particle

(Roberts & Smith 2008). The mature virus (MV, also ,
#4489 v Cryo-electron micrograph of an

4 isolated VACV mature virion.
a%; - Scale bar: 200 nm
o (Cyrklaff et al. 2005)

known as intracellular mature virus (IMV)) contains a
dumbbell-shaped core, which is flanked by aggregates of
heterogeneous material called lateral bodies (Figure 1-

2).

represents the majority of VACV virions. The extracellular virus (EV, also known as extracellular enveloped

virus (EEV)) has two membranes and is released by fusion with
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the cell membrane. Although EV only represents 1 % of generated progeny, it is assumed to be crucial for

cell-to-cell and in vivo spread (Figure 1-3).
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Figure 1-3 VACV life cycle

Schematic representation of VACV viral life cycle. Upon penetration of the host plasma membrane, viral membranes of MV
and EV particles are removed and the viral core enters the cytoplasm. At perinuclear regions, viral factories are established,
where transcription and translation of viral genes, genome replication and particle assembly take place. De novo formed
MV are either released by cell lysis, or acquire additional membranes and are transported to the plasma membrane, where
they become CEVs. CEVs use cellular projections to reach to non-infected cells.

Both EV and MV enter the cell by macropinocytosis (Mercer & Helenius 2008; Sandgren et al. 2010), however
EV requires acidification of the vesicle to disrupt its outer membrane, and release MV (Schmidt et al. 2011),
which in turn is able to fuse with endosomal membranes. The MV/EV core then enters the cytoplasm, and is
transported to the perinuclear region via microtubules (Roberts & Smith 2008). The virus establishes viral
factories, which are shielded from cellular organelles and are the site of genomic DNA replication,
transcription, translation and virion assembly. The viral core is composed of structural proteins, the

compacted genome and the early transcription machinery which includes a DNA-dependent RNA polymerase,
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and enzymes able to generate mRNA that is capped, methylated and polyadenylated (Moss 2013). Partial
uncoating of the core allows the transcription of early genes (Assarsson et al. 2008; Roberts & Smith 2008;
Moss 2013), which are involved in host immune evasion, genomic DNA replication and regulation of
intermediate-stage gene expression. Replicated DNA serves as the template for transcription of intermediate
and late genes. The latter are implicated in virion assembly and also include transcriptional enzymes and
factors required for transcription of early genes during the following infectious cycle. The sequential
transcription of early, intermediate and late genes is regulated by consensus transcription start sites and
termination sequences, which are recognised by stage-specific transcription machineries. Late genes rarely
contain a termination sequence and, in addition, are transcribed from both DNA strands, thereby producing
double-stranded RNA (Smith & Symons 1998). Approximately 10,000 genome copies are generated per
infected cell (Joklik & Becker 1964), of which only 30— 50 % are packaged into nascent virions. DNA replication
occurs concomitantly with core disassembly at 1 to 2 hours post infection (hpi). To increase nucleotide levels,

poxviruses encode enzymes involved in deoxynucleotide (ANTP) synthesis (e.g. thymidine kinase).

Genomic DNA is packaged into assembled brick-shaped IMV (Roberts & Smith 2008). These viral particles can
be wrapped in double cellular membranes derived from endoplasmic membranes, or Golgi-cisternae
generating intracellular enveloped virions (IEV). IEVs are transported to the plasma membrane via
microtubules, where membrane fusion gives rise to cell-associated enveloped virus particles (CEV). Released
CEVs are termed EVs. CEV trigger the formation of actin filaments which create cellular projections that

transport individual viral particles to the surface of uninfected cells (Doceul et al. 2010).
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1.2. Innate immunity

The immune system consists of an intrinsic as well as adaptive system of defence against various pathogens
such as viruses, bacteria, fungi and multicellular parasites (Turvey & Broide 2010; Iwasaki & Medzhitov 2015).
Itis composed of three main arms with external barriers constituting the first line of defence: physical barriers
such as the skin and epithelial cilia, and chemical barriers including skin pH and lysosomal enzymes. The
second line of defence termed the “innate immune” system, mediates a rapid response to pathogens that
have breached the first line of defence. The principal objective of the innate immune system is to distinguish
between self and non-self, which is achieved through expression of a limited number of germline-encoded
pattern recognition receptors (PRR) on hematopoietic and non-hematopoietic cells (i.e. fibroblasts,
macrophages, dendritic cells (DC)). These receptors recognise pathogen-associated molecular patterns
(PAMP) and danger-associated molecular patterns (DAMP). The third line of defence is called the “adaptive
immune system”, the response of which to pathogens develops over a longer time-scale than the innate
system. The adaptive immune system has the ability to develop a memory of the intruding pathogen, relying
on a vast repertoire of lymphocytes expressing highly specific receptors (e.g. Band T lymphocytes). It consists
of humoral (i.e. neutralising antibody production) and cell-mediated (CD4+ and CD8+ T lymphocytes, cytolytic
T lymphocytes (CTL)) responses. The innate immune response plays a pivotal role in initial host protection,
and furthermore, activation and instruction of the adaptive immune system (lwasaki & Medzhitov 2015).

The innate response is mounted within minutes upon detection of infection (Turvey & Broide 2010; lwasaki
& Medzhitov 2015). Infections are cleared by phagocytosis of extracellular pathogens, degranulation of
antimicrobial cytotoxic molecules, which damage multicellular parasites, killing of virally or bacterial infected
cells by natural killer cells (NK), and the production of small soluble mediators, i.e. cytokines and chemokines,
in order to recruit additional immune cells from circulation and to activate the adaptive immune system. In
addition to specialised immune cells, non-hematopoietic cells such as fibroblasts and epithelial cells have the

ability to produce cytokines and chemokines to elicit a response to an invading pathogen.

1.2.1. Cytokine signalling pathways and function in immunity

Cytokines are small soluble proteins involved in auto-, para-, and endocrine cell signalling (Turvey & Broide
2010). Production and secretion of a subset of these small proteins is induced by recognition of PAMPs or
DAMPs by sentinel cells such as epithelial cells, fibroblasts, DCs and macrophages. After binding to their
cognate receptor, cytokines trigger activation of signalling cascades. This can lead to the establishment of a
cell-intrinsic antimicrobial state, and initiation of the innate immune response by activating and recruiting
immune cells such as neutrophils or NK cells from circulation to the site of infection. Following this, the
adaptive immune system can be activated. Interferons (IFN), interleukins (IL), and tumour necrosis factor a
(TNFa) are well known examples of PRR-induced cytokines and are described in further detail in the following

section (Figure 1-4) (Turvey & Broide 2010).
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1.2.1.1. Type | interferons

1.2.1.1.1. Introduction

Interferons were discovered as soluble factors secreted by cells that had been exposed to heat-inactivated
IAV (Isaacs & Lindenmann 1957). These agents were found able to interfere with live virus challenges, thus
termed ‘interferons’. They are classified into three types according to their receptor and function (Schneider
et al. 2014; Mcnab et al. 2015). In humans, type | IFNs are comprised of thirteen IFNa proteins, and a single
form of IFNB, IFNg, IFNk and IFNw. IFNy is the only member of the type Il IFN group, whereas type Il IFNs
contain four IFNA proteins, which have similar functions to the type | IFNs. Type | IFNs signal through the
heterodimeric IFNa receptor (IFNAR)1-IFNAR2 receptor complex (Uzé et al. 1990; Novick et al. 1994; Cohen
et al. 1995), inducing the expression of IFN stimulated genes (ISG) (Mcnab et al. 2015). Both the innate and
the adaptive immune response can be shaped by the activity of ISGs through activation of NK cells,
enhancement of DC differentiation, increasing major histocompatibility complex (MHC) expression on the
plasma membrane of DCs, promoting type 1 T helper cell (Th1) and CTL responses, and triggering antibody

production by B cells.

1.2.1.1.2. Type | IFN signalling

Type | IFNs signal though the heterodimeric transmembrane receptor IFNAR (Uzé et al. 1990; Novick et al.
1994; Cohen et al. 1995), composed of IFNAR1 and IFNAR2 subunits (Figure 1-4). Under homeostatic
conditions, tyrosine kinase 2 (Tyk2) is bound to the cytoplasmic domain of IFNAR1 (Abramovich et al. 1994),
and Janus kinase 1 (JAK1) is bound to IFNAR2 (Novick et al. 1994). IFNAR2 is also associated with the
transcription factor signal transducer and activator of transcription 2 (STAT2) (Li et al. 1997), and interacts
weakly with STAT1. Furthermore, the transcription factor interferon regulatory factor 9 (IRF9) was reported
to associate with STAT2 in absence of stimulation (Martinez-Moczygemba et al. 1997; Banninger & Reich
2004), which allows the STAT2-IRF9 complex to shuttle in between the cytoplasm and the nucleus due to a
nuclear export signal (NES) present in STAT2 and a nuclear localisation signal (NLS) present in IRF9.

Upon ligand binding, IFNAR1 and IFNAR2 dimerise (Cohen et al. 1995), which juxtaposes the kinases JAK1 and
Tyk2 leading to their transphosphorylation and activation (Miuller et al. 1993). IFNAR1 is subsequently
phosphorylated by Tyk2 at tyrosine (Tyr) 466 creating a docking site for STAT2 (Yan et al. 1996). STAT2
association with IFNAR1 is mediated by the STAT2 src homology 2 (SH2) domain (Fu et al. 1992). STAT1 and
STAT2 activation is achieved through phosphorylation of STAT1 at Tyr701 by JAK1, and phosphorylation of
STAT2 at Tyr690 by Tyk2 (Improta et al. 1994), leading to SH2-dependent STAT1-STAT2 heterodimerisation
and dissociation from the receptor complex along with IRF9 (Kessler et al. 1990; Schindler et al. 1992). The
in situ formed complex, interferon-stimulated gene factor 3 (ISGF3) (Banninger & Reich 2004), composed of
STAT1, STAT2 and IRF9, is able to translocate to the nucleus due to an additional NLS provided by STAT1. In
the nucleus, ISGF3 induces the expression of ISGs by binding to the IFN-stimulated response element (ISRE)

present in the ISG promoter (Kessler et al. 1988).
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1.2.1.1.3. Interferon stimulated genes

Interferon-stimulated genes have a wide gamut of functions in homeostasis and pathogenesis, with a
particular role in viral infections as evidenced by knockout mouse infection models (Schoggins 2014).
Currently, over 5000 ISGs have been reported (Rusinova et al. 2013), of which 3000 are induced by type |
IFNs. Their roles range from upregulating the sensitivity of cells to infection (e.g. induction of PRRs, chemokine
and cytokine receptors), direct antiviral effects, driving pro-apoptotic processes, but also directing a return
to homeostasis (Schneider et al. 2014). The antiviral response mediated by ISGs targets cell entry, viral
replication (e.g. sterile alpha motif and histidine-aspartate-domain-containing protein 1 (SAMHD1),
oligoadenylate synthetase (OAS) and RNase L), translation of viral proteins (e.g. dsRNA-dependent protein
kinase R (PKR) and interferon-induced proteins with tetratricopeptide repeats (IFIT)), and viral egress (e.g.
tetherin). Several ISGs, including SAMHD1, OAS, PKR and IFIT, have been shown to intervene in VACV

pathogenesis.

1.2.1.1.3.1. Sterile alpha motif and histidine-aspartate-domain-containing protein 1

SAMHD1 has been established as a host protein with triphosphate hydrolase activity which is able to restrict
retroviral replication (Ballana & Esté 2015), but has also been reported to impair the life cycle of DNA viruses
such as VACV and HSV-1 (Hollenbaugh et al. 2013). Upon binding of deoxynucleotides, SAMHD1 tetramerises,
and subsequently converts dNTPs into deoxynucleosides and triphosphoate molecules, hereby limiting the
amount of dNTPs available for viral and host replication. Whilst restriction of dNTP levels during viral
infections is advantageous, it may have detrimental effects for normal cell processes (Ballana & Esté 2015).
Consequently, it has been shown that SAMHD1 function can be modulated by cell cycle regulatory proteins
such as the cyclin-dependent kinase (CDK) family (Cribier et al. 2013), which reduce SAMHD1 function in

cycling cells.

1.2.1.1.3.2. Oligoadenylate synthase and RNaselL

The activity of OAS and RNasel targets viral replication, too (Drappier & Michiels 2015). Interferon
upregulates OAS levels, which in response to dsRNA stimulation polymerises adenosine triphosphate (ATP)
into 2’-5" oligoadenylates. This second messenger is recognised by the endoribonuclease RNase L, which

dimerises and cleaves single-stranded (ss) RNA, thereby limiting viral replication.

1.2.1.1.3.3. Proteinase kinase R and Interferon-induced proteins with tetratricopeptide repeats

Another strategy is the restriction of viral protein synthesis by preventing the assembly of the translation
machinery (Munir & Berg 2013; Fensterl & Sen 2015). Both PKR and IFIT protein family members have been
reported to reduce translation following direct recognition of viral RNA. Upon binding of dsRNA (Munir &
Berg 2013), the inactive serine/threonine (Ser/Thr) kinase PKR homodimerises and phosphorylates the
eurkaryotic translation initiation factor 2a (elF2a), which inhibits both viral and host mRNA translation. In
contrast, IFIT1, (also called ISG56), recognises and sequesters 5’triphosphate RNA, thereby impairing
translation (Pichlmair et al. 2011; Kumar et al. 2014; Fenster| & Sen 2015). In addition, IFIT1 binds methylated
cap structures of viral mRNA, limiting their accessibility for elF4e.
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Interferons have well established roles in antiviral and anti-tumour responses, whilst pro-inflammatory

cytokines such as interleukins and TNFa are best known for their ability to induce inflammation and fever.

1.2.1.2. Interleukin-1

1.2.1.2.1. Introduction

Interleukin-1, initially termed leukocytic pyrogen, was originally studied for its role in sterile fever induction
(Wood 1958), and later for its involvement in lymphocyte activation (Rosenwasser et al. 1979). Since then its
pleiotropic activities have been well established including regulating cortisol and insulin levels, reducing
appetite, and promoting production of cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS) and
prostaglandin-2 (PGE2) (Dinarello 2015). These effects can result in the initiation of fever, hypotension and
vasodilatation. Interleukin-1 also promotes neutrophil infiltration, expression of cytokines (e.g. IL-6), and
drives the differentiation of DC, NK, T and B cells.

The IL-1 family comprises eleven members, of which IL-1a and IL-1B are the most studied (Dinarello 2009). In
contrast to other interleukins, the members of the IL-1 family are not only able to influence immune
responses by interacting with their cell surface receptor with subsequent induction of pro-inflammatory
cytokines, but have also been reported to act directly as transcription factors in the nucleus, as exemplified
by the non-processed form of IL-1a (Werman et al. 2004).

Active IL-1B is generated in a two-step process (Dinarello 2010). Stimulation of PRRs or the interleukin-1
receptor (IL-1R) initiates transcription and translation of IL-1B mRNA, which leads to the production of
biologically inert pro-peptide. Recognition of DAMPs and PAMPs |eads to the assembly of a protein complex
termed the “inflammasome”, which processes inactive pro-caspase-1 into active caspase-1. In turn, caspase-
1 cleaves pro-IL-1 into its mature active form, which is then secreted. Unprocessed IL-1p may also be cleaved
by the extracellular neutrophil- and mast cell-derived proteases such as proteinase-3, elastase, and chymase
(Guma et al. 2009; Joosten et al. 2009). In contrast to IL-1B, unprocessed IL-1a is active, as demonstrated by
its ability to act as a transcription factor (Werman et al. 2004), as well as to bind and to activate its receptor
(Kim, Lee, et al. 2013). This cytokine is primarily released from necrotic cells inducing inflammation and is
rarely secreted into circulation in response to PRR stimulation (Dinarello 2010).

Upon IL-1B recognition, the IL-1 receptor complex assembles and recruits an oligomeric complex termed the
“myddosome” (Motshwene et al. 2009; Lin et al. 2010). This complex is composed of the adaptor protein
myeloid differentiation primary response 88 (MyD88) and members of the interleukin-1 receptor associated
kinase (IRAK) family. Its recruitment results in activation of the transcription factor nuclear factor kappa B

(NFkB) (Figure 1-4).

1.2.1.2.2. IL-1 signalling

The IL-1R family is composed of ten members, two of which: IL-1R1 and the accessory protein IL-1R3 (also
known as IL-1RAcP) (Sims et al. 1989; Greenfeder et al. 1995), are required for signal transduction elicited by
IL-1a and IL-1B. The interleukin-1 receptors are transmembrane proteins (Boraschi & Tagliabue 2013),

composed of an extracellular IL-1 binding domain containing three immunoglobulin G-like regions and an
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intracellular Toll-interleukin-resistance (TIR) domain, which enables downstream signalling. The TIR domain
is an evolutionary conserved cytoplasmic domain identified initially in the Drosophila melanogaster protein
Toll, in human IL-1R, and in the antiviral resistance plant N protein (Rock et al. 1998). It was therefore termed
“Toll-interleukin-resistance” domain. This domain was subsequently used to identify further TIR-domain
containing homologues, such as the human Toll-like receptor family and numerous TIR-containing adaptors
(see 1.2.2.1).

Upon IL-1B binding by IL-1R1, the accessory protein IL-1R3 is recruited, forming the heterodimeric IL-1
receptor (Greenfeder et al. 1995; Boraschi & Tagliabue 2013), which stabilises the ligand-receptor complex.
Receptor dimerization leads to approximation of the cytosolic TIR domains resulting in generation of a
signalling surface for the TIR-domain containing adaptor protein MyD88 (Hultmark 1994; Muzio et al. 1997).
MyD88 is composed of a C-terminal TIR domain, a short intermediate domain and an N-terminal interaction
domain termed the “death domain” (DD) (Muzio et al. 1997; Wesche et al. 1997), which serves to recruit
members of the IRAK family. Early reports demonstrated MyD88 association with IRAK-1, IRAK-2 and IRAK-4
(M Muzio et al. 1997; Wesche et al. 1997; Burns et al. 2003; Brikos et al. 2007). The role of IRAK-4 in IL-1
signalling as an adaptor linking MyD88 to downstream kinases has been well established, yet the respective
roles of IRAK-1 and IRAK-2 are not entirely understood. Macrophages lacking both kinases are markedly
impaired in cytokine production demonstrating their importance in IL-1 signalling (Kawagoe et al. 2008).
The IRAK family is composed of four members each characterised by an N-terminal DD and a proline-serine-
threonine rich proST region, a central kinase domain, and C-terminal TNF receptor-associated factor 6
(TRAF6)-interaction motifs (Flannery & Bowie 2010). IRAK-4 lacks TRAF6-interaction motifs. Studies of
crystallised death domains of adaptor complexes revealed TIR-induced helical oligomerisation of six MyD88
monomers (Motshwene et al. 2009; Lin et al. 2010), which recruit four IRAK-4 proteins to form the stable
myddosome complex. Four IRAK-2 proteins are recruited to the MyD88-IRAK-4 oligomer (Lin et al. 2010),
which are subsequently phosphorylated by IRAK-4. Early studies reported phosphorylation of key residues in
IRAK-1 (i.e. Thr209 and Thr387) after recruitment to IRAK-4. This leads to a conformational change in IRAK-1,
enabling the phosphorylation of the kinase domain activation loop. Fully activated IRAK-1
hyperphosphorylates itself within the proST region (Burns et al. 2003; Kollewe et al. 2004). Activated IRAK-1
recruits TRAF6 via its three TRAF6-interaction motifs (Ye et al. 2002; Kollewe et al. 2004).

The E3 ubiquitin ligase TRAF6 contains N-terminal really interesting new gene (RING), and zinc finger domains,
and a C-terminal TRAF-C domain (Cao et al. 1996), which is required for interactions with other TRAF family
members. TRAF6 recruits and activates a complex comprised of transforming growth factor B (TGFB)
activated kinase-1 (TAK1), and TAK1 binding protein 1 (TAB1), TAB2 or TAB3 (Wang et al. 2001). Several
studies reported the involvement of lysine 63 (Lys63)-linked polyubiquitin chains bound to TRAF6 in the
activation of TRAF6 itself and TAK1 (Lamothe et al. 2007; Conze et al. 2008). These polyubiquitin chains can
be generated by TRAF6 in association with the dimeric ubiquitin-conjugating complex Ubc13-Uev1A (Deng et
al. 2000; Wang et al. 2001; Xia et al. 2009). Polyubiqutin chains are bound by the TAK1 scaffold proteins TAB2
and TAB3, as well as by the scaffold protein NFkB essential modulator (NEMO) (Kanayama et al. 2004;
Emmerich et al. 2013). NEMO is associated with the NFkB inhibitor a (IkBa) kinase (IKK) complex, and by
binding polyubiquitin chains NEMO facilitates the activation of the IKK complex by TAK1 (Emmerich et al.
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2013; Zhang, Clark, et al. 2014). A cell-free study demonstrated that unanchored polyubiquitin chains,
generated by UbcH5C instead of Ubc13-Uev1A, were also bound by TAB2 and led to TAK1 activation, whereas
TRAF6 bound ubiquitin chains were dispensable for TAK1 activation (Xia et al. 2009). Recently, other host
protein complexes such as the linear ubiquitin assembly complex (LUBAC) were shown to generate
methionine 1 (Metl)-linked polyubiquitin chains following TRAF6-mediated Lys63-polyubiquitin chain
formation, and the occurrence of Lys63/Metl hybrids was reported (Emmerich et al. 2013). It was
demonstrated that TAB2/3 preferentially bound to Lys63-polyubiquitin chains, whereas NEMO favoured
Met1-polyubiquitin chains.

Activated TAK1 phosphorylates key residues in the activation loops of its cytosolic targets IKKB and mitogen-
activated protein kinase (MAPK) kinase 6 (MKK6) (Wang et al. 2001). Overexpression, as well as deletion of
TAK1 revealed its crucial role in downstream activation to the MAPK p38, c-Jun N-terminal kinase (JNK), and
transcription factors (Ninomiya-Tsuji et al. 1999; Wang et al. 2001; Sato et al. 2005; Shim et al. 2005). TAK1
activates the MAPK complexes MKK4-MKK7, which in turn recruits JNK (Dérijard et al. 1995; Tournier et al.
2001), leading to activation of the activator protein-1 (AP1). The AP1 transcription factor family are homo-
and heterodimers composed of Jun (e.g. c-Jun), activating transcription factor (ATF), and musculoaponeurotic
fibrosarcoma proteins (Meng & Xia 2011), which regulates various cellular processes including cell cycle and
inflammation. Following activation of JNK, this kinase phosphorylates c-Jun (Dérijard et al. 1994), and ATF2
resulting in their activation (Gupta et al. 1995; van Dam et al. 1995), dimerization (Hai & Curran 1991), and
nuclear translocation. TAK1 also activates the MAPK complex MKK3-MKK6 (Moriguchi et al. 1996; Wang et
al. 2001), which phosphorylates p38, eliciting activation of CAMP reponse-element binding protein (CREB)
(Deak et al. 1998).

In unstimulated cells, NFkB, most commonly comprised of the subunits p65 (RelA) and p50, is sequestered in
the cytosol by its inhibitor IkBa in canonical signalling (Baeuerle & Baltimore 1988b). Upon activation, TAK1
phosphorylates the IKK complex (Takaesu et al. 2003), a higher order oligomer of 800 kilo Dalton (kDa)
composed of IKKa, IKKB, and NEMO (Mercurio et al. 1997; Zandi et al. 1997; Rothwarf et al. 1998; Yamaoka
et al. 1998). Recently, TAK1-mediated phosphorylation of IKKB has been shown to prime the kinase for
autophosphorylation (Zhang, Clark, et al. 2014), which results in its activation. NFkB-bound IkBa is
phosphorylated at Ser32 and Ser36 by the activated IKK complex creating a recognition site for the E3
ubiquitin ligase B-transducin repeat-containing (BTrCP) (Henkel et al. 1993; Traenckner et al. 1995; Spencer
et al. 1999). Subsequently, BTrCP along with E1 and UBC5C polyubiquitinate phosphorylated NFkB-bound
IkBa leading to its recognition and degradation by the 26S proteasome (Alkalay et al. 1995). The previously
sequestered transcription factor NFkB is released (Henkel et al. 1993), whereupon it translocates to the
nucleus and binds to kB binding sites in the promoter of NFkB-stimulated genes (Sen & Baltimore 1986;

Baeuerle & Baltimore 1988a; Kunsch et al. 1992).
The promoters of IFNs and of the pro-inflammatory cytokines IL-1 and TNFa contain kB-binding sites, which

result in the expression of these cytokines. In turn, secreted IL-1 and TNFa lead to further activation of the

transcription factor NFkB.
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1.2.1.3. Tumour necrosis factor a

1.2.1.3.1. Introduction

The crucial role of TNFa in tumour necrosis was first demonstrated in vivo by Carswell and co-authors
(Carswell et al. 1975). Tumours grafted superficially onto mice necrotised after intravenous injection of serum
containing TNFa whilst healthy tissue was spared (Carswell et al. 1975). Since then the pleiotropic cytokine
was shown to be involved in a large variety of biological functions including cell survival and death, cell
differentiation and proliferation, and inflammation (Aggarwal et al. 2012; Waters et al. 2013). TNFa is an
endogenous pyrogen eliciting fever and vasodilatation through production of pro-inflammatory mediators
such as COX-2 and PGE?2. It promotes secretion of cytokines (e.g. IL-6, IL-8, IL-18 and IFNy-induced protein 10)
and expression of adhesion molecules, which in turn recruit leukocytes to the site of infection. Furthermore,
it was shown to regulate haematopoiesis, coagulation, and the activation of DCs and macrophages. The latter

are the principal source of TNFa.

TNFa is a member of the TNF superfamily comprised of 19 ligands and 29 receptors (Waters et al. 2013), all
of which mediate pro-inflammatory responses. The cytokine exists in a transmembrane and a soluble trimeric
form, both able to interact with the tumour necrosis factor receptor (TNFR). Membrane-bound TNFa is
cleaved by the protease TNFa-converting enzyme to generate the soluble active trimer (Black et al. 1997).
Two distinct TNFa receptors, i.e. TNFR1 and TNFR2, have been described (Brockhaus et al. 1990). They are
characterised by extracellular cysteine rich domains that form the binding pocket for TNFa. In addition, TNFR1
contains a cytosolic DD that serves to interact with adaptor proteins (Hsu et al. 1995). This domain is absent
in TNFR2. Similar to the IL-1R family, ligand binding induces oligomerisation of the receptor and recruitment
of adaptor proteins through specific interaction domains such as death domains ultimately leading to

activation of TAK1, and subsequent activation of the IKK complex and MAP kinases (Figure 1-4).

1.2.1.3.2. TNFa signalling

Recognition of TNFa by TNFR1 induces recruitment of the adaptor TNFR1-associated death domain protein
(TRADD) via DD homotypic interactions (Hsu et al. 1995). TRADD is involved in the initiation of two contrasting
cellular processes (Hsu, Huang, et al. 1996; Hsu, Shu, et al. 1996). It can associates with Fas-associated death
domain protein (FADD) to elicit apoptosis (Hsu, Huang, et al. 1996). It can also engage with TRAF2 and
receptor-interacti<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>