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Abstract

Abstract

Viperin is an interferon-inducible protein that is pivotal for eliciting an effective immune
response against an array of diverse viral pathogens. Despite considerable research efforts,
it remains unclear how viperin accomplishes its restriction of many unrelated viral
pathogens. Here we utilise extensive in vitro assays to investigate the molecular

mechanisms underpinning the broad antiviral activity of viperin.

In contrast to viperin’s previously described direct interaction with and restriction of viral
pathogens, we describe viperin’s ability to synergistically augment host interferon signalling
to indirectly restrict viral pathogens. Viperin facilitates the formation of a signalling
enhancesome with key innate immune signalling proteins, STING and TBK1, to coordinate
efficient signal transduction following aberrant dsDNA detection, which results in an
enhanced antiviral state. Subsequent analysis identified viperin's necessity to bind the
cytosolic iron-sulphur assembly component 2A, to prolong its enhancement of the interferon
response to aberrant dsDNA. We also provide evidence for viperin's radical-SAM enzymatic
activity to act as novel self-limiting mechanism of its immunomodulatory functions; providing
a link between viperin’s innate immune regulation and its enzymatic generation of the
antiviral ribonucleotide ddhCTP. Furthermore, through the evolutionary investigation of
positive selection within viperin, we uncover the potential for another yet identified antiviral

function of viperin which is critical for its ancient antiviral activity.

This study, while further highlighting the multifaceted role of viperin in antiviral innate
immunity, provides an understanding of the regulation and contextual specificity of viperin’s
multiple antiviral functions. Moreover, our data further defines the molecular mechanism of
viperin’s highly effective, pan-antiviral activity, providing the foundations for the development

of novel antiviral therapeutics.
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Chapter 1: Antiviral innate immunity and the host antiviral protein viperin

1.1 Background

Viruses are ubiquitous in nature and continually impose considerable burdens on human
health. Despite our comprehensive understanding of viral disease aetiologies, many viral
diseases lack effective treatments and rely primarily on rudimentary relief of symptoms. The
pursuit of basic research of human antiviral immunity offers a means by which to uncover
novel antivirals. The human innate immune system routinely recognises and restricts
invading viruses without medical intervention and often without any noticeable symptoms.
The known viral pathogens, capable of causing human disease, likely represent only a
minority of the countless viruses continually barraging our innate immune system. Indeed,
even individual viral isolates produce a magnitude of variable quasispecies, only to have the
vast majority of them restricted by host innate immune defences. Consequently, basic
research which aims to define the molecular functions of the human innate immune system
represents a promising avenue for the development of antiviral therapies with significant
clinical implications. This study aims to further our understanding of the host antiviral protein
viperin, a major restriction factor of the human innate immune system. The insight gained
through this and similar studies will likely provide the foundational understanding for the
development of effective antiviral therapeutics.

1.2 Antiviral innate immunity

1.2.1 Introduction

The human innate immune response has culminated from over more than 1 billion years of
evolution to be highly effective at restricting invading pathogens.! Fundamentally, innate
immunity can be described as the system responsible for distinguishing self from non-self
and coordinating an inhibitory response against the latter. This system relies on the intricate
coordination of many germline-encoded receptors, signalling adaptor proteins, transcription
factors, messenger molecules and effector proteins (reviewed in 2-°). The expression and
subcellular localisation of each of these factors is orientated to provide an effective immune
response against specific pathogens, while minimising detrimental immunopathology. In this
way, each cell type presents varying innate immunological aptitude, optimised for that cell’'s
function and likelihood of encountering specific pathogens. The innate immune system is
responsible for the detection of all non-self pathogens, including bacteria, fungi and even
cancerous cells. However, this study focuses on the subset of this system responsible for

the detection and restriction of viral pathogens, hence termed antiviral innate immunity.
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Antiviral innate immunity restricts viral infection through disrupting critical viral processes or
interfering with host processes necessary for the viral lifecycle. Initial recognition of viral
pathogens is facilitated by numerous pattern recognition receptor (PRRs), which detect
conserved pathogen-associated molecular patterns (PAMPS) such as viral nucleic acids
(reviewed in 27). Upon detection of their specific PAMP, PRRs initiate a signalling cascade
through the activation of numerous signalling adaptor proteins, often relying on
conformational changes and post-translation modifications (PTMs)(reviewed in "-°). This
signal transmits to transcription factors, enabling these complexes to drive the production of
cytokines, most notably interferon (IFN) which initiates a secondary signalling cascade
through the Janus kinase (JAK)-signal transducers and activators of transcription (STAT)
pathway (reviewed in 19). Interferon initiates JAK-STAT signalling in both the infected,
responding cell as well as in uninfected neighbouring cells, which culminates in the
transcription of hundreds of interferon stimulated genes (ISGs)(reviewed in 1°). The ISG
products are regarded as the effector proteins of antiviral innate immunity, responsible for
targeting critical viral and host processes to restrict viral infection (reviewed in +12), One of
the most well characterised and potent antiviral ISGs is viperin, the focus of this thesis. This
chapter will introduce the numerous components of the antiviral immune response, providing
details regarding their expression, localisation as well as activation, and how this contributes
to effective viral clearance. We will also outline the current understanding of viperin’s

antiviral function.

1.2.2 Viral pathogen detection and initiation of innate immune
signalling

Every cell within the human body is continually surveying the extracellular space,
endolysosomal compartments and the cytoplasm for signs of viral infection or tissue damage
(reviewed in >*3). The germline-encoded PRRs are responsible for the detection of viral
pathogens, and while their expression is most pronounced in specialised immune cells,
current analysis indicates every cell retains some degree of expression and consequently
every cell retains the capacity to detect viral infection (reviewed in **!4). Conserved PAMPs
such as viral nucleic acids serve as ligands to the PRRs, facilitating their signal activation
(reviewed in 27). Each PPR occupies a particular subcellular localisation which appropriates
the receptor to recognise aberrant molecules such as viral nucleic acids in the endosome,
rather than host nucleic acids in the nucleus (reviewed in *°). There are multiple PRRs in
humans, categorised by their ligand affinity, functional domains and associated downstream
signal (reviewed in ®13). The PRRs are categorised into the Toll-like receptors (TLRs),

nucleotide-binding oligomerization domain receptors (NOD-like receptors, or NLRs), C-type
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lectin receptors (CLRS), retinoic-acid-inducible gene 1 (RIG-I)-like receptors (RLRs), and

DNA sensors. Together these PRRs detect all known non-self pathogens and coordinate the

production of many pro- and anti-inflammatory cytokines. Here we summarise the human

PRRs predominantly associated with viral detection and production of the IFN subset of

cytokines (Table 1.1).

Table 1.1 Human PRRs associated with detection of viral PAMPSs.

PRR PAMP ligand Localisation Expression Reference
TLRs
TLR2 Tri/di-acylated Cell surface/ Monocytes 16,17
lipoprotein endosome
TLR3 dsRNA Endosome Innate immune 18-22
cells except
neutrophils and
pDCs
TLR4 Fusion/envelop Cell surface/ ND 22-25
protein endosome
TLRY ssRNA Endosome pDCs and B cells | 26-29
TLR8 ssRNA Endosome Monocytes, 80-32
macrophages and
cDCs
TLR9 CpG DNA Endolysosome pDCs 33,34
RLRs
RIG-I 5' ppp-dsRNA, Cytoplasm All mammalian 35-38
short dsRNA cell types
MDAS5 Long dsRNA Cytoplasm All mammalian 39,40
cell types
LGP2 dsRNA Cytoplasm cDC, MEFs 41

DNA sensors

STING ssDNA, dsDNA Endoplasmic Ubiquitous, but 42
reticulum often missing in
cancerous cells
cGAS dsDNA Cytosol Ubiquitous, but 43-45
not in cancerous
cells
IFI16 dsDNA Nucleus ND 46
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AIM2 dsDNA (B-form) Cytosol ND 47-50

DAl dsDNA Cytosol Fibroblasts 51,52

DDX41 dsDNA Cytosol myeloid dendritic | 53
and THP-1 cells

MRE11 dsDNA Cytosol MEFs, GM-Dcs, 54
HEK293T,
GM7166, ATLD

DNA-PK dsDNA Cytosol HEK293T, MEF, 55
primary

fibroblasts, HeLa

RNA polymerase Il AT-rich dsDNA Cytosol ND 56,57

NLRs

NLRP3 ssSRNA, dsRNA Cytosol Ubiquitous 58-61

NOD2 ssRNA Cytosol Macrophages, 62
monocytes,

Paneth cells, DCs

NLRC5 dsRNA Cytosol Hematopoietic 63,64
cells

1.2.2.1 TLR signalling

The first described and consequently the most extensively studied of the PRRs, the TLRs,
are transmembrane glycoproteins responsible for the detection of a wide range of PAMPs
and the facilitation of anti- and pro-inflammatory, as well as IFN immune responses
(reviewed in %) (Figure 1.1). In humans there have been 10 functional TLRs described, with
most of them (TLR 1,2,4,5,6 & 10) localised to the cell plasma membrane primed for the
detection of PAMPs associated with extracellular pathogens such as cell wall components,
bacterial lipoproteins and highly conserved microbial proteins (reviewed in %°66). However,
both TLR2 and TLR4 while primarily localised to the cell surface membrane, have been
demonstrated to localise to the endosomal membrane following endocytosis.”23 It is within
these intracellular compartments that each of these receptors has been demonstrated to
facilitate a type-I IFN response to viral proteins (Table 1.1).1"%® Conversely, the remaining
TLRs are strictly localised to intracellular compartmental membranes such as that of the
endolysosome where they are primed to detect various viral nucleic acids (Table
1.1)(reviewed in 2%%). While it is evident the cellular localisation of a TLR predicates its

downstream immune response, this is also a consequence of the signalling adaptor proteins
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which associate with the cytosolic toll/interleukin-1 receptor (TIR) domains of these

receptors.

There are now five described adaptor proteins known to associate with the TIR domains of
TLRs, with each initiating a unique downstream immune signal (reviewed in 7). Each of the
TLR adaptor proteins contain a TIR domain which upon ligand binding-induced dimerization
of each TLR, associates with the reciprocal cytosolic TIR domain of the respective TLR
(reviewed in 5). The adaptor proteins myeloid differentiation primary response protein 88
(MyD88) and TIR domain-containing adaptor protein (TIRAP) function to induce the
activation of mitogen-activated protein kinase (MAPK)- and nuclear factor-kB (NF-«kB)-
dependent pro-inflammatory responses (reviewed in 13¢7), Alternatively, the adaptor proteins
TIR domain-containing adaptor protein inducing IFNB (TRIF) and TRIF-related adaptor
molecule (TRAM) activate TANK-binding kinase 1 (TBK1) and IkB kinase-¢ (IKKg), to
facilitate a type-I IFN response (reviewed in ). The fifth most recently described adaptor
protein, sterile a and Armadillo motif containing protein (SARM), has been demonstrated to
act as a negative regulator of TRIF-dependent signalling, favouring the alternate pro-
inflammatory responses of TLR3 and TLR4.58 Most TLRs have the capacity to interact with
multiple TIR-containing adaptor proteins which subsequently alters the downstream immune
response elicited. This selective interaction with adaptor proteins is understood to be
contextually appropriated to provide an optimal immune response to the detected pathogen.

Toll-like receptors can discriminate between pathogen classes to facilitate an appropriate
immune response. Toll-like receptor 2 which was first described to facilitate an antibacterial
pro-inflammatory response to bacterial lipopolysaccharide (LPS) was later demonstrated to
also facilitate an antiviral type-1 IFN response to viral proteins.61” The ability of TLR2 to
facilitate a type-I IFN response was reliant on internalisation of the receptor within the
endosome, the cellular compartment utilised for entry of many viral pathogens.'’” Moreover,
TLR4 may also facilitate either distinct immune response, and while the discrimination
between the two responses was likewise attributed to its endocytosis, this process was
further demonstrated to enable TLR4’s interaction with either the pro-inflammatory-mediating
MyD88-TIRAP adaptors at the plasma membrane or the IFN-mediating TRAM-TRIF
adaptors at the early endosome membrane.? Additionally, the considerable and immediate
induction of SARM following LPS highlights another level of immune response
discrimination.®® In this case, following detection of the bacterial PAMP LPS, SARM is highly
induced to out-compete the alternate adaptor protein TRIF to favour the antibacterial pro-
inflammatory response of TLR3 and TLR4 rather than the antiviral type-I IFN response.®®

Overall, it is evident that this evolutionary conserved family of PRRs, capable of detecting



Chapter 1: Antiviral innate immunity and the host antiviral protein viperin

many diverse pathogens and facilitating distinct immune responses, has developed intricate
mechanisms to coordinate immune responses specifically appropriate to viral pathogens.
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Figure 1.1 Localisation and Signalling of TLRs. TLR1, TLR2, TLR4, TLR5 and TLR6 localize to the
cell surface, whereas TLR3, TLR7, TLR8 and TLR9 localize to the endosomes. Once TLRs bind their
respective ligands, MYD88 and Mal (alternatively, TRIAP) or TRIF and TRAM are activated. TLR4
moves from the plasma membrane to the endosomes to switch signalling from MYD88 to TRIF.
Transcription factors such as NF-kB induce proinflammatory cytokines. Activation of the endosomal
TLRs leads to the production of type-I IFN. (Adapted from 69).

1.2.2.2 RLR signalling

The three RLRs are conjointly capable of detecting short dsRNA as well as both negative-
and positive-sense ssRNA (reviewed in %) (Table 1.1). They are RIG-I, melanoma
differentiation-associated protein 5 (MDAS) and laboratory of genetics and physiology 2
(LGP2). All three are DExD/H-box helicases occupying indistinct cytoplasmic regions
(reviewed in °). Upon binding their RNA ligands, these receptors undergo conformational
changes which expose their N-terminal caspase-recruitment domains (CARDs) for
interaction with the signalling adaptor protein mitochondrial antiviral signalling (MAVS)."
Although LGP2 lacks a CARD domain, it interacts with both RIG-I and MDAS to vicariously
gain this domain’s functional property, positively regulating the signalling function of both

RIG-I and MDA5.*"2 Subsequent MAVs activation precedes the induction of an antiviral
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type-l IFN response (reviewed in 7®). While host RNA species exist in the cell cytoplasm and
may pose as potential ligands to RLRs, studies indicate these receptors recognise specific
RNA signatures which allow them to discriminate between host and viral RNA (reviewed in
9). Of note, these receptors recognise polyuridine motifs that contain interspersed C
nucleotides (known as poly-U/UC) which are abundant in viruses such as HCV."*7®
Moreover, RNA length, the presence of viral unique 5' triphosphates and RNase L cleavage
products containing 3° monophosphates all additionally aid in host-virus RNA
discrimination.2®’%’7 Together these PRRs play a major role in the pathogen sensing of RNA

virus infection to facilitate and modulate an effective antiviral immune response.

1.2.2.3 DNA sensor signalling

The DNA sensors represent the most recently discovered PRRs and now comprise nine
confirmed members in addition to the CpG methylated DNA detection of TLR9 (reviewed in
8) (Table 1.1) (Figure 1.2). While most of these receptors are localised within the cytosol,
both cyclic-GMP-AMP (cGAMP) synthase (cGAS) and IFNy-inducible protein 16 (IFI16) have

been demonstrated to also survey the nucleus for aberrant DNA.46.7%-82 Al| of these receptors

can induce an antiviral type-l IFN response, with the exception of AIM2 which facilitates
activation of the inflammasome and cell death (reviewed in ’®). The RNA polymerase Il|
while not a bona fide receptor, contributes to dsDNA detection in the cytosol by transcribing
AT-rich dsDNA into dsRNA containing a 5'-triphosphate moiety for detection by RIG-1.%657
While studies have revealed functional redundancy among these DNA sensors, the genetic
deletion of cGAS abolishes the induction of IFN in response to aberrant DNA, highlighting
the central role of this particular receptor for eliciting an antiviral response to DNA viral
infection (reviewed in 8%). The signalling adaptor protein stimulator of IFN genes (STING)
acts immediately downstream of all these receptors with the exception of AIM2 and RNA
polymerase lll, to facilitate a pro-inflammatory response or alternatively cooperates with
TANK-binding kinase 1 (TBK1) to facilitate an antiviral type-I IFN response (reviewed in 8).
Moreover, STING has also been demonstrated to act independently of upstream DNA
sensors and directly bind ssDNA and dsDNA to facilitate an innate immune response.*? The
expansion of our understanding of innate immune detection of viral DNA over the recent
years has provided invaluable insight into the measures responsible for restriction of DNA

viruses.
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Figure 1.2 DNA sensors and related signalling pathway. TLR9 recognizes CpG DNA in the
endosome and recruits MyD88 to activate IRF7 and NF-kB, leading to induction of type-l IFN and
inflammatory cytokines. AT-rich dsDNA is transcribed by RNA Pol Il into 5-ppp-dsRNA, which in turn
activates the RIG-I-MAVS pathway. DNA from viruses is detected by cGAS and other putative DNA
sensors, which are all proposed to activate STING. STING translocates from the endoplasmic reticulum
to the Golgi to activate TBK1-IRF3 and NF-kB, resulting in robust type-I IFN induction and inflammatory
cytokine production. Detection of DNA by IFI16 and AIM2 in the nucleus and cytoplasm, respectively,
activates the inflammasome via recruitment of ASC and caspase-1, leading to proteolytic cleavage of
pro-IL1B and pro-IL18. (Adapted from 78).

1.2.2.4 NLR signalling

The cytosolic nucleotide—binding oligomerisation domain-containing (NOD)-like receptors
(NLRs) are a family of 20 receptors most studied and well-known for their roles in
inflammasome activation (reviewed in 8). Most NLRs are predicted to detect danger-
associated molecular patterns (DAMPSs) such as lysosomal degradation, membrane
disruption, or generation of ROS rather than PAMPs (reviewed in 84). Inflammasome
activation by NLR DAMP detection triggers a proinflammatory form of cell death known as
pyroptosis.® However, a select few NLRs have been demonstrated to participate in
detection of viral infection to contribute to an antiviral immune response (reviewed in 8486)

(Table 1.1). The NLR pyrin domain containing 3 (NLRP3) receptor has been shown to
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recognise viral PAMPs and contribute to viral restriction through caspase-1 inflammasome
activation, independently of IFN.58-%! Alternatively, the NOD-, LRR- and CARD-containing 5
(NLRCS5) receptor has been demonstrated to induce type-I IFN in response to viral RNA
without induction of an inflammatory response.®*8” Moreover, nucleotide-binding
oligomerization domain 2 (NOD2) functions as a cytoplasmic receptor of viral SSRNA,
signalling through MAVS to activate the production of type-I IFN.®? Interestingly, there has
also been a report of negative regulation of IFN signalling by nucleotide-binding
oligomerization domain, leucine rich repeat containing X1 (NLRX1), whereby this receptor
localised to the mitochondrial outer membrane where it interacted with and inhibited the IFN
signalling of MAVS.88 While this family of innate immune receptors are not typically
associated with antiviral immunity, it is evident particular members intersect the antiviral
signalling of other PRR families to contribute to the detection and restriction of viral

pathogens.

1.2.3 Downstream PPR signalling

The successful transduction of signals downstream of PRR activation relies on humerous
signalling proteins. These signalling proteins are often kinases or ubiquitin ligases which
facilitate post-translational modifications in order to transmit the specific antiviral signal. A
prominent family of these enzymes are the tumour necrosis factor receptor (TNFR)-
associated factors (TRAFS). As their name suggests, this family of seven proteins was
originally identified as signalling adaptors to the TNFR superfamily of receptors, but specific
members have since been recognised for their regulation of innate immune signalling, the
most prominent of which are TRAF3 and TRAF6 (reviewed in 8-°1). These signalling
proteins each contain a C-terminal TRAF domain which mediates protein-protein
interactions, including TRAF oligomerization as well as interactions with upstream regulators
and downstream effectors (reviewed in ). Critical to their regulation of innate signalling,
these proteins are both catalytically active E3 ubiquitin ligases; a function afforded to them
by their N-terminal enzymatic RING finger domains (reviewed in 8). Upon engagement with
key adaptor proteins, TRAF3 and TRAF6 both facilitate poly-ubiquitination events which
attract downstream kinases to form signalling complexes (reviewed in %), Unlike the
specific adaptor proteins of each PRR, these TRAFs are less restrictive in their signalling
activity and are involved in regulating signals from TLRs, RLRs, NLRs as well as DNA
sensors (reviewed in ). However, the functions of TRAF3 and TRAF6 are largely distinct,
whereby TRAF3 is more readily associated with the induction of type-I IFN, while TRAF6 is
most well-known for its role in promoting pro-inflammatory responses.®? It is evident there

are many factors that contribute to efficient signal transduction following PRR activation to
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specifically produce a type-I IFN antiviral response, which is further exemplified by the

activation of downstream transcription factors.

1.2.4 PRR-mediated gene expression

The expression of IFN following PRR detection of viral pathogens is regulated by the IFN
regulatory factor (IRF) family of transcription factors. The nine IRF members in mammals
aptly designated IRF1-9, all contain a conserved N-terminal DNA-binding domain (DBD) and
a C-terminal IRF association domain (IAD) (reviewed in °3). The DBD forms a helix-turn-helix
domain and recognises a 5-AANNGAAA-3' consensus IRF-responsive element (IRE).%
There are two distinct IADs within the IRF family, IAD1 present in IRF3-9 and IAD2 present
in IRF1-2 (reviewed in %). The variable C-terminal IAD enables protein-protein interactions to
coordinate homo- and heterodimer formation between IRFs, as well as other transcription
factors which defines the functionality of the IRF member. While all the IRFs have been
implicated in the regulation of IFN and IFN-associated gene transcription, only IRF1, IRF3,
IRF5 and IRF7 have been implicated in positive regulation of these genes (reviewed in ).
Of these IRFs, the IRF3/IRF7 heterodimer is regarded as the key regulator of type-I IFN
gene transcription, while IRF1 and IRF5 appear to have redundant type-I IFN transcribing
functionality.®®-*° Importantly, a subset of ISGs contain IREs within their promoters which
enables their early transcription prior to IFN production (reviewed in 1%°). The
phosphorylation of these transcription factors is the hallmark of their activation and leads to
their dimerization and nuclear translocation (reviewed in °). The above mentioned PRRs
and their respective signalling adaptor proteins all culminate in the activation of kinases,
predominantly IkB kinase-¢ (IKKe) and TANK-binding kinase-1 (TBK1) which subsequently
phosphorylate IRFs responsible for the transcription of type-I IFN genes.'®!

1.2.5 IFN signalling

Interferons are integral cytokines to innate immunity, inducing the transcription of hundreds
of genes with antiviral, anti-proliferative and immunomodulatory effects (reviewed in 1%2). In
mammals, IFN encompasses a profuse variety of at least 20 innate signal transduction
molecules grouped into three types, each with their own cognate receptor (reviewed in
102,103) (Table 1.2). Produced by means of the before-mentioned PRR-triggered signalling,
IFN acts as both an autocrine and paracrine messenger upon binding to corresponding cell
surface receptors (reviewed in 192103) Of the three types of IFN, type-l and -lll are
considered the principle coordinators of an antiviral immune response, while in contrast type-
Il IFN has relatively weak intrinsic antiviral activity and is not directly produced following viral

infection (reviewed in 1°4). While the antiviral transcriptional profiles induced by both type-|
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and -lll IFN are very similar, these IFNs differentially contribute to an antiviral immune
response (reviewed in 1%). The differences observed between the antiviral responses
induced by type-l and -Ill IFN is understood to be a consequence of differential ligand
binding affinities, signal feedback regulation, receptor expression and assembly, and
biomolecular condensation (reviewed in 1°%). For example, each of the multiple IFN species
belonging to each of these two IFN types have differing binding affinities to their single
receptors. The more strongly bound IFNs, such as the type-I IFN-B, form more stable ternary
complexes with their receptors resulting in increased binding duration.1%6-1% Moreover, the
type-I IFN receptor is present on all nucleated cell types, while the type-Ill IFN receptor is
restricted mainly to epithelial cells (reviewed in 1°%). The combined expression of both type-I
and -lll IFN receptors within epithelial cells offers a reinforced antiviral response at the virus-
host interface of the epithelium. The existence of numerous IFN signalling pathways
underscores the critical importance of these signalling molecules in an effective antiviral

immune response.

Table 1.2 Interferon types, members and receptors

Interferon members | Respective Receptor Ligand affinity Reference
receptor expression

Type-I interferon

IFN-a (13 subtypes), | IFNAR1 Ubiquitous Low 108-116
IFN-B, IFN-g, IFN-K,
and IFN-w IFNAR2 Ubiquitous High

Type-Il interferon

IFN-y IFNGR1 Ubiquitous High 116-120

IFNGR2 Restricted Low

Type-lll interferon

IFN-AL, IFN-A2, IFN- | IFNLR1 Restricted High 116,121-125
A3 and IFN- AM

IL-10R2 Ubiquitous Low

Upon detection of their respective IFNs, all IFN receptors signal through the JAK-STAT
pathway to facilitate transcriptional changes (reviewed in 212¢) (Eigure 1.3). The IFN
signalling through the JAK-STAT pathway is able to occur within minutes of IFN binding,
owing to the high and ubiquitous baseline expression of the JAK and STAT protein
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constituents.?”128 The three JAK proteins, JAK1, JAK2 and tyrosine kinase 2 (TYK2)
associate with the cytoplasmic regions of their respective IFN receptors and upon IFN
binding, conformational changes within the receptors enable JAK protein juxtaposition and
transphosphorylation (reviewed in 2°). Subsequent JAK phosphorylation of conserved
tyrosine residues within the IFN receptors enables STAT1/2 binding.**® The various IFN
types induce different STAT complexes; Type-Il IFN stimulation causes STAT1 to form a
homodimer complex, while the stimulation of type-I and -lll cause a STAT1/STAT2
heterodimer complex.3:132 The homo-dimerised STAT1 translocates to the nucleus, and
binds the gamma-activated sequence (GAS), leading to IFN-y stimulated gene
transcription.'3! Whereas, the hetero-dimerised STAT1 and STAT2 complex recruits IFN
regulatory factor-9 (IRF9), creating a complex termed ISG factor 3 (ISGF3) which is
responsible for transcribing hundreds of ISGs via binding to IFN-stimulated response

elements (ISREs) within the promoters of these genes (reviewed in?).
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Figure 1.3 The interferon signalling cascade. The three different classes of IFNs signal through
distinct receptor complexes on the cell surface: type | IFNs act through IFNAR1 and IFNAR2
heterodimers; type Il IFN through IL-10R2 and IFNLR1 heterodimers; and type Il IFN through dimers
of heterodimers consisting of IFNGR1 and IFNGR2. Binding of both type | and type Ill IFNs to their
IFNAR1/2 or IL-10R2/IFNLR1 complexes, respectively, triggers phosphorylation of pre-associated
JAK1 and TYK2, which in turn phosphorylate the receptors at specific intracellular tyrosine residues.
This leads to the recruitment and phosphorylation of STAT1 and STAT2. STAT1 and STAT2 associate
to form a heterodimer, which in turn recruits the IRF9 to form the ISGF3. Binding of type Il IFN dimers
to the IFNGR1/2 complex leads to phosphorylation of pre-associated JAK1 and JAK2 tyrosine kinases,
and transphosphorylation of the receptor chains leads to recruitment and phosphorylation of STATL.
Phosphorylated STAT1 homodimers form the IFN-y activation factor (GAF). Both ISGF3 and GAF
translocate to the nucleus to induce genes regulated by ISRE and gamma-activated sequence (GAS)
promoter elements, respectively, resulting in expression of antiviral genes. (Adapted from ?)

1.2.6 The antiviral activity of ISG products

Interferon stimulated genes encode proteins that together are regarded as the effectors of
the antiviral innate immune response. More than 20 years on from the first genome-wide
transcriptional profile of IFN,** there are now understood to be hundreds of ISGs capable of
directly interfering with processes integral to the viral replication cycle, although the
mechanisms of most of these are yet to be described (reviewed in 1t) (Table 1.3). The
research dedicated to this field has identified families of ISG products known to restrict

multiple viral pathogens such as the interferon-inducible transmembrane (IFITM) and the
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conserved dynamin-like large GTPase Mx proteins, which both inhibit early steps of the viral
replication cycle (reviewed in *-1%), There are also multiple other ISG products that inhibit
late stages of the viral replication cycle, such as the ISG product PAI-1 which inhibits IAV
glycoprotein cleavage thereby reducing viral maturation.**® The effectiveness of the host
antiviral immune response relies on the concurrent action of each of these ISGs to target a
multitude of conserved viral properties simultaneously, as well as pre-emptively in the case

of paracrine IFN signalling.

Table 1.3 Targeting of viral replication cycle stages by host ISGs. (Adapted from 11)

Viral replication cycle Interferon-stimulated gene
stage
Entry
CH25H
IFITM1
IFITM2
IFITM3
NCOA7
TRIM5a
Nuclear import
MX1
& MX2
NANN
YORVOVON
MRNA synthesis
APOBEC3A APOBEC3H
NANANANN | APOBEC3B IFI16
1 APOBEC3C MX1
APOBEC3D
S APOBEC3F
— APOBEC3G
Protein synthesis
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PKR PARP12
/' IFIT1 SFLN11
IFIT2 SAT1
IFIT3
5 MuMEAGARNKMEMIGUAGATMIA | |F|T5
ZAP
Replication
ANANANNN IFI6 APOBEC3D 1ISG20
Viperin APOBEC3F OAS1
l APOBEC3A APOBEC3G OAS2
AANNNNN APOBEC3B APOBEC3H OAS3
W APOBEC3C ZAP
ANANANANAN
Assembly and egress
Tetherin Viperin
CNP
GBP5
SERPINA1
SERPINE1
SERPINA3

Despite the significant research efforts to characterise the molecular function of each ISG
product, the direct antiviral activity of the majority of ISGs remains elusive. However,
increasing evidence in recent years has highlighted an alternate role for a small group of
ISGs to indirectly contribute to viral inhibition. This group of ISGs includes those which code
for protein kinase R (PKR), zinc-finger antiviral proteins (ZAPs), IFN-regulated members of
the tripartite motif (TRIM)-containing family and the DExD/H box helicase (DDX60). Each of
these ISG products has been demonstrated to act in a synergistic fashion to further augment
specific PRR signalling pathways, often by assisting in the post-translational modification of
members of these pathways, and thereby enhancing the innate antiviral response (reviewed
in ¥%) (Figure 1.4). Some of these ISGs are present at high basal levels, or can be regulated
directly by IFN regulatory factor 3 (IRF3) very early following viral detection, independently of

IFN, offering a positive reinforcement of the initial viral detection pathways (reviewed in *°).
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The host antiviral protein viperin is among this select group of ISGs, capable of directly

inhibiting critical stages of the viral replication cycle but also capable of acting indirectly to

synergistically augment innate immune signalling.

RNA sensing 1 DNA sensing
VA "
S irus(e | vAY
o <®>
£/ A

.
s Proinflammatory
cytokines

Type I/111

Nucleus ;

g IFN g ISGs

PKR

TRIMS6

(VIPERIN'

il

DDX60

Figure 1.4 Interferon-stimulated genes as enhancers of antiviral innate immune signalling. A
select group of ISGs have been shown to enhance the innate immune PRR signalling pathways. PKR
is a double-stranded RNA receptor pivotal in the activation of MAVS. ZAP-S enhances RIG-I ATPase
activity. TRIM21 enhances innate immune signalling in 2 ways: (1) it detects the Fc portion of the
antibody bound to nonenveloped viruses entering the cytosol and catalyses their K63-linked poly-
ubiquitination to induce a type-l IFN response independently of RIG-1 and cGAS; (2) it recruits the
proteasome to instigate premature virion uncoating, exposing PAMPS to RIG-I and cGAS. TRIM56 acts
as a scaffold protein promoting for TRIF/TBK1 signalling to enhance IRF3 activation. DDX60 can bind
dsRNA, and it associates with both RIG-I and MDAD5 to enhance their activation. Viperin enhances the
K63-linked poly-ubiquitination of IRAK1 by promoting an interaction between IRAK1 and TRAF6.

(Adapted from 139)
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1.3 The host antiviral protein viperin

1.3.1 Background

Through genetic investigation of the most evolutionary ancient living phylogenetic groups it is
possible to identify the antiviral innate immune genes which have persisted since its
inception and through the bottleneck imposed by the preceding advent of adaptive
immunity.>14° These persistent innate immune genes are likely critical to the innate immune
response, conferring unique and perhaps universal abilities for viral pathogen inhibition.
Viperin (Virus Inhibitory Protein, Endoplasmic Reticulum-associated, INterferon-inducible) is
one such innate immune gene, with orthologues present in species from all kingdoms of
life.14! Eukaryotic viperin shows high amino acid conservation, particularly within its radical

SAM and M1 domains (Figure 1.5 A & B). Through investigating the ancient, evolutionarily

conserved mechanisms employed by viperin to inhibit viral infection it is possible to

understand viral disease susceptibility as well as develop effective antiviral therapeutics.
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A Viperin amino acid alignment
Human - =MV - - LTPAAFAGKLLSVFRQPLSSLWRSLVPLFCWLRATFWLLATKRR -KQQLVLRG 55
Mouse - =MGM- - LVPTALAARLLSLFQQQLGSLWSGLAILFCWLRIALGWLDPGKE -QPQ--VRG 53
Chicken MLLGVLDHLPLALARAVLAALRGRLSA- ===~~~ LCWGLTPLVLPLLSWR-R- -~ -RSG a7
Fish - = = <MVTSNQLGFARLLMQLCVKNVQSF - - - FLALLRWLSMQVSGAHVQ-Q- TPARKISR 51
Oyster = =MAITQYV====nennn SIATIPL======~ LIIL-SAFIAVWIKSRRNRRPPQIPINV a1
Fungi = = --cccccccmccccccccenaa MLPFFTFFALIITYIVYNVF----- NKKKNKIQCSS 31
M1 domain
Human PD- - - ETKEEEEDPPLPTTPTSVNYHF TRQCMYKCGFCFHTAKTSFVLPLEEAKRGLLLL 112
Mouse EI.EETQETQEDGNSTQRTTPVSVNVHFTRQUNKCGFCFHTAKTSFVLPLEE&KRGLLLL 113
Chicken 1e5
Fish PE- SRTSKQKEGSRAPFTTPSSVNYHFTRWCFHTAKTSFVLPIEEAKRGLRLI. 110
Oyster R-VEDQTTTK-- EGEPSLKPISVN‘YHI.TRWCFHTAKTSFVI.PIEEARKGLTLL 98
Fungi CNYECGFCFHTAKTSYLAPTEDAKSGLRKL 86
B L L PSP PO LR
Radical SAM domam
Human KEAGMEKINFSGGEPFLQDRGEYLGKLVRFCKVELRLPSVSIVSNGSLIRERWFQNYGEY 172
Mouse KQAGLEKINFSGGEPFLQORGEYLGKLVRFCKEELALPSYSIVSNGSLIQERWFKDYGEY 173
Chicken KEAGMEKINFSGGEPFLQORGE FVGQLVQFCKEELKLPSVSIVSNGSLIRERWFKKYGEY 165
Fish KEAGMEKINFSGGEPFVHQKGSFLGELVLYCKQELQLPSVSIVSNGSLIRESWFQKYGDY 178
Oyster KNDGMEKVNFAGGEPF IVKRGAYLGELVRFCKEDLQLPSVTVVSNGSLITEKWFEKYGKY 158
Fungi ADEGI’KKINFABGEPFLYP--KYLEELLRYCKQVLKVESASIVSNGSKIKYEFLQRM(DV 144
. . .. .C... ..: .. - . - : ahEAEr & '
Human LDILAISCDSFDEEVNVLIGRGQG - - KKNHVENLQKLRRWCRDYRVAFK INSVINRFNVE 230
Mouse LDILAISCDSFDEQVNALIGRGQG- -KKNHVENLQKLRRWCRDYKVAFKINSVINRFNVD 231
Chicken LDILATSCDSFNEEVNVLIGRGQG- -RKNHVENLHKLRQWCRDYAVAFKINSVINRFNVE 223
Fish LDILAISCDSFIEETNQLIGRAQG- -RKSHLONLHKVRNWCRE YKVAFKINSVINTYNVE 228
Oyster LDILAVSCDSFDPETNRLIGRCQNS TKKDHL ESLYRVRDNCQKYEVAFK INTVVNVHNKN 218
Fungi IDILAISCDSFDESVNKKIGRGTG- - - -KHVEKLSDISRWCREFGIKFKLNTVVNAYNKS 200
:.Q.l:..‘.‘ -_0 LA Al . '.::’. H Ol:‘: H ..:‘:‘:l '. .
Human EDMTEQIKALNPVRWKVFQCLLIEGENCGEDALREAERFVIGDEEFERFLERHKEVSCLY 290
Mouse EDMNEHIKALSPVRWKVFQCLLIEGENSGEDALREAERFLISNEEFETFLERHKEVSCLY 291
Chicken EDMNEQIKALNPVRWKVFQCLIIEGENSGEDALREADKFVISDEDFEQF LERHKDISCLY 283
Fish EDMTEQI TALNPVRWKVFQCL L TEGENAGENSLREAEKFVISDQQFQOF LERHQSIQCLY 288
Oyster EDMNAYISELGPCRWKVFQCLL IGGENAGKDAIRNAEGMVVTSQEFKDFCERHINITSLY 278
Fungi EDMNENILKIAPFRNKCFQVLILENENGGEGTLRDAREFVVTDQEFEEFIQRHSKQKCLV 268
‘QO - PR L .Ql - ‘.l PR R -
Human PESNQKMKDSYLILDEYMRFLNCRKGRKDPSKSILOVGVEEAIKFSGFOEKMFLKRGGKY 350
Mouse PESNQKMKDSYLILDEYMRFLNCTGGRKDPSKSILDVGVEEATKFSGFDEKMFLKRGGKY 351
Chicken PESNQKMRDSYLILDEYMRFLNCRNGRKEPSKSILDVGVEAATKFSGFDEKMFLKRGGKY 343
Fish PESNQKMRDSYL ILDEYMRFLDCREGRKDPSKSILDVGVEEATKFSGFDEKMFLMRGGKY 348
Oyster PESNEQMKDSYLILDEYMRFLDCTRGSKDPSRSLLDVGVKNALKFSGFDEKMFLKRGGKY 338
Fungi PEPNNLMKNSVLILDEYLRFLNCTNNEKYPSESILDVWEKALMQAGKDQEAF IGRSGIY 320
4% o2 soieeseeses ese:e o e sie0e o, s "o "
Human IWSKADL === ====== KLDW 361
Mouse VWSKADL--------~ KLOW 362
Chicken VWSKADM------~-- ILOW 354
Fish VWSKADM= =« == =cun KLEW 359
Oyster TWSKADM- == === eux KLDW 349
Fungi DWSKQPSNICGNNQAXELEH 340

B Viperin amino acid percentage identity

Human Mouse  Chicken Fish Oyster  Fungi

62 51
63 50
60 51
62 51

Oyster 62 63 60 62 - 49
Fungi 51 50 51 51 49 -

Figure 1.5 Viperin is a highly conserved across eukaryotes. (A) Multiple amino acid sequence
alignment of human (AAL50053.1), mouse (AAF60314.2), Chicken (ACA83729.1), fish
(NP_001020727.1), oyster (ALT07791.1) and fungi (GBC18056.1) viperin. The radical SAM and M1
domains are shaded in blue. Aligned with CLUSTAL O (1.2.4). (B) Amino acid percentage identity matrix
of the above-mentioned viperin proteins. Created with CLUSTAL 2.1.
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1.3.2 Introduction

Since the discovery of viperin nearly two decades ago, our understanding of its
indispensable role in antiviral innate immunity has greatly expanded. Viperin was first
characterised as an ISG product with the ability to limit human cytomegalovirus (HCMV)
infection.**? Over the subsequent years viperin has become one of the most well studied
antiviral proteins, now known to limit a broad range of viral infections and be induced by
several factors including IFN-independent mechanisms and regulated by acetylation,
ubiquitination and methylation.'#*-147 Additionally, soon after its identification viperin was
recognised as a member of the radical S-adenosylmethionine (SAM) super family of
enzymes for the presence of conserved sequence motifs characteristic of all radical SAM
enzymes, and consequently gave rise to viperin’s alternate name of radical S-
adenosylmethionine domain-containing protein 2 (RSAD2).14? Functional orthologues of
viperin have been identified in other vertebrate species including fish48, birds4® and
reptiles'®, as well as invertebrate species such as molluscs®®! and lancets!®2. This functional
conservation of viperin demonstrates this protein’s critical contribution to antiviral immunity.
In this section, we will introduce the current understanding of viperin’s structure, enzymatic

activity, expression, regulation and antiviral activity.

1.3.3 Structure and functional domains

Viperin contains multiple, distinct domains which attribute various functions to the protein.
Human viperin is a 361 aa protein with three distinct domains designated as its N-terminal

extension, central radical SAM domain and C-terminal domain (Figure 1.6 A, C & D). At its

N-terminus, viperin possesses an amphipathic helix (residues 9-42) which is responsible for
its localisation to the cytosolic face of the ER and to lipid droplets.*%3** The central radical
SAM domain (residues 71-182) contains four sequence motifs associated with the radical
SAM superfamily, including the canonical tri-cysteine (CXsCX,C) motif which is responsible
for binding the catalytic [4Fe-4S] cluster (Figure 1.7 A & B). The remaining three motifs are

responsible for binding the SAM cofactor, and together the four motifs of the central domain
confer viperin’s radical SAM enzymatic function, which we discuss in detail later (Figure 1.7
A & B).155157 The C-terminal domain of viperin, comprising residues 218-361, is important for
binding viperin’s catalytic substrate CTP as well as for viperin’s interaction with the cytosolic

iron-sulphur protein assembly 1 (CIA1).1571%8

The regions within viperin display varying levels of conservation and disorder. The N-
terminal extension of viperin displays considerable variability between species in both length

and sequence (reviewed in 1%%161), In contrast, the central radical SAM and C-terminal
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domains are highly conserved across species. Analysis of the amino acid sequence of
viperin predicts the presence of intrinsically disordered regions within both the N- and C-
termini (Eigure 1.6B). The recent visualisation of truncated murine viperin crystal structure
confirmed residues 45-73 at the N terminus and residues 337—362 at the C terminus to be
disordered.** Intrinsically disordered regions have the potential to act as interaction
hotspots, and the presence of them within viperin is suggested to account for viperin’s ability

to interact with many functionally unrelated viral and host proteins.
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Figure 1.6 Viperin structure and functional domains. (A) Schematic of viperin structure. Viperin
contains an amphipathic helix (residues 9-42), a radical SAM domain (residues 71-182) and a C-
terminal conserved domain (residues 218-361). (B) Prediction of intrinsically disordered regions in
viperin. Residues 45-73 at the N terminus and residues 337-362 at the C terminus are disordered.14!
(C & D) Protein model of human viperin (AAL50053.1) prepared using Phyre2162 and visualised within
PyMOL21¢3, Protein surface (left) and ribbon (right) diagrams of human viperin. (C) Front view, (D) rear
view.
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1.3.4 Radical SAM enzymatic function

Although viperin has long since been recognised as a radical SAM enzyme, it wasn’t until
almost a decade later that biochemical analysis demonstrated its functional radical SAM
activity. The conserved cysteines of viperin’'s central CX3CX>C motif are characteristic of
radical SAM enzymes and led to viperin’s initial classification as a member of this enzyme
family. A combination of structural and biochemical analysis later confirmed viperin’s ability
to bind a [4Fe-4S] cluster via this motif which enabled the subsequent reductive cleavage of
SAM, typical of all radical SAM enzymes.*>1%¢ Consistent with the characteristic reaction of
radical SAM enzymes, viperin’s reductive cleavage of SAM resulted in the production of
methionine and the 5’-Ado radical intermediate (5’-deoxyadenosyl).'®® This highly reactive
radical intermediate is involved in the abstraction of a hydrogen atom from a substrate which
is specified by the cooperating radical SAM enzyme. Importantly, the radical SAM
superfamily of ~114,000 enzymes initiate an astonishing array of radical reactions on diverse
substrates ranging from small organic molecules, proteins, DNA to RNA (reviewed in 164-166),
These reactions impact numerous cellular processes, including transcription, translation,
gene regulation, signal transduction, and the biosynthesis of numerous essential metabolites
(reviewed in 167-169) |n this regard, although biochemical analysis confirmed viperin’s role as
a functional radical SAM enzyme, the identity of viperin’s substrate remained elusive, which

in turn limited our understanding of the significance of viperin’s enzymatic activity.

Two seminal observations led to the identification of viperin’s substrate. The first was a
syntenic analysis of viperin homologues that exist adjacent to or fused with other
biochemically characterised species. This approach found the viperin gene to be adjacent to
and inverted in respect to CMPK2 gene which encodes cytidylate monophosphate kinase 2
(CMPK2). This genomic organization is present in all vertebrates, and both genes can be
found fused in some lower organisms.'*21%" The CMPK2 gene encodes for a nucleoside
kinase which maintains a cellular pool of cytidine triphosphate (CTP), a nucleotide involved
in the biosynthesis of RNA.1%"170 These findings suggested that CTP or a related nucleotide
could be a substrate for viperin. This was further corroborated by the second seminal
observation of viperin’s structural similarity to the molybdopterin biosynthetic enzyme
MoaA.*11"! This enzyme has previously been shown to use the nucleotide GTP as a
substrate, catalysing its cyclization as the first step of molybdopterin biosynthesis.'"
Premised on these observations, subsequent biochemical analysis confirmed CTP as a
substrate for viperin, whereby viperin converted CTP to 3’-deoxy-3’,4’-didehydro-CTP
(ddhCTP) through the abstraction of the 4’-position hydrogen of CTP to the 5’-position of the
5’-Ado radical intermediate (Figure 1.7C).**" Consequently, ddhCTP was demonstrated to

24



Chapter 1: Antiviral innate immunity and the host antiviral protein viperin

incorporate into nascent RNA and act as a chain terminator for the RNA-dependent RNA
polymerase (RdRp) of multiple members of the Flaviviridae family, offering a unified
mechanisms of viperin’s inhibition of these viruses.'*” However, the replication of alternate
viruses such as HRV of the Picornaviridae family, previously reported to be sensitive to
viperin, were resistant to the effects of ddhCTP.%"173 This highlights viperin’s ability to
employ numerous antiviral mechanisms, and that its generation of ddhCTP is likely only an

anti-Flaviviridae mechanism.

1.3.5 Expression and regulation

Initially described as cytomegalovirus-inducible, the expression of viperin is now known to be
induced by many viral pathogens, both dependently and independently of IFN. The basal
expression of viperin is low in most cell types, with the exclusion of some specialised
immune cells and in some tissues such as the liver, heart and adipose tissue (reviewed in
159.161) Viperin expression is highly induced following detection of many diverse DNA and
RNA viruses as well as bacteria.*>17417 The recapitulation of these findings with synthetic
PAMP analogues has demonstrated the ability of type-I, -Il and -1ll IFN as well as DNA, RNA
and LPS to induce viperin expression.144145176-178 \Whjle the transcription induced following
detection of all of these PAMPs canonically relies on IFN signalling, there is also mounting
evidence for IFN-independent induction of viperin. A DNA microarray conducted in the
presence of constitutively active IRF3 was the first to reveal direct regulation of viperin by
this transcription factor, suggesting viperin may be induced pre- or at least simultaneously to
IFN production.” The subsequent use of the potent IFN antagonist JEV NS5 revealed the
involvement of AP1 and IRF3 transcription factors in driving viperin expression in the
absence of IFN signalling.®° Likewise, viperin expression is induced by CHIKYV infection in
primary human foreskin fibroblasts, despite the lack of an IFN response in these cells, which
was ablated following siRNA-directed depletion or NPro-mediated degradation of IRF3.18!
Moreover, VSV infection was shown to induce viperin in the presence of IFN-a/f neutralising
antibodies,** which was later demonstrated to be a consequence of direct IRF1 binding to
the viperin promoter.'82 Consequently, it is now apparent that there are multiple pathways

contributing to the robust induction of viperin upon pathogen detection.
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Figure 1.7 Structural and biochemical properties of viperin’s generation of ribonucleotide
ddhCTP. (A) Schematic of viperin structure. Viperin contains a central radical SAM domain (residues
71-182) which contains 4 conserved radical SAM motifs (M1-4). The cystines of the tri-cystine M1
domain bind the [4Fe-4S] enzymatic cofactor. The remain M2-4 domains bind SAM. The 16 residues
Lys220, Asn222, Lys247, Tyr302, Asn77, Lys120, Lys220, Lys247, Lys120, Lys220, Arg245, Lys247,
Arg347 all bind viperin’s enzymatic substrate CTP.141.17 (B) Crystal structure of mouse viperin in
complex with the SAM analogue SAH, [4Fe-4S] cluster and its substrate CTP (6Q2P). Visualised within
PyMOL2.163171  (C) Production of ddhCTP. The mitochondrial kinase CMPK2 catalyses the
phosphorylation of CDP to produce CTP. Viperin catalyses cleavage of SAM into methionine and 5’-
Ado radical intermediate, whereby an electron is abstracted by the bound [4Fe-48S] cluster. The 5’-dAdo
radical then abstracts a hydrogen from the substrate CTP, becoming 5’-dA and generating the antiviral
ribonucleotide ddhCTP.157 Abbreviations: CDP, cytidine diphosphate; CTP, cytidine triphosphate;
ddhCTP, 3’-deoxy-3’,4’-didehydro-cytidine triphosphate; SAH, S-adenosylhomocysteine; SAM, S-
adenosyl-L-methionine; 5’-Ado, 5’-deoxyadenosyl; 5’-dA, 5’-deoxyadenosine.
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In contrast, there are also well documented instances of viperin suppression. Viperin
possesses two ISRE sites within its promoter which both contribute to its transcription
through both ISGF3 and IRF3 binding (reviewed in 18%). The positive regulatory domain |
binding factor 1 (PRDI-BF1) has been shown to competitively bind to the distal ISRE site
within the viperin promoter, preventing ISGF3/IRF3 binding and subsequent viperin
expression.1* Interestingly, ISGF3 readily binds to both ISRE sites, while IRF3 which is
involved in viperin’s IFN-independent induction selectively binds to this distal ISRE site
(reviewed in 8%), Therefore, it would appear PRDI-BF1 is mainly responsible for inhibiting the
IFN-independent transcription of viperin. Moreover, the IFN-inducible multi-exonic nuclear-
localized long noncoding RNA (IncRNA), known as IncRNA-CMPK?2, also suppresses the
transcription of both viperin and its complementary gene discussed earlier CMPK2.184 These
findings together with the understanding of viperin mRNA degradation by the RNase MRP
endoribonuclease RNase P, illustrate the tightly controlled regulation of viperin expression
which likely exists to limit any autoimmune deleterious effects of prolonged viperin activity.

Moreover, the activity of viperin is also regulated by post-translational modification (PTMs).
The observation of hindered viperin production in epithelial cells following viral infection
despite high induction of viperin mRNA, led to an understanding of viperin’s post-
translational regulation. Researchers identified the E3 ubiquitin ligase UBE4A as a novel
binding partner of viperin, which when overexpressed in conjunction with viperin, significantly
promoted the proteasomal-dependent degradation of viperin.4¢ The interaction between
viperin and UBE4A was subsequently shown to be facilitated by the acetylation of viperin on
K197 by the acetyltransferase HAT1.1%6 The HAT1-mediated acetylation of viperin poses as
a prerequisite to UBE4A docking and subsequent ubiquitination-dependent degradation.4®
The strong induction of HAT1 following viral infection and IFN stimulation lends to the
assumption of IFN-dependent downregulation of viperin in the epithelial cells which possess
high basal levels of UBE4A. Whether this response is the consequence of viral antagonism
or host prevention of autoimmunity remains unclear. Perhaps this system of viperin
regulation offers a rapid antiviral response in the epithelial barrier, whereby viperin is
continually produced, and its activity is regulated predominantly by post-translational

mechanisms during viral infection.

1.3.6 Antiviral activity of viperin.

Viperin is one of most the well-studied ISG products due to its potent and broad-spectrum
antiviral activities. Viperin was first shown to have direct antiviral capacities against HCMV,

and has since been recognized to inhibit many different viruses, utilizing a variety of
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mechanisms and structural domains to bind viral proteins and inhibit various stages of the
viral replication cycle (reviewed in 1°%-1¢1), To date there are 30 mammalian-infecting viruses
from 12 viral families which viperin has been shown to restrict (Table 1.4). Over the years,
numerous mechanisms of viperin’s inhibition of viral infection have been characterised. Early
on, viperin was demonstrated to inhibit the secretion of soluble proteins from the ER, which
offered a mechanism of viperin’s restriction of viruses which utilise replication complexes
derived from the ER membrane, such as Flaviviridae members. This was further
characterised by viperin’s ability to directly interact with the viral protein components of the
replication complexes of HCV, DENV, ZIKV and TBEV to limit their replication.85-18°
Additionally, viperin’s later described interaction with the golgi brefeldin A-resistant guanine
nucleotide exchange factor 1 (GBF1) suggested viperin’s ability to target flavivirus virulence
by inducing the secretion of unproductive non-infectious virus particles.'® Moreover, viperin
has also been implicated in the direct inhibition of farnesyl diphosphate synthase (FPPS), a
key enzyme in the synthesis of isoprenoid-derived lipids, altering cellular lipid raft
composition, which contributes to viperin’s inhibition of IAV, HIV and RABV budding, and
likely also contributes to MV inhibition.19-1% Despite these characterised mechanisms of
viperin antiviral activity, there remain many susceptible viral pathogens for which no
mechanism has been described. Moreover, viperin’s inhibition of the above mentioned
viruses is in part controversial due to conflicting evidence surrounding the mutagenesis and
contribution of viperin’s functional domains, suggesting even these characterised
mechanisms may not offer a full explanation of viperin’s antiviral activity (reviewed in 6%).
Subsequently, it is possible there are yet-uncharacterised facets to viperin’s previously
described antiviral activity, but it is also unlikely that viperin possesses a unique direct
mechanism to inhibit each of these susceptible viruses individually. Alternatively, viperin’'s
inhibition of many viral pathogens may rely on its ability to indirectly limit viral replication
stages through the synergistic interaction with host proteins to augment innate immune

signalling.
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Table 1.4 Mammalian viruses reported to be restricted by viperin

aa)

Virus Mechanism/s of restriction Critical domain/s Reference/s

Flaviviridae (+)ssRNA

DENV-2 Inhibits VPLs, subgenomic replicons and infection through interaction C-terminus, radical-SAM domain 157,196,197
with capsid and NS3, and likely RdRp through ddhCTP-dependent
chain termination of RNA replication

HCV Inhibits replication via localization in RC with NS5A and VAP-A and N-terminus (amphipathic helix), C-terminal domain, | 157.198-200
RdRp through ddhCTP-dependent chain termination of RNA replication | radical-SAM domain

WNV Inhibits VPLs, subgenomic replicons and likely RdRp through ddhCTP- | N-terminus (only partially), radical-SAM domain 157,201,202
dependent chain termination of RNA replication

ZIKV Inhibits replication by targeting NS3 for proteasomal degradation, and N-terminus, C-terminal domain (especially last 4 157,203-206
RdRp through ddhCTP-dependent chain termination of RNA replication | aa), radical-SAM domain

TBEV Induces assembly of non-infectious viral particles by interaction with N-terminus, radical-SAM domain 190,206,207
GFB1, inhibits replication by targeting NS3 for proteasomal degradation
and RNA synthesis by radical-SAM-dependent mechanism

LGTV Induces secretion of non-infectious capsids ND 208

JEV Intrinsic unknown mechanism of restriction, however JEV facilitates ND 180
degradation of viperin upon infection rendering it resistant to viperin
antiviral activity

YFV Induction of viperin suggested to restrict YFV ND 209

CSFV Inhibits replication by interacting with CSFV NS5A N-terminus (1-70 aa), radical-SAM domain (71-182 | 210

Arteriviridae (+)ssRNA
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PRRSV

Interacts with viral N protein to inhibit replication

N-terminus (13-16aa)

211,212

Picornaviridae (+)ssRNA

HRV-16

ND

ND

173

EVAT1

Inhibits replication by interacting with 2C at ER

N-terminus (50-60aa)

213

Paramyxoviridae (-)ssRNA

RSV Inhibits late stage replication, particle maturation and transmission ND 214,215
MV Viral release N-terminus, radical-SAM domain, C-terminus 194
SV Inhibits viral replication ND 145
CPIV3 Inhibits viral replication ND 216

Peribunyaviridae (-)ssRNA

interacting with FPPS

BUNV Inhibits replication radical-SAM domain 21
Arenaviridae (-)ssRNA

JUNV Inhibits MRNA synthesis, proposed through binding N protein at LD N-terminus 218
LCMV ND ND 219
Orthomyxoviridae (-)ssRNA

IAV Inhibits viral budding from the plasma membrane, possibly via ND 220221

Rhabdoviridae (-)ssRNA

RABV

Related to reduction of cholesterol and sphingomyelin

radical-SAM domain

195
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VSV

Proposed to be due to viperin-mediated enhancement of RIG-I
signalling

ND

222,223

Togaviridae (-)ssRNA

CHIKV

ND

N-terminus (amphipathic helix)

224

SINV

ND

ND

180,225

Retroviridae ssRNA-RT

HIV-1

Inhibits viral egress

radical-SAM domain

226

EIAV

Reduces viral budding by interacting with viral envelope proteins

N-terminus, radical-SAM domain

227

Herpesviridae dsDNA

HCMV Intrinsic unknown mechanism of restriction, however HCMV vMIA radical-SAM domain (Fe-S binding) 142,228,229
redistributes viperin to mitochondria which leads to enhanced lipid
synthesis and lipid droplet accumulation favouring HCMV infection

KSHV Proviral and contentious: enhances stability of KSHV helicase ORF44 ND 223
through methionine oxidation despite published biochemical evidence to
the contrary

HSV-1 Contentious: interacts with HSV-1 gD which inhibits HSV-1 only when ND 230,231
both are overexpressed, otherwise viperin overexpression alone doesn’t
inhibit HSV-1 in 293Ts

Hepadnaviridae dsDNA

HBV Prevented intrauterine transmission ND 232
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1.3.7 Immune modulating function

In addition to its many roles as a direct inhibitor of viral replication and egress, viperin also
modulates innate immune responses to indirectly limit viral infection. Viperin has been
shown to interact with host innate signalling proteins to alter their signalling activation and
the subsequent immune response (reviewed in ). The first indication of viperin’s ability to
modulate immune signalling came more than a decade ago, when viperin was demonstrated
to be involved in the activation of NF-kB and AP-1 in T cells.?*3 Following this, viperin was
shown to also enhance TLR7- and TLR9-mediated production of type-I IFN upon endosomal
detection of ssRNA and CpG DNA in plasmacytoid dendritic cells (pDCs) (Figure 1.4).174
While these receptors typically signal through the adaptor protein MYDS88 to elicit an
inflammatory response, in pDCs both TLR7 and 9 are also major contributors to the
production of type-I IFN through subsequent activation of tumour necrosis factor receptor
(TNFR)-associated factor 6 (TRAF6) and interleukin-1 receptor-associated kinase 1 (IRAK1)
(reviewed in 2*4). Viperin was shown to interact with these signalling proteins at the lipid
droplet, enhancing the TRAF6-mediated K63-linked polyubiquitination of IRAK1 to induce
IRF7 transcription of type-1 IFN.1"* Interestingly, a more recent study revealed viperin’s
interaction with TRAF6 and IRAK1 enhanced its enzymatic cleavage of SAM, while the
structural stabilisation conferred through viperin’s enzymatic cofactor binding concomitantly
afforded viperin an enhanced ability to augment IRAK1 activation.?*® These studies highlight
viperin’s involvement in immune signalling while also suggesting how this function may link
to viperin’s enzymatic generation of the antiviral ribonucleotide ddhCTP. Through the
extended investigation of viperin’s combined roles in enhancing immune signalling as well as
in the radical-SAM enzymology it is likely we will uncover a comprehensive understanding of

viperin’s broad antiviral activity.

1.4 Research aims

It is clear viperin is a multifunctional protein with broad antiviral activity. More than 20 years
of research has culminated in our current understanding of viperin’s capacity to limit viral
infection. Viperin interacts with viral proteins to directly restrict their replication cycle, but also
interacts with host proteins to indirectly restrict viral infection through broadly enhancing
antiviral immune responses. The long-standing ambiguity surrounding viperin’s enzymatic
activity has recently been resolved through the identification of viperin’s substrate and ability
to catalyse the formation of the antiviral ribonucleotide ddhCTP. Such nucleotide analogues
have remarkable value as effective antiviral therapeutics, and the identification of ddhCTP
will undoubtedly prove instrumental to anti-flavivirus drug development. However, there
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remain considerable gaps in our understanding of viperin’s restriction of other viral families.
Moreover, there appears to be a link between viperin enzymatic activity and ability to
enhance immune signalling as mentioned above. It is likely a universal understanding of

viperin’s broad antiviral activity will reveal novel avenues of antiviral therapeutic design.

This thesis endeavours to extend our understanding of this highly evolutionarily conserved,
potent antiviral protein. The research conducted for this thesis is separated into three
chapters which each enlist a different approach to address a specific research aim to further
uncover various aspects of viperin’s antiviral activity. In summary, this thesis aims to

investigate the following:

I.  The ability of viperin to enhance the production of type-I IFN following innate immune
detection of aberrant dsDNA (Chapter 3)
IIl.  The link between viperin radical-SAM enzymatic activity and its ability to enhance
innate immune signalling (Chapter 4)
lll.  The contribution of residues under evolutionary positive selection to the antiviral

activity of viperin (Chapter 5)
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Chapter 2: Materials and methods

2.1 General molecular biology

2.1.1 Total RNA extraction

For quantitative mRNA expression studies, total cellular RNA was extracted using TRIsure
Reagent (Bioline). Cells were grown and treated according to the required experimental
protocol in a monolayer in 12-well culture trays (Corning), prior to being washed with PBS
once and directly lysed by adding 500 pL of TRIsure reagent per well of the 12-well tray. Cell
lysates were transferred to RNase-Free 1.5 mL microcentrifuge tubes. A 0.2 volume of
chloroform (100 pL for 400 pL of TRIsure) was added to the cell lysate, mixed thoroughly,
incubated at 25 °C for 3 mins, and subsequently centrifuged at 12,000 x g at 4 °C for 15
mins. The top aqueous layer was transferred to a new 1.5 mL centrifuge tube. Total RNA
was precipitated by adding 0.2 volume of cold isopropanol, mixed well and incubated at RT
for 10 mins. The RNA pellet was precipitated by centrifugation at 12,000 x g at 4 °C for 10
mins and the supernatant was removed. The pellet was washed with 1 volume of 75% (v/v)
ethanol in RNase-free dH20 per volume of TRIsure used. After centrifugation at 7,500 x g at
4 °C for 5 mins, the total RNA pellet was air-dried at RT. The RNA pellet was dissolved in
20-30 pL of DEPC-treated RNase-free dH20. RNA samples were stored at -80 °C until use.

2.1.2 Nucleic acid quantification

DNA and RNA samples were quantified using the Nanophotometer (Implen). The purity of
nucleic acids was determined by measuring the ratio of the absorbance at 260 nm and 280
nm (A260nm/A280nm). The DNA and RNA preparations used in this study generally had an
A260nm/A280nm of 1.8 and 2.0, respectively. Qubit dSDNA HS Assay (Invitrogen), Qubit
RNA HS Assay (Invitrogen) and Qubit RNA BR HS Assay (Invitrogen) kits were used when
highly accurate quantification was required.

2.1.3 Synthesis of cDNA

First-strand cDNA was synthesised from the total RNA using a Tetro cDNA Synthesis Kit
(Bioline). The reaction was performed in a pre-chilled RNase-free 0.2 mL PCR tube using
100-400 ng of total RNA. The cDNA synthesis reaction mix used with total RNA included 1
WL random hexamer primer, 4 uL 5 x RT Buffer, 1 yL RiboSafe RNase Inhibitor, 1 yL Tetro
Reverse Transcriptase (200 u/pL) and RNase-free dH20 to a final volume of 20 uL. cDNA
was synthesised by incubating the specified amount of total RNA added with cDNA
synthesis master mix. First, the synthesis samples were incubated for 10 minutes at 25 °C

followed by 45 °C for 30 mins. Then the reactions were terminated by incubating the reaction
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mix at 85 °C for 5 mins followed by chilling on ice. Finally, cDNA samples were diluted to a

final volume of 80 uL with DEPC treated H.O and stored in -20 °C for long term storage.

2.1.4 RT-qPCR

All experiments involving real-time PCR were performed in 12-well plates with cells seeded
at 7 x 10* per well, 24 hrs prior to transfection. Total RNA was extracted from cells using
TriSure reagent (Bioline), with first strand cDNA being synthesized from total RNA and
reverse transcribed using a Tetro cDNA synthesis kit (Bioline). Quantitative real-time PCR
was performed in a CFX Connect Real-Time Detection System (BioRad) to quantitate the
relative levels of IFN and ISG mRNA in comparison to the house keeping gene RPLPO.

Primers sequences can be found in Supplementary table 1.

2.1.5 Immunoprecipitation analysis

Where stated, prior to immunoprecipitation, cells were incubated with No-Weigh™ Format
DSS crosslinker (Thermo-Fisher Scientific) for 30 mins at RT in ice-cold PBS (1.35mM DSS,
pH 8.0), and then in quench solution (15 mM Tris, pH 7.5) for 15 mins at RT. Cell extracts
were prepared with 0.5% (w/v) CHAPS lysis buffer supplemented with protease inhibition
cocktail (Sigma). Lysates were pre-cleared with protein A/G PLUS-agarose beads (Santa
Cruz Biotechnology) washed with 0.5% (w/v) CHAPS, immunoprecipitated with 2 pg/sample
of indicated antibodies overnight at 4 °C before addition of washed protein A/G PLUS-
agarose beads (Santa Cruz Biotechnology) for 1 hr with rotation at 4 °C. After extensive
washes with the same lysis buffer, the immunoprecipitates were subject to immunoblot

analysis.

2.1.6 Immunoblot analysis

Lysates were subjected to SDS-PAGE. Proteins were transferred to 0.2 pum nitrocellulose
membranes (Bio-Strategy) and probed with indicated primary antibodies. The protein bands
were visualized using a SuperSignal West Femto Maximum Sensitivity Substrate (Thermo-
Fisher Scientific) for horseradish peroxidase (HRP) conjugated secondary antibodies. The
probing with the monoclonal mouse anti-p-actin antibody (Sigma) was used as a loading
control. Membranes were scanned using an Amersham 600 chemiluminescent imager. All

antibody information and usage conditions can be found in Supplementary table 3.
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2.1.7 Immunoblot densitometry quantification

Immunoblot densitometry quantification was performed with Image J analysis software. A
high-resolution TIFF image of each immunoblot membrane was imported into ImageJ and
converted to 8-bit format. Each lane was uniformly marked and plotted to first subtract the
background and then to determine the area and density of each band. Each band
measurement was expressed relative to its respective loading control measurement as

relative arbitrary units.

2.1.8 Dual luciferase reporter assay

Luciferase experiments were performed essentially as previously described 2%. Cells were
seeded at 4 x 10* per well in 24-well plates, 24 hrs prior to transient transfection using
Viafect (Promega) with 250 ng of a specified target construct as well as 250 ng pIFN-{-
Firefly luciferase in combination with 2.5 ng of the constitutively expressing Renilla luciferase
plasmid, pRL-TK. Following a further 24 hrs, cells were stimulated with synthetic viral mimics
for specified time periods. Cells were lysed with 1 x PLB (Promega) and the luciferase
outputs were measured with a dual luciferase reporter assay system (Promega) on a
CLARIOstar (BMG LABTECH) microplate reader. All conditions were performed in at least

triplicate.

2.1.9 Proximity ligation assay

Cells were seeded at 7 x 10* per well in 12-well plates, 24 hrs prior to transient transfection
using Viafect (Promega) with the specified viperin-flag constructs. Following a further 24 hrs,
cells were trypsinised and seeded at 3 x 10° per well in a 96-well plate, allowed to recover
and then stimulated with viral mimics. Cells were fixed with 4% (w/v) paraformaldehyde and
the proximity ligation assay (PLA) was conducted using the Duolink® In Situ Kit (Merck) as
per the manufacturer's instructions. Positive interactions were visualized using a Nikon
Eclipse Ti-E fluorescence inverted microscope and images were captured using NIS

Elements software.

2.1.10 Enzyme activity assay

HEK293T cells transfected with viperin, and/or STING and TBK1 were harvested from one
10 cm diameter tissue culture plate each, resuspended in 500 pl of anoxic Tris-buffered
saline (50 mM Tris-Cl, pH 7.6, 150 mM NaCl) containing 1% Triton X-100, sonicated within
an anaerobic glovebox (Coy Chamber), and centrifuged at 14,000 g for 10 min. Dithiothreitol
(DTT; 5 mM) and dithionite (5 mM) were added to the cell lysate together with CTP (300

MM). The assay mixture was incubated at room temperature for 30 min prior to starting the
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reaction by the addition of SAM (200 uM). The assay was incubated for 60 min at room
temperature, after which the reaction was stopped by heating at 95 °C for 10 min. The
solution was chilled to 4 °C, and the precipitated proteins were removed by centrifugation at
21,000 g for 25 min. The supernatant was then extracted with acetonitrile. The amount of 5’-
dA in the samples was quantified by UPLC-tandem mass spectrometry, and the amount of
viperin present in the lysate quantified by immunoblotting as described previously #°.

Results reported represent the average of 3 biological replicates of the assay.

2.1.11 Generation of viperin constructs containing mutated
positively selected amino acid residues

Viperin mutant constructs were generated through site-directed mutagenesis. Site directed
mutagenesis was performed using a QuickChnage Il Site-Directed Mutagenesis Kit (Aligent
Technologies). The dsDNA template used was pLenti-viperin-FLAG (Supplementary table

2). Primers were designed according to Mutagenic Primer Design Guidelines
(Supplementary table 1). Mutant strand synthesis reactions, Dpn digestion, and

transformation of XL10-Gold Ultracompetent cells were conducted based on the

manufacturer’s instructions.

2.1.12 Generation of CIA2A-FLAG plasmid construct

CIA2A-FLAG construct was generated through molecular cloning with CIA2A-pEF1/myc-His
A as a template. Primers were designed to remove N-terminal myc-His tag and incorporate

an N-terminal FLAG tag, and BamHI and Xbal restriction cut sites (Supplementary table 1).

Amplified insert was cloned into pcDNAS3.

2.1.13 Plasmid constructs and transfections

All plasmid constructs can be found in Supplementary table 2, and were transiently

transfected into the indicated cells using Viafect Transfection Reagent (Promega) as per
manufacturer’s instructions at 1 pg of total plasmid DNA/6-well or equivalent. Details of all
plasmid constructs used in this study can be found in Supplementary table 2. Hepatitis B

virus 1.3 mer plasmid constructs for both genotype A and D are as previously described 2%’

2.1.14 Plasmid propagation

Plasmid constructs were propagated by transforming either in-house chemical competent
cells (DH5a) or a-Select chemically competent cells (Bioline) depending on the plasmids and
required transformation efficiency. When using in-house chemical competent cells (DH5a),

cells were thawed on ice and 50 pL aliquots were placed in a pre-chilled 1.5 mL
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microcentrifuge tube. Then 10 ng of the target plasmid DNA was added to the cell
suspension and the tube was gently mixed by flicking. The mixture was then heat-shocked at
42 °C for 40 secs on dry heat block and immediately placed on ice for 2 mins. In a sterile
condition, 400 pL of SOC medium was added to the transformation reaction and incubated
at 37 °C on a shaking incubator (~200 rpm) for 30 mins. 100 L of the reaction mix
containing plasmid, competent cells and SOC media was added on LB agar plates
containing appropriate antibiotics. The suspension was spread on LB-agar plates using a
glass rod and incubated at 37 °C overnight. a-Select chemically competent cells were
transformed following the manufacturer’s protocol. Plasmid constructs were extracted from
overnight bacterial cultures using the NucleoBond Xtra Midi kit (Macherey-Nagel). The

manufacturer’s protocol was followed to extract plasmids from the bacterial cells.

2.1.15 Statistical analysis

Results are expressed as mean + SEM. Student's t-test, or multiple comparisons two-way
ANOVA where applicable was used for statistical analysis, with P < 0.05 considered to be

significant. All statistical analysis was performed using Prism 8 (GraphPad Software).

2.2 Fluorescent microscopy

2.2.1 Coverslip preparation

Coverslips were used for high-resolution imaging. Coverslips were sterilised using 80% (v/v)
ethanol and then placed in 24-well tissue culture plates. Coverslips were then coated with
0.2% (v/v) gelatin in PBS and incubated for 20 mins, followed by washing once with PBS

before seeding cells.

2.2.2 Immunofluorescent labelling of ZIKV and DENV-2

For the ZIKV and DENV-2 studies, cells were grown in 24-well tissue culture plates and
infected with the ZIKV/DENV-2 after 24-hr incubation, and then incubated for specified times
at 37 °C in 5% CO.. After the incubation, cells were washed with 1 x PBS and fixed with a
chilled 300 pL acetone and methanol cocktail at a ratio of 1:1 by incubating for 5-10 mins
depending on cell types. Cells were then washed with 1 x PBS three times, prior to blocking
with 5% (w/v) BSA for 1 hr at RT, followed by three washes with 1 x PBS. Washed cells
were incubated with 400 yL hybridoma fluid + 0.1% (w/v) sodium azide cocktail containing
4G2 antibodies against flavivirus group antigen for 1 hr at RT and then washed three times
with 1 x PBS. Cells were then incubated with goat anti-mouse IgG (H+L) cross-adsorbed
secondary antibody, Alexa Fluor 488 (Thermo-Fisher Scientific) diluted in 1% (w/v) BSA for 1
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hr at 4 °C. After incubation, cells were washed with 1 x PBS twice, and washed cells were
finally incubated with DAPI diluted in ddH»O water at a ratio of 1:10000 (Sigma) for 2 mins
for nucleus staining followed by a final 3 times wash with 1 x PBS.

2.2.3 Immunofluorescence microscopy

All immunofluorescence staining was performed as previously described,?*® and was
visualised using either a Nikon Eclipse Ti-E fluorescence inverted microscope or a Ziess
Confocal LSM 780 microscope, and images were captured using NIS Elements software or
ZEN microscopy software respectively. All antibody information and usage conditions can be

found in Supplementary table 3.

2.2.4 Immunofluorescence particle analysis

The patrticles captured in immunofluorescence images were analysed by Image J analysis
software. A high-resolution TIFF of each immunofluorescence image was imported into
ImageJ. DAPI staining was used to quantify cell number. PLA fluorescence was used for
guantification of individual particles. The number of particles was expressed relative to the
number of cells. Three fields of view were randomly imaged from each unblinded slide

preparation for analysis.

2.3 Tissue culture

2.3.1 Cells and culture conditions

All mammalian cell lines were maintained at 37 °C in a 5% CO; air atmosphere. C6/36 cells
were maintained at 28 °C with no CO,. HuH-7 human hepatoma cells, HeLa human
epithelial cells, HEK293T human embryonic kidney cells, Vero African Green Monkey kidney
cell, as well as primary murine embryonic fibroblast (MEF) cells were maintained in DMEM
(Gibco) containing 10% (v/v) FCS, 1% (v/v) penicillin/streptomycin (Sigma) and 0.0001%
plasmocin (Invivogen). HepG2 human hepatoma cells were maintained in MEM (Gibco)
containing 10% (v/v) FCS, 1% (v/v) penicillin/streptomycin (Sigma) and 0.0001% plasmocin
(Invivogen). The viperin’- MEFs were generated and prepared as previously described 3°.
The polyclonal HuH-7 cell line stably expressing shRNA targeting viperin mRNA was as
previously described 8. C6/36 cells were used for ZIKV and DENV propagation and
were cultured using MEM (Gibco) containing 10% (v/v) FCS, 1% (v/v)

penicillin/streptomycin (Sigma) and 0.0001% plasmocin (Invivogen).

2.3.2 Cell culture maintenance
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Cells were grown in either T-25, T-75 or T-175 (Corning), and were maintained at confluency
ranging from 70-80%. To maintain optimum cell confluency at 70 - 80%, cells were
trypsinised using 1 x trypsin or 1 x trypsin-EDTA (Sigma). Trypsinised cells were diluted
using complete culture media at an appropriate ratio depending on the growth kinetics of
specific cell types, then an appropriate portion of diluted cell culture was transferred in a new

flask and reconstituted with the appropriate culture media.

2.3.3 Cryopreservation of cells

For cryopreservation in liquid nitrogen, 75% - 80% confluent cells were trypsinised,
resuspended in fresh culture media and centrifuged at 300 g for 3 mins. Culture media
supernatants were removed and cell pellets were resuspended in fresh culture media (no
additives). An equal volume of 2 x freezing media containing 50% (v/v) of specific culture
media used for propagation, 30% (v/v) FBS, and 20% (v/v) DMSO (Sigma-Aldrich) was
added to the cell suspension and mixed gently. Finally, cell suspensions were aliquoted in 1
mL sterile cryogenic vials (NUNC). Cryovials were transferred to a Mr. Frosty™ Freezing
Container (Thermo-Fisher Scientific) containing fresh 100% isopropanol and then the Mr.
Frosty™ Freezing Container was placed in a -80 °C freezer for one day for slow cooling. On
the next day, vials were transferred in a liquid nitrogen-based cryopreservation system for
long-term storage, however, stocks for short-term use (up to 3 months) were kept in the -80
°C freezer.

For cell retrieval, cryopreserved vials containing frozen cells were thawed quickly in the 37°C
water bath and the equal volume of complete culture medium was added to the vial and
mixed quickly by gently pipetting up and down. Then, cell suspensions were transferred to a
T-25 and 8 mL of appropriate complete culture media was added to the flask. After 24h of
incubation at 37 °C temperature in the incubator containing 5% CO- condition, cell culture
media was replaced with fresh culture media. Once confluent, cells were gradually upscaled

using T-75 tissue culture flasks.

2.3.4 Cell counting

Cells were counted when required to seed a specific number of cells for in vitro experiments.
Typsinised cells were mixed with an equal volume of Trypan Blue stain, and 10 pL of the
mixture was loaded into a hemocytometer. Cells were counted across 4 separate grids
under the microscope and the average of the four grids was considered for calculation.
Under the microscope, live cells appeared as colourless and dead cells were blue. Cell
viability and cell concentration were then calculated using the following equation: Cell

viability (%) = (Number of live cells / Number of total cells) X 100, cell concentration (cells /
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mL) = *Average cell count X 2 (dilution factor) X 100, *Average cell count = (total cell

numbers in 4 grids) / 4.

2.4 Viruses and viral mimics

2.4.1 HBV transfection model

Transfection of HBV was performed as previously described,?*° in HepG2 cells using a
recombinant 1.3-mer transient transfection model system for HBV genotypes A and D. Cells
were seeded at 1 x 10° per well in 24-well plates, 24 hrs prior to transient transfection using
Viafect (Promega) with a combined total of 500 ng per well of the specified HBV 1.3 mer
plasmid as well as target and luciferase plasmids. All differences in target plasmid DNA
between conditions were adjusted to the total 500 ng per well with the empty-vector plasmid.
Cell supernatants were harvested at specified time points for quantitative serology as

previously described 2*7, and cell lysates were harvested for dual luciferase reporter assays.

2.4.2 ZIKV propagation

ZIKV Asian strain PRVABC59 (Puerto Rico, 2015) was propagated in C6/36 cells by
infecting cells at a MOI of 0.1. Cells were seeded in tissue culture flasks at a concentration
of 25,000 cells / cm? and incubated for 24 hrs. Cells with a ~70% confluency were infected
with ZIKV stock at a MOI of 0.1 and incubated for 4 days at 28-29 °C in CO; free conditions.
At day 4 post-infection, or when cytopathic effect (CPE) appeared, the supernatant was
harvested and filtered using the 0.45 um syringe. Filtered supernatant containing viruses

was stored in -80 °C for infection experiments.

2.4.3 ZIKV titration

Zika virus infectivity was determined by plaque assay using Vero cells. Briefly, Vero cells
were seeded in 6-well plate at a concentration of 1 x 10° cells/well to get approximately 70%
confluency after 24-hour incubation. Virus stocks were serially diluted to 10° (10-fold serial
dilutions of the virus) in serum-free DMEM, then cells were infected with 800 pL of serially-
diluted virus-containing supernatants for 1 hr at 37 °C. Supernatants were then replaced with
a 2 mL overlay of complete media containing 1.5% (w/v) carboxymethyl cellulose (CMC)
(Sigma). Cells were incubated for 5-7 days at 37 °C in 5% CO, conditions until plaques
appeared. Cell monolayers were then fixed by adding 1-2 mL of 10% (v/v) formalin and
incubating for 1 hr. The CMC overlay was then gently removed, and cells were stained with
900 pL 1-2% (w/v) crystal violet (diluted in 10% ethanol) to visualize plaques. Crystal violet
stain was removed by washing the well multiple times with ddH.O. Plaques were counted,
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and virus infectivity expressed as plaque-forming units (PFU) per mL was calculated using
the following equation: Viral titer (pfu/ml) = Number of plaques / (dilution factor x volume of
diluted virus stock/well (ml)).

2.4.4 Viral mimic stimulation

The dsDNA viral mimic poly dA:dT (Invivogen) and the dsRNA viral mimic poly I:C
(Invivogen) was transfected into cells using DMRIE-C reagent (Life Technologies) as per

manufacturer's instructions at a concentration of 1 ug/ml.

2.5 Gene knock-down using CRISPR-Cas9

2.5.1 Generation of CIA2A knockout HeLa cell lines

The CIA2A-targeting lentivirus was packaged using lentiCRISPRv2 system. HelLas were
seeded at 2 x 10° per well in a 6-well plate and were transduced the next day with the
lentiviral particles expressing Cas9 and three independent CIA2A-specific guide RNAs (#1
5-CAGCGTCCAGGAGAGCAGCC-3’, #2 5-GGACGCTGAGCAGAGTCCTG-3’ and #3 5'-
GGGCAGCTCCCGGCTCAGAG-3’). At 48 hr-post transduction, fresh media containing 0.5
Ma/ml puromycin was added to select for cells transduced with the CIA2A-targeting lentivirus
and Cas9 expression. After culturing in puromycin-containing media for an additional 72
hours, the cells were expanded, and then analysed for CIA2A protein expression by
immunoblot analysis with rabbit polyclonal anti-FAM96A(CIA2A) (Thermo-Fisher Scientific)
antibody.

2.5.2 Generation of STING knockout HeLa cell lines

The STING knockout cell line was a kind gift from Annemarie Steiner (Walter and Eliza Hall
Institute of Medical Research, Parkville) and were generated using CRISPR/Cas9 gene
editing as previously described.?** In brief, gene deletion was induced in stably Cas9-
expressing Hela cells by treatment of doxycycline (1 pg/mL, Sigma Aldrich) for 72 hrs to
induce expression of STING-targeting sSgRNA. STING protein expression was assessed by

immunoblot analysis with mouse monoclonal anti-STING antibody (Cell Signaling).

2.6 Biosafety and biosecurity declaration

We would like to declare that all the experiments were performed in biosafety level Il
facilities wherever required following La Trobe University’s research biosafety and

biosecurity guidelines. In addition, all the reagents used for this study were handled following
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safety data sheets by the commercial companies and guidelines from the La Trobe

University’s respective authorities.
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3.1 Abstract

Viperin is an interferon-inducible protein that is pivotal for eliciting an effective immune
response against an array of diverse viral pathogens. Here we describe a mechanism of
viperin's broad antiviral activity by demonstrating the protein's ability to synergistically
enhance the innate immune dsDNA signalling pathway to limit viral infection. Viperin co-
localised with the key signalling molecules of the innate immune dsDNA sensing pathway,
STING and TBK1; binding directly to STING and enhancing K63-linked polyubiquitination of
TBK1. Here we show that viperin facilitates the formation of a signalling enhanceosome, to
coordinate efficient signal transduction following activation of the dsDNA signalling pathway;
which results in an enhanced antiviral state. This data further defines viperin's role as a
positive regulator of innate immune signalling, offering a mechanism of viperin's broad

antiviral capacity.
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3.2 Introduction

The antiviral activity of ISG products, such as viperin, is canonically understood to be a
consequence of their ability to either directly interact with viral components to disrupt critical
viral processes, or interfere with host processes necessary for the viral lifecycle (reviewed in
1), The field of ISG antiviral function has more recently recognised the ability of ISG protein
products to potentiate innate immune signalling which can more generally limit viral
pathogens (reviewed in ¥*9). In this manner, ISG products contribute to an enhanced antiviral
immune response to indirectly inhibit infection. Viperin has previously been demonstrated to
perform this function of indirect viral inhibition, leading to our inclusion of viperin within a
select group of ISGs which have each been recognised as enhancers of antiviral innate

immune signalling (reviewed in 139).

Viperin has previously been demonstrated to enhance the TLR7 (SSRNA sensing) and TLR9
pathways (CpG DNA sensing).1’* Viperin achieves this by enhancing the activation of key
signalling molecules common to both these signalling pathways. Viperin was demonstrated
to directly bind IRAK1 and TRAF6, to enhance the activation of IRAK1, via augmenting the
molecule’s K63-linked polyubiquitination.” This in turn resulted in a heightened production
of interferon, and an enhanced antiviral response. Viperin contributes to the control of
multiple viruses that activate TLR7 to initiate an antiviral state, including VSV** and
CHIKV?%2, Given the lack of mechanistic understanding of viperin’s role in limiting these viral
infections, it is plausible that its ability to act as an enhancer of innate immune signalling may
underpin its capacity to impact these, and other RNA viruses. Additionally, viperin’s ability to
act as an enhancer of innate immune signalling may offer mechanistic understanding of
viperin’s ability to limit other viruses for which there has not been an antiviral mechanism

described.

Viperin’s implication in the inhibition of DNA viral infection from HBV represents another
instance of viperin’s ability to impact viral lifecycles by an undefined mechanism.?43-24 This
virus contains a dsDNA genome which is susceptible to detection by the cellular DNA PRRs.
While there are multiple DNA PRRs with varying cell-type expression and subcellular
localisation, most of them converge on the downstream signalling adaptors STING and
TBK1 to elicit a type-I IFN response.*6:59.51:246-248 |y |ine with viperin’s role as an enhancer of
innate immune signalling, we aimed to determine whether viperin also enhances dsDNA

signalling and whether this contributes to viperin’s inhibition of HBV.

The specific aims were:
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I.  Assess viperin’s ability to enhance dsDNA signalling.

II.  Elucidate viperin’s ability to enhance the signalling activation of the dsDNA signalling

adaptors, STING and TBK1.

lll.  Determine the contribution of viperin’s enhancement of dsDNA signalling to its ability
to limit DNA viral infection.
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3.3 Results

3.3.1 Viperin enhances the STING-dependent type-I IFN response to
dsDNA downstream of ligand detection

To investigate whether viperin plays a role in the enhancement of the IFN response to

dsDNA we initially utilised in vitro cell culture-based luciferase assays. Ectopic expression of
viperin in both HeLa and HuH-7 cells was observed to enhance the activity of the type-I IFN-
B promoter in dual luciferase reporter assays following stimulation of the dsDNA viral mimic,

poly dA:dT by approximately 2.5-fold and 2-fold respectively (Figure 3.1 A & B). These

results were confirmed with the use of previously developed primary viperin’ MEFs?* as
well as a polyclonal HuH-7 cell line stably expressing shRNA targeting viperin mRNA. 188 As
can be seen in Figure 3.1C, primary viperin” MEFs displayed an approximate 4-fold
reduction in their expression of IFN-f mRNA relative to wild-type MEFs, and the activity of
the IFN-B promoter was significantly reduced in the shViperin cells compared to the
shControl cell line following poly dA:dT stimulation (Figure 3.1D). Together these data
demonstrates viperin’s involvement in producing an efficient type-I IFN response to

exogenous dsDNA stimulus in multiple cell lines.
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Figure 3.1 Viperin enhances type-I IFN response to dsDNA. (A & B) Luciferase production driven
by the IFN- promoter in (A) HeLa and (B) HuH-7 cells transfected with either viperin or empty vector
constructs 24 hrs prior to stimulation with poly dA:dT (2 pg/mL) for 8 hrs. (C) Expression of IFN-8 mRNA
in wild-type (wt) and viperin’- primary MEFs following 8 hr stimulation with poly dA:dT (2 pg/mL). (D)
Luciferase production driven by the IFN-B promoter in HuH-7 cells stably expressing shRNA targeting
viperin mMRNA and its control stimulated with poly dA:dT (2 ug/mL) for 8 hrs. Luciferase measurements
were controlled by constitutive expression of renilla and presented as fold changes in relative
luminometer units (RLU) from control unstimulated conditions. Equivalent results obtained from at least
three experiments. All data is presented as mean + SEM. **p<0.01, ***p<0.001.

The detection of exogenous dsDNA within the host cell relies on the activity of multiple DNA
sensors, however upon recognition of their ligands these receptors predominantly converge
on the adaptor molecule STING.?*® To identify whether viperin’s enhancement of the type-I
IFN response to dsDNA stimulation involves an interaction with the downstream adaptor
molecule STING, HuH-7 cells were co-transfected to ectopically express both viperin and
STING in the absence of poly dA:dT stimulation. Cells expressing STING alone, in the
absence of viperin expression, displayed a 3-fold increase in IFN-f3 promoter activity
compared to cells transfected with the control Empty Vector (Figure 3.2A), indicating that

overexpression of this adaptor molecule is sufficient to auto-activate the pathway.
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Furthermore, in the absence of poly dA:dT stimulation, co-transfection of STING with viperin
resulted in significantly higher IFN- promoter activity compared to STING alone (Figure
3.2A), suggesting viperin’s enhancement of type-1 IFN following dsDNA signalling occurs
downstream of exogenous DNA recognition.
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Figure 3.2 Viperin enhances STING-dependent type-lI IFN response downstream of ligand
detection. (A) Luciferase production driven by the IFN-B promoter in HuH-7 cells transfected with
combinations of viperin, STING or empty vector constructs for 24 hrs. (B) Immunoblot analysis of STING
expression in HelLa wild-type (Cas9) and CRISPR-Cas9 polyclonal STING knockout (STING sgRNA)
cells. (C) Luciferase production driven by the IFN-B promoter in Cas9 control and STING sgRNA
knockout cells transfected with viperin construct 24 hrs prior to stimulation with poly dA:dT (2 pug/mL)
for 8 hrs. (D) Expression of IFI6 and OAS mRNA in HeLa cells transfected with combinations of viperin,
STING or empty vector constructs for 24 hrs. Luciferase measurements were controlled by constitutive
expression of renilla and presented as fold changes in relative luminometer units (RLU) from control
unstimulated conditions. Equivalent results obtained from at least three experiments. All data is
presented as mean + SEM. ***p<0.001, ****p<0.0001.

Moreover, a CRISPR-Cas9 generated STING deficient HeLa polyclonal cell line was utilised
to determine viperin’s dependency on this signalling molecule to drive an enhanced type-|
IFN response to dsDNA. Notably, immunoblot analysis determined a marked reduction in
STING expression but not a complete knockout in this polyclonal cell population, compared

to the Cas9 only expressing control cells (Figure 3.2B). Cells deficient in STING presented
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only a 4-fold increase in the induction of IFN-B promoter when stimulated with poly dA:dT, in
contrast to the 23-fold increase in the IFN-B promoter activity in the Cas9 control cells
(Figure 3.2C). The ectopic expression of viperin further enhanced the activity of the IFN-8
promoter following polydA:dT stimulation to 75-fold in the Cas9 control cells, while the
STING deficient cells presented a 13-fold enhancement (Figure 3.2C). These results
suggest viperin’s ability to enhance the type-I IFN response to dsDNA is limited by, and

reliant on, the expression of STING.

Additionally, viperin’s co-transfection with STING also significantly upregulated the
production of the key antiviral ISGs IFI6 and OAS compared to STING alone (Figure 3.2D),
indicating that this positive augmentation of the type-I IFN pathway results in a functional

upregulation of ISGs downstream of dsDNA ligand recognition.

3.3.2 Viperin co-localises with TBK1 and STING, via a direct
interaction with STING

The successful activation of signalling events initiated by dsDNA PRRs relies on the activity
of two major adaptor molecules, STING and TBK1.2°%25 The ER-resident protein STING
assembles with TBK1 after dsDNA stimulation to facilitate the phosphorylation of IRF3,
culminating in the induction of type-1 IFN.2°2253 As viperin has previously been shown to co-
localise and interact with alternate signalling adaptor molecules to enhance the efficacy of
the TLR7/9 innate immune signalling pathways,'”* we investigated viperin’s ability to co-
localise with STING and TBK1.

Utilising in situ proximity localisation assays (PLA) in HeLa and HuH-7 cells, in conjunction
with ectopically expressed viperin, we assessed viperin’s ability to co-localise with
endogenous signalling adaptor molecules. The PLA is an in situ microscopy technique which
allows detection of two protein targets within 20 nm of each other through the emission of a
highly specific and sensitive fluorescent signal (depicted as red in the subsequent figures).?**
In HeLa cells we observed the co-localisation of viperin with endogenous STING and to a
lesser degree endogenous TBK1, which was enhanced following poly dA:dT stimulation
(Figure 3.3 A & B). Similar findings were observed in HuH-7 cells. (Figure 3.3 C & D).
Additional PLA analysis determined that ectopically expressed viperin also co-localises with
the E3 ubiquitin ligases TRAF6 and TRAF3 (Figure 3.3 E & F), which are both key

components of innate immune signalling events which have previously been implicated in

the STING/TBK1 signalling axis.?*1?? In contrast to viperin’s co-localisation with STING and

TBK1, viperin exhibited considerable co-localisation with TRAF3 and TRAF6 without

stimulation and these instances of this co-localisation were not further increased following
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poly dA:dT stimulation. Together, these findings indicate viperin’s general co-localisation
with STING, TBK1, TRAF3 and TRAF6.

Viperin is thought to be predominantly localised to the lipid droplet and the ER,*%3%%* and to
determine its subcellular co-localisation with TBK1 and STING we utilised confocal
microscopy. Similar co-localisation was observed between viperin and either TBK1 or
STING, however considerable co-localisation was only observed between viperin and TBK1

or STING following poly dA:dT stimulation (Figure 3.4 A & B). As can be seen in Figure 3.4A,

the cytoplasmic localisation of TBK1 appeared to converge with viperin on lipid droplets, 2
hrs following poly dA:dT stimulation. Similar to viperin’s localisation with TBK1, viperin
appears to co-localise with STING around the BODIPY -stained lipid droplets following poly
dA:dT stimulation (Figure 3.4B), however at this point there is also considerable co-
localisation of viperin and STING at discrete puncta throughout the cytoplasm, which is a

hallmark of STING activation on the golgi.?®
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Figure 3.3 Viperin co-localises with STING, TBK1, TRAF3 and TRAF6. (A & B) HelLa and (C-F)
HuH-7 cells were transfected with a viperin-flag construct 24 hrs prior to stimulation with poly dA:dT (2
pa/mL) for 2 hrs and probing with mouse monoclonal anti-flag (Sigma) and (A-D) rabbit monoclonal
anti-STING (Millipore) and anti-TBK1 (Cell Signalling) antibodies, or (E & F) rabbit monoclonal anti-
TRAF6 (Cell Signalling) or anti-TRAF3 (Cell Signalling) antibodies, then subject to Duolink® In Situ Red
Mouse/Rabbit PLA and DAPI staining. (B, C & F) Image J particle analysis of positive PLA puncta per
cell from respective IF images. Equivalent results obtained from three experiments. Imaged on Nikon
Eclipse Ti-E fluorescence inverted microscope. Scale bar represents 150 um. Original magnification is
X20.
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Figure 3.4 Viperin co-localises with STING and TBK1 on the lipid droplet following detection of
dsDNA. (A) HuH-7 or (B) HeLa cells were transfected with viperin-flag and either (A) TBK1-myc or (B)
STING-myc constructs 24 hrs prior to stimulation with poly dA:dT (2 pg/mL) for 2 hrs and IF staining
with rabbit monoclonal anti-flag (Sigma) and mouse monoclonal anti-myc (Millipore) antibodies followed
by an Alexa555-conjugated goat anti-mouse (Invitrogen) and Alexa488-conjugated goat anti-rabbit
(Invitrogen) secondary, as well as DAPI and (B) BODIPY staining. Equivalent results obtained from
three experiments. Imaged on Ziess Confocal LSM 780 microscope. Scale bar represents 15 pum.
Original magnification is X63.
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To further investigate the ability of viperin to form a complex with either STING or TBK1, co-
immunoprecipitation assays were performed. Preliminary immunoblot analysis was unable to
detect TBK1 with immunoprecipitated viperin (Figure 3.5A). To elucidate whether this was
the result of potentially weaker or transient binding interactions between the two proteins, a
DSS cross-linker was utilised. Despite the addition of the cross-linker, TBK1 failed to be co-
immunoprecipitated with viperin (Eigure 3.5B). However, STING was successfully detected

following co-immunoprecipitation assays with viperin, irrespective of poly dA:dT stimulation
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(Eigure 3.5C). Utilisation of viperin truncation mutants in this immunoprecipitation assay
identified the central domain of viperin to be responsible for this binding to STING (Eigure
3.5D). Together these findings highlight the strong interaction between viperin and STING
implying the formation of a complex between these two proteins, while also indicating that

the co-localisation between viperin and TBK1 does not involve direct binding.
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Figure 3.5 Viperin does not directly bind TBK1, but directly binds to STING via its central domain.
HuH-7 cells were transfected with (A, B & C) viperin-mCherry (67kDa) or empty vector-mCherry
(25kDa) and either (A & B) TBK1-myc or (C) STING-myc constructs 24 hrs prior to stimulation with poly
dA:dT (2 pg/mL) for 2 hrs, and cell extracts were immunoprecipitated with rabbit monoclonal anti-
mCherry antibody (Biovision) and subject to immunoblot analysis with indicated antibodies. (B) Cell
extract was subject to DSS crosslinking prior to lysis and immunoprecipitation. (D) HuH-7 cells were
transfected with empty vector-mCherry, viperin-wt-mCherry, viperin-5’A33-mCherry or viperin-3'A17-
mCherry and STING-myc constructs 24 hrs prior to lysis. Cell extracts were immunoprecipitated with
rabbit monoclonal anti-mCherry antibody (Biovision) and subject to immunoblot analysis with indicated
antibodies. Equivalent results obtained from two experiments. WCL: whole cell lysate.
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3.3.3 Viperin enhances the polyubiquitination-dependent activation
of TBK1

The adaptor molecules involved in innate immune signalling events are commonly regulated
by post-translational modifications such as polyubiquitination.?*® The addition of both K27-
and K63-linked ubiquitin chains to STING has been shown to facilitate optimal trafficking of
the protein, enabling efficient activation of downstream signalling adaptors.?"2% To
delineate viperin’s mechanism of enhanced IFN- promoter activity in the presence of
dsDNA, we first investigated STING activation in the presence of viperin. However, viperin
expression was not found to impact either K27- or K63-linked polyubiquitination of STING in
HEK?293T cells (Eigure 3.6 A & B). Moreover, the presence of dimerised and phosphorylated

forms of STING, which are associated with the protein’s ligand binding affinity and
recruitment of downstream adaptor molecules respectively,?*® were unaffected by the co-
expression of viperin in HEK293T cells (Eigure 3.6C).

The activation of TBK1 is regulated through the conjugation of K63-linked ubiquitin chains to
lysine residues 30 and 401 along the protein.?®® To determine the impact of viperin on this
polyubiquitination event, ectopically expressed viperin was visualised in HuH-7 cells (Figure
3.7A), prior to the determination of the polyubiquitination status of TBK1 through
immunoprecipitation coupled with immunoblot analysis. There was an approximate 5-fold
increase in K63-linked polyubiquitination of TBK1 observed in cells containing viperin

following a 2 hr poly dA:dT stimulation (Figure 3.7 B & C), in contrast to the Empty Vector

control. Furthermore, in primary wild-type MEFs, K63-linked polyubiquitination of
endogenous TBK1 was 5-fold greater than in viperin’ MEFs, following poly dA:dT
stimulation (Figure 3.7 D & E). Collectively this data demonstrates that viperin enhances the
K63-linked polyubiquitination of TBK1.
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Figure 3.6 Viperin does not alter the signalling activation of STING. (A & B) HEK293T cells were
transfected with empty vector-mCherry or viperin-mCherry, STING-myc and either K63-Ub-HA, K27-
Ub-HA or wt-Ub-HA constructs 24 hrs prior to (A) visualisation by fluorescence microscopy, after which
(B) cell extracts were immunoprecipitated with mouse monoclonal anti-myc antibody (Millipore) and
subject to immunoblot analysis with indicated antibodies. Imaged on Nikon Eclipse Ti-E fluorescence
inverted microscope. Scale bar represents 200 um. Original magnification is X20. (C) HEK293T cells
were transfected with combinations of viperin-flag, STING-myc and TBK1-myc constructs 24 hrs prior
to immunoblot analysis with indicated antibodies. Equivalent results obtained from two experiments.
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Figure 3.7 Viperin enhances the polyubiquitination-dependent activation of TBK1. (A, B & C)
HuH-7 cells were transfected with an empty vector-GFP or viperin-GFP, TBK1-mCherry and K63-Ub-
HA constructs 24 hrs prior to (A) visualisation by fluorescence microscopy, and (B) stimulation with poly
dA:dT (2 pg/mL) for 2 hrs, after which cell extracts were immunoprecipitated with rabbit monoclonal
anti-mCherry antibody (Biovision) and subject to immunoblot analysis with indicated antibodies. Imaged
on Nikon Eclipse Ti-E fluorescence inverted microscope. Scale bar represents 100 um. Original
magnification is X20. (C) Image J immunoblot densitometry quantification of K63-polyubiquitination of
TBK1 (anti-HA) relative to total TBK1 (anti-mCherry), relative to loading control (anti-3-actin). (D) Wild-
type and viperin-/- primary MEFs were stimulated with poly dA:dT (2 pg/mL) for 2 hrs, and cell extracts
were immunoprecipitated with mouse monoclonal anti-K63-Ub antibody (Enzo) and subject to
immunoblot with indicated antibodies. (E) Image J immunoblot densitometry quantification of K63-
polyubiquitination of TBK1 (anti-TBK1) relative to loading control (anti-B-actin). Equivalent results
obtained from two experiments.
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3.3.4 Viperin interacts with STING to enhance the type-I IFN
response to limit HBV

To investigate whether viperin’s ability to enhance a type-I IFN response to dsDNA would
functionally affect the outcome of a DNA viral infection, we utilised a well-characterised HBV
in vitro model viral system.?*” A 1.3 mer HBV plasmid transfection model for two prevalent
HBV genotypes (HBV-D & HBV-A) was utilised in HepG2 cells ectopically expressing a
combination of viperin and STING as previously described.?®” The successful ectopic
expression of STING was determined in each of the HepG2 cell populations (Figure 3.8A).

To determine the involvement of viperin in eliciting a type-I IFN response, the above-
mentioned HBYV infection model was utilised in conjunction with a dual luciferase reporter
assay. At 48 hrs post transfection with either HBV-D or HBV-A, but not the control Empty
Vector plasmid, cells expressing both viperin and STING showed an approximate 20-fold
and 60-fold increase respectively in the induction of IFN-B compared to those only
expressing STING (Figure 3.8B); suggesting that the interaction between viperin and STING

drives an enhanced type-I interferon response to HBV infection.

To evaluate the effect of the enhanced type-I IFN response to HBV infection in the presence
of viperin, cell supernatants were collected 48 and 96 hrs post HBV transfection and
analysed by quantitative serology for the presence of HBV surface antigen (HBsAg) and
HBV e antigen (HBeAg). At 96 hrs post HBV-D transfection, the ectopic expression of viperin
in combination with STING significantly reduced the presence of both HBsAg and HBeAg
circulating in cell supernatants, compared to cells either expressing STING or viperin alone

(Eigure 3.8 C & D). Similarly, a significant reduction in HBsAg and HBeAg was also

observed in supernatants derived from cells expressing both viperin and STING compared to
those solely expressing STING or viperin when transfected with the genotype-A HBV for 96
hrs (Figure 3.8 E & F). STING activation has previously been demonstrated to limit HBV

replication,?6:262 and collectively, these results demonstrate that a STING mediated innate

response can be enhanced by viperin, to control HBV infection in vitro.
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Figure 3.8 Viperin interacts with STING to enhance the type-l IFN response to limit HBV. (A-F)
HepG2 cells were transfected ectopically with viperin-flag, STING-myc and/or empty vector constructs
in conjunction with either HBV-D or HBV-A 1.3 mer constructs 48 or 96 hrs prior to lysis. (A) Immunoblot
analysis of STING-myc expression. (B) IFN-B promoter driven luciferase production. Luciferase
measurements were controlled by constitutive expression of renilla and presented as fold changes in
relative luminometer units (RLU) from control unstimulated conditions. (C-F) Roche Cobas Elecsys
guantitative serology for (C & D) HBV-D and (E & F) HBV-A genotypes by detection of (C & E) HBsAg
and (D & F) HBeAg. Equivalent results obtained from at least three experiments. Data is presented as

mean + SEM; *p<0.05, *p<0.01, **p<0.001, ****p<0.0001.
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3.4 Discussion

Viperin is a potent antiviral host protein, associated with the inhibition of a broad range of
viral infections (reviewed in %), however the scope of viperin’s antiviral capacity makes it
increasingly difficult to discern the protein’s mechanism of viral inhibition. To date viperin
has been shown to target multiple stages of viral lifecycles through interactions with many,
often functionally unrelated, host and viral proteins (reviewed in %), Despite ongoing
research efforts to identify each mechanism underpinning viperin’s ability to limit each viral
pathogen, many instances of viperin-mediated viral inhibition remain uncharacterised, and
recent literature has suggested that viperin’s ability to positively regulate innate immune
responses may elucidate a unifying antiviral mechanism for this potent antiviral protein
(reviewed in 1%). Here we show for the first time that viperin can enhance the innate immune
response to dsDNA viral mimics and to DNA viral infection (Eigure 3.9). This work adds to

the limited knowledge of viperin’s alternate innate immune regulatory capacity.
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Figure 3.9 Viperin facilitates the formation of signalling enhancesomes to positively augment
interferon production. Here we show that viperin can enhance the dsDNA signalling pathway (Image
left) in a similar manner to its enhancement of the TLR7/9 signalling pathways (Image right). In summary
we have shown that upon detection of aberrant dsDNA, viperin is able to enhance the dsDNA signalling
pathway. Viperin interacts with STING and enhances the activation of TBK1 through K63
polyubiquitination. This process enhances the type-I interferon response to dsDNA and limits DNA viral
infection.
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Viperin’s enhancement of the cellular innate response to dsDNA shares mechanisms with its
ability to positively augment signalling activation following ssRNA and CpG DNA detection in
a host cell. Here we show that viperin interacts with the signalling adaptor proteins, STING
and TBK1, which are central to the dsDNA signalling pathways, to enhance the activation of
TBK1. In previous work viperin was shown to interact with the signalling adaptor protein
IRAK1 which is central to the TLR7 & 9 signalling pathway.'’* However, in this instance
viperin was also demonstrated to interact with the E3 ligase TRAF6 which was responsible
for the polyubiquitination of IRAK1. While it is evident viperin directly binds to the adaptor
protein STING (Eigure 3.5C), which is the upstream adaptor protein of TBK1, the E3 ligase
responsible for ligating the K63-linked ubiquitin chains to TBK1 remains unknown.
Microscopy based analysis confirmed that viperin co-localises with the E3 ligase TRAF6

(Figure 3.3 E & F), in a similar manner to that seen following activation of TLR7 and TLR9.1"4

We were also able to show that this is the case for viperin and the E3 ligase TRAF3
following dsDNA stimulation (Figure 3.3 E & F). Both TRAF3 and TRAF6 have been
previously implicated in the STING-TBK1 signalling axis, 25252 however further analysis is

required to determine the functional relevance of this co-localisation to viperin’'s

enhancement of TBK1 activation.

The definitive determination of the temporal dynamics of innate immune signalling events
requires validation through the astute assessment of multiple assays. For instance, our initial
PLA analysis indicated an initial high level of co-localisation between viperin and STING in

unstimulated conditions (Figure 3.3 A-D), while subsequent confocal microscopy analysis

indicated distinct subcellular localisations of the two proteins in unstimulated conditions
(Figure 3.4B). Taken together, these findings may appear contradictory. However, it is
critical to recognise that the PLA assay provides an overview of all the instances of
viperin/STING co-localisation in a cell population, while the confocal microscopy analysis
provides additional detail. Through single-cell confocal microscopy analysis it is possible to
identify the various subcellular localisations of STING which reflect the proteins activation
status. In this manner, the images presented in top panel of Figure 3.4B reflect the typical
unstimulated ER localisation of STING,?*° while the bottom panel reflects the activation of
STING across distinct puncta through the cell cytoplasm which overlap with viperin’s lipid
droplet localisation.?®® It is likely the co-localisation identified in the unstimulated conditions
of the PLA represent auto-activated cells, as plasmid DNA transfection alone has been
implicated in STING activation, and that this activation is simply compounded following poly

dA:dT stimulation (Figure 3.3 B & C). Consequently, we hypothesise that viperin and STING

only interact with one another following initiation of the innate dsDNA sensing pathway.

Regardless, it would be worthwhile to conduct these assays with the utilisation of
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transduction of drive target gene expression in place of plasmid transfection, to minimise
auto-activation of this pathway, especially if under the control of an inducible system.
Alternatively, in specialised immune cells with high basal expression of viperin it may be
possible to conduct these assays without exogenous gene expression to further validate

these findings.

The ability of viperin to enhance the dsDNA signalling pathway presents a novel mechanism
for the protein’s antiviral capacity against DNA viruses. To investigate this in the absence of
potential viral driven abrogation of antiviral immunity, we utilised a plasmid-based induction
model of HBV replication in a hepatocyte cell line. In this HBV model system, overexpression
of viperin resulted in enhanced activity of the IFN- promoter in HepG2 cells transfected with
both HBV genotypes D and A (Figure 3.8B), which correlated with a reduction in HBsAg and

HBeAg present in the culture media (Figure 3.8 C-F). Through viperin’s direct interaction

with STING and enhancement of TBK1 activation, we postulate that viperin enhances the
type-I IFN response to HBV DNA in this viral model, enhances cellular control of the viral
infection in vitro. Together these data further highlights the importance of viperin’s interaction

with adaptor molecules of the DNA signalling pathway to inhibit DNA viral infection.
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4.1 Abstract

Viperin is an interferon-inducible protein that is pivotal for eliciting an effective immune
response against an array of diverse viral pathogens. Here we adopt a mutagenesis
approach to extend our understanding of viperin’s ability to enhance the type-1 IFN response
to dsDNA. We demonstrated viperin’s reliance on both N-terminal sequences and its ability
to bind iron-sulphur clusters to enhance dsDNA signalling. Subsequent analysis identified
viperin's necessity to bind the cytosolic iron-sulphur assembly component 2A, to prolong its
enhancement of the type-I IFN response to aberrant dsDNA. We also provide evidence for
viperin's radical SAM enzymatic activity to self-limit its immunomodulatory functions. This
data further defines viperin's antiviral activity, offering a link between its dual function as a
radical SAM enzyme and as a positive regulator of innate immune signalling.
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4.2 Introduction

Viperin contains multiple, distinct domains which attribute various functions to the protein
and underpin its ability to restrict viral pathogens. Human viperin is a 361 aa protein with
three distinct domains designated as its N-terminal domain, central radical SAM domain and
conserved C-terminal domain (Figure 4.1). At its N-terminus, viperin possesses an
amphipathic helix which is responsible for its localisation to the cytosolic face of the ER and
to lipid droplets.'>31%* This domain is critical for much of viperin’s antiviral activity which has
been attributed to its essential role in retaining viperin’s intracellular localisation (reviewed in
161). The central radical SAM domain confers viperin’s radical SAM enzymatic function and
inhibition of multiple viruses.'®>1°" Despite being highly conserved amongst different
species, the function of the C-terminal domain of viperin, comprising residues 218-361,
remains largely unknown.s? The conserved C-terminal domain has been shown to be
important for viperin’s restriction of numerous members of the Flaviviridae family,87:188.204 pyt
is also understood to be responsible for viperin’s interaction with the cytosolic iron-sulphur

protein assembly 1 (CIA1).158

The cytosolic iron-sulphur protein assembly (CIA) proteins cooperate with mitochondrial iron-
sulphur cluster (ISC) assembly proteins to distribute iron-sulphur (Fe-S) clusters throughout
the cell for various integral cellular functions.?%3-26° These proteins comprise CIA1, MMS19
and two isoforms of the CIA2 protein, CIA2A and CIA2B.?27%-273 Generally, the CIA proteins
can be divided into two branches, each responsible for the delivery of Fe-S clusters to
distinct groups of Fe-S apoproteins. The branch delineations are predicated on the presence
of either CIA2 isoform. The branch comprising only CIA2A is primarily involved in the
stabilisation and maturation of proteins involved in iron homeostasis, while the second
branch comprising CIA2B in cooperation with CIA1 and MMS19, is responsible for the
maturation of most cytosolic Fe-S apoproteins.?’® Viperin requires a Fe-S cluster ([4Fe-4S))
to facilitate its radical SAM enzymatic activity.'#11°® The [4Fe-4S] cluster is inserted into the
CX3CX2C motif within viperin’s central domain via the CIA1 complex bound to viperin’'s C-
terminus (Figure 4.1).2’* Remarkably, viperin has also been shown to interact with the
alternate CIA branch via binding CIA2A at its N-terminus (Figure 4.1).%%8 It is incredibly rare
for a single protein to interact with both CIA branches,?’® and given the apparent inefficiency
of CIA2A to contribute to [4Fe-4S] insertion within viperin,*8 the relevance of this interaction

remains to be elucidated.
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Figure 4.1 Schematic representation of viperin’s interaction with the CIA pathway, and
enzymatic generation of ddhCTP. There are two distinct branches of the CIA pathway, each
comprising a unique targeting complex, responsible for inserting Fe-S clusters into Fe-S apoproteins.
Each branch is categorised by the involvement of either isoform of the CIA2 protein, CIA2A or CIA2B,
within the targeting complex. Generally, CIA2A is responsible for the stabilisation and maturation of
proteins involved in iron homeostasis, while CIA2B enables the maturation of most cytosolic and nuclear
Fe-S proteins involved in generic housekeeping.2’® 1) The CIA2A-CIA1 complex bind viperin’s N-
terminus, but is not responsible for the efficient insertion of [4Fe-4S] into viperin.158270274 2) The
alternate CIA targeting complex CIA1-CIA2B-MMS19 binds to the conserved tryptophan residue
(W361aa) at viperin’'s C-terminus,?’* and is responsible for the efficient insertion of [4Fe-4S] into the
conserved cysteine residues within viperin’s central M1 domain. 3) Viperin binds SAM at its central M2,
M3 and M4 domains and catalyses its cleavage into methionine and 5’-Ado radical intermediate (5’-
deoxyadenosyl), whereby an electron is abstracted by the bound [4Fe-4S] cluster. 4) The 5-dAdo
radical then abstracts a hydrogen from CTP, becoming 5’-dA (5’-deoxyadenosine) and generating the
antiviral ribonucleotide ddhCTP.157.274

Despite being recognised as a radical SAM enzyme since its discovery more than 20 years
ago,?™>27 it wasn'’t until recently that the antiviral consequence of viperin's enzymatic activity
was described.'®” Recent work has demonstrated that mammalian viperin catalyses the
dehydration of CTP to form 3’,4’-didehydro-4’-deoxy-CTP (ddhCTP) through a radical
mechanism involving the reductive cleavage of SAM with concomitant formation of 5’-
deoxyadenosine (5'-dA)(Figure 4.1).1®" The redox-active [4Fe-4S] cluster supplies electrons
necessary for the cleavage of SAM (Figure 4.1).1%51% The ribonucleotide ddhCTP, has been
shown to act as a chain terminator for viral RNA-dependent RNA polymerases (RdRp) from
multiple Flaviviridae members,'®” and this offers an explanation for viperin’s ability to broadly
limit this viral family (reviewed in 1%). However, ddhCTP is unable to inhibit the polymerase
activities of the Picornaviridae members, human rhinovirus (HRV) C and poliovirus, despite
viperin’s previously identified antiviral capacity against HRV?"’. This highlights the possibility

that viperin may still be involved in other yet unidentified antiviral mechanisms.

Viperin has more recently been reported to also enhance the stability and signalling activity
of RIG-I, in a manner dependant on its radical SAM domain.??®* The RNA helicase RIG-l is a

cytosolic PRR capable of detecting viral dsRNA to elicit an antiviral type-I IFN immune
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response.?’® Exogenous expression of viperin was demonstrated to increase RIG-I protein
but not MRNA expression. Mass spectrometry analysis of RIG-I identified five methionine
residues that were only found to be oxidized with exogenous viperin expression. Viperin was
proposed to catalyse the oxidation of these methionine residues, which extended the half-life
of RIG-1 and led to an enhanced type-l IFN response to dsRNA and reduction of VSV
infection. Importantly, this function of viperin was abolished through the deletion of viperin’s
radical SAM domain. Together, these findings suggest an enzymatic function of viperin

alternate to its generation of ddhCTP.

Over the last two years, our understanding of viperin’s enzymatic function has developed
significantly. However, as outlined above, there are multiple aspects of viperin's enzymatic
activity which suggest an alternate function to that of solely catalysing the antiviral
ribonucleotide ddhCTP. Given the most recent instance of viperin’s ability to enhance
dsRNA RIG-I signalling, and our findings that demonstrate viperin’s ability to also enhance
dsDNA signalling, we hypothesised that viperin’s enzymatic activity may be linked to its
ability to enhance dsDNA signalling. This immunomodulatory activity may represent the
alternate function to viperin’s enzymatic function and may offer an explanation to viperin’s

involvement with the alternate CIA branch of CIA2A.
The specific aims were:

I.  Determine the potential role of specific viperin domains in their ability to enhance
dsDNA signalling.
Il.  Elucidate the contribution of viperin’s interaction with CIA2A to its enhancement of
dsDNA signalling.
lll.  Identify viperin’s ability to enhance the stability and signalling activity of the dsDNA
signalling adaptor proteins STING and TBK1.
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4.3 Results

4.3.1 Viperin’s N-terminus and [4Fe-4S] cofactor contribute to its
enhancement of the type-l IFN response to dsDNA

Viperin relies on the action of specific functional domains to inhibit multiple families of viral
pathogens (reviewed in 19). Its characteristic localisation to the outer lipid droplet membrane
is essential for its ability to enhance the type-I IFN response via TLR7/9 activation of
plasmacytoid dendritic cells in the mouse.*"* Viperin similarly localises to the lipid droplet in
all cell types used in this study (Figure 4.2). To determine the potential role of certain viperin
domains in its ability to enhance type-I IFN following poly dA:dT stimulation we utilised in
vitro IFN-B promoter driven luciferase assays in combination with a panel of viperin mutants
(Figure 4.3A). As can be seen in Figure 4.3B, the 5’A33 viperin mutant, which lacks the first
33 amino acids of the N-terminus, and hence loss of its amphipathic helix,'® showed a
significant decrease in IFN-B promoter activity compared to viperin-wildtype following poly
dA:dT stimulation, and resembled that of the cells entirely lacking viperin (empty vector).
Likewise, the SAML1 viperin mutant in which the [4Fe-4S] cluster-binding cysteine residues of
the protein’s radical SAM Motif 1 are mutated to alanine,*®’ also showed a significant
decrease in IFN-3 promoter activity compared to viperin-wildtype following poly dA:dT
stimulation (Eigure 4.3B). Conversely, the 3'A17 viperin mutant which lacks 17 amino acids
from the protein’s C-terminus,*®® significantly enhances viperin’s ability to upregulate IFN-
promoter activity (Figure 4.3B). This would imply that viperin requires either its localisation
to the lipid droplet or specific sequences within its N-terminus, in conjunction with its binding
to the [4Fe-4S] cluster, to enhance the type-1 IFN response to dsDNA. However, this is in
disagreement with the ability of the 3’A17 viperin mutant to maintain enhancement of the
IFN-B promoter driven luciferase (Figure 4.3B). This 3’-mutant would similarly lose [4Fe-4S]
binding as the truncated region includes the C-terminal amino acids required for [4Fe-4S]
loading by CIA1,%8 which is the primary contributor of [4Fe-4S] insertion into viperin (Figure
4.1). However, this mutant would retain the less effective [4Fe-4S] insertion via the N-
terminally bound CIA2A which may alleviate the structural instability known to be incurred by

complete abrogation of [4Fe-4S] binding in the SAM1 mutant (reviewed in 16%).
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Figure 4.2 Viperin localises to the lipid droplets in multiple cell lines. HEK293T, HelLa, HepG2 and
HuH-7 cells were transfected with viperin-flag 24 hrs prior to immunofluorescence staining with a mouse
monoclonal anti-flag antibody (Sigma), followed by an Alexa555-conjugated goat anti-mouse secondary
(Invitrogen) as well as BODIPY and DAPI staining. Imaged on Ziess Confocal LSM 780 microscope.
Scale bar represents 10 um. Original magnification is X63.

To further investigate the requirement of viperin’s N-terminus in its augmentation of the
dsDNA signalling pathway, we utilised a chimeric viperin mutant (NS5A-TN50-Viperin). This
mutant lacks 50 amino acids from viperin’s N-terminus, including its lipid droplet-localising
amphipathic helix, but is substituted with the alternate amphipathic helix of HCV NS5A.192274
Despite retaining viperin’s typical cellular localisation,?’* this mutant was unable to enhance
the induction of the IFN-B promoter to the same degree as wild-type viperin (P < 0.01)
(Figure 4.3C) following poly dA:dT stimulation, suggesting that localization to the lipid

74



Chapter 4: Mutagenesis of viperin reveals an intrinsic self-regulatory mechanism linked to
the protein’s enzymatic activity

droplets is not of itself, sufficient for viperin’s enhancement of the type-I IFN response to

dsDNA and there may be additional N-terminal sequences contributing to this activity.
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Figure 4.3 Viperin relies on its N-terminus and binding to enzymatic [4Fe-4S] cofactor to enhance
type-I IFN response to dsDNA. (A) Schematic diagram representing wild-type (wt) and mutant viperin
proteins used in subsequent assays. The 5’A33 viperin truncation mutant lacks the first 33 N-terminal
amino acids. The NS5A chimeric viperin mutant lacks the first 50 N-terminal amino acids and has been
reconstituted with the ER/lipid droplet-localising amphipathic helix of HCV NS5A. The 3’A17 viperin
truncation mutant lacks the last 17 C-terminal amino acids. The SAM1 viperin mutant has all three
cysteine residues of its enzymatic M1 domain mutated to alanine which abolishes [4Fe-4S] binding.?"*
(B and C) Luciferase production driven by the IFN-B promoter in HeLa cells transfected with either (B)
wild-type, 5°'A33, 3'A17 and SAM1 viperin constructs or (C) wild-type and chimeric NS5A-viperin mutant
constructs 24 hrs prior to stimulation with poly dA:dT (2 pg/mL) for 8 hrs. Luciferase measurements
were controlled by constitutive expression of renilla and presented as fold changes in relative
luminometer units (RLU) from control unstimulated conditions. Equivalent results obtained from at least
three experiments. Data is presented as mean + SEM; **p<0.01, ****p<0.0001.

4.3.2 Viperin co-localises with CIA2A to enhance the type-I IFN
response to dsDNA

The N-terminal region of viperin is responsible for its binding to the CIA component CIA2A
(Figure 4.1),'%® a protein which is part of a pathway responsible for the targeting of Fe-S
clusters to some proteins, but has been reported to not contribute to the insertion of the

[4Fe-4S] cluster into viperin in one study.'*® Therefore, given viperin’s requirement for N-
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terminal sequences to positively augment the type-I IFN response to dsDNA detection, we

investigated a potential role for CIA2A in this novel viperin function.

Confocal microscopy revealed a cytoplasmic and nucleoplasmic localisation of CIA2A, which
did not show any notable co-localisation with BODIPY-stained lipid droplets (Figure 4.4A).
However, the co-expression of viperin redistributed the localisation of CIA2A to convene on
the lipid droplets, where the two proteins co-localised (Figure 4.4A). To determine the role of
CIA2A in viperin’s enhancement of the IFN response to dsDNA we utilised CRISPR/Cas9
technology to generate CIA2A-deficiencies in HeLa cells. We verified loss of CIA2A in three
independent polyclonal populations of HelLa cells, each containing a distinct gRNA (Figure
4.4B). Interestingly, these cells all displayed defects in their ability to drive an IFN-f
promoter generated luciferase response when challenged with poly dA:dT (Eigure 4.4C).
Most notably, the viperin-mediated enhancement of the IFN-3 promoter activity was

significantly reduced in all three of the CIA2A-deficient cell populations compared to wild-
type HelLa cells (Figure 4.4C).
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Figure 4.4 Viperin co-localises with CIA2A to enhance the type-l IFN response to dsDNA. (A)
HelLa cells were transfected with viperin-flag and/or CIA2A-myc constructs 24 hrs prior to
immunofluorescence staining with a rabbit monoclonal anti-flag antibody (Sigma) and/or mouse
monoclonal anti-myc (Millipore), followed by an Alexa555-conjugated goat anti-rabbit (Invitrogen) and
Alexa647-conjugated goat anti-mouse (Invitrogen) secondaries as well as BODIPY and DAPI staining.
Imaged on Ziess Confocal LSM 780 microscope. Scale bar represents 10 um. Original magnification is
X63. (B) Immunoblot analysis of CIA2A expression in HeLa wild-type (Cas9) and three independent
SgRNA CRISPR-Cas9 polyclonal CIA2A knockout cells. (C) Luciferase production driven by the IFN-3
promoter in HeLa wild-type (Cas9) and CRISPR-Cas9 polyclonal CIA2A knockout cells transfected with
viperin constructs 24 hrs prior to stimulation with poly dA:dT (2 pg/mL) for 8 hrs. Luciferase
measurements were controlled by constitutive expression of renilla and presented as fold changes in
relative luminometer units (RLU) from control unstimulated conditions. Equivalent results obtained from
at least three experiments. Data is presented as mean + SEM; ***p<0.001, ****p<0.0001.

Conversely, we assessed the ability of overexpressed CIA2A to augment viperin’s ability to
enhance the type-I IFN response to dsDNA. The combined overexpression of CIA2A and
viperin further enhanced the activity of the IFN-3 promoter following polydA:dT stimulation by
3-fold compared to viperin alone (Figure 4.5A). In line with our previous findings in figure
4.4C, where CIA2A deficiency alone reduced the type-I IFN response to dsDNA, here we

show that overexpression of CIA2A alone conversely enhances the IFN- promoter activity
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following poly dA:dT stimulation (Figure 4.5B). To validate viperin’s reliance on its N-
terminus to interact with CIA2A, which we propose in turn augments its ability to enhance the
type-1 IFN response to dsDNA, we assessed the ability of CIA2A to augment the
immunomodulatory inactive viperin-5’A33. Again, we observed following poly dA:dT
stimulation, enhanced IFN-B promoter activity in cells overexpressing CIA2A alone, and that
this IFN-B promoter activity was further enhanced in cells also expressing viperin-wt (Figure
4.5B). Yet, we also observed enhanced activity of the IFN-B promoter in cells co-
overexpressing viperin-5’A33 and CIA2A following poly dA:dT stimulation, but importantly
this was not statistically different from the enhancement observed in CIA2A only
overexpressing cells (Figure 4.5B). Therefore, these findings implicate viperin’s N-terminal
association with CIA2A as a significant contribution towards its ability to enhance the type-I
IFN response to dsDNA.

Furthermore, as we have previously identified viperin’s ability to localise and interact with the
signalling protein STING to enhance dsDNA signalling (Chapter 3), and we now implicate
CIA2A in viperin’s ability to enhance dsDNA signalling, we assessed the cellular localisation
of these three proteins by confocal microscopy. In Figure 4.5C, we observed co-localisation
between viperin and CIA2A in unstimulated cells which is in line with our previous findings
(Figure 4.4A), and we also observed co-localisation between these two proteins following
poly dA:dT stimulation. The localisation of STING in unstimulated cells mirrors that observed
in Figure 3.4B, however following poly dA:dT stimulation there was minimal co-localisation
between STING and viperin/CIA2A. The localisation of STING in poly dA:dT cells more
closely resembles that of the protein’s localisation to endolysosomes prior to degradation.?”®
These findings reaffirm viperin’s interaction with CIA2A, but highlight difficulty in temporally
viewing transient signalling protein interactions by still-image confocal microscopy or the

potential saturation of viperin binding in this three-way overexpression assay.
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Figure 4.5 CIA2A augments viperin’s enhancement of the type-l IFN response to dsDNA. (A & B)
Luciferase production driven by the IFN-B promoter in HeLa cells transfected with (A) viperin and/or
CIA2A constructs, or (B) viperin wild-type, 5’A33, 3'A17 and CIA2A constructs 24 hrs prior to stimulation
with poly dA:dT (2 pg/mL) for 8 hrs. Luciferase measurements were controlled by constitutive
expression of renilla and presented as fold changes in relative luminometer units (RLU) from control
unstimulated conditions. Equivalent results obtained from at least three experiments. Data is presented
as mean = SEM; ***p<0.001, ****p<0.0001. (C) HelLa cells were transfected with viperin-mCherry and
STING-myc constructs 24 hrs prior to immunofluorescence staining with mouse monoclonal anti-myc
(Millipore) and rabbit monoclonal ant-CIA2A (Thermo-Fisher Scientific), followed by an Alexa647-
conjugated goat anti-mouse (Invitrogen) and Alexa488-conjugated goat anti-rabbit (Invitrogen)
secondaries as well as BODIPY and DAPI staining. Imaged on Ziess Confocal LSM 780 microscope.
Scale bar represents 10 um. Original magnification is X63.

4.3.3 Viperin’s interaction with STING and TBK1 activates it towards
the synthesis of ddhCTP and facilitates self-limiting degradation

As a radical SAM enzyme, viperin couples the reductive cleavage of SAM to the dehydration
of CTP, producing 5’-dA and ddhCTP as products (Figure 4.1).15” Moreover, viperin's
enzymatic generation of 5’-dA has been shown to be significantly stimulated through
interaction with IRAK1 and TRAF6 during its enhancement of TLR7/9 signalling.23®
Interestingly, the interaction with IRAK1 and TRAF6 resulted in more rapid degradation of

viperin, which would act to limit viperin’s antiviral activity.'*3> Moreover, high levels of 5’-
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dA have been demonstrated to act as a general inhibitor of radical SAM enzymes.?8
Therefore, we assessed whether viperin’s interaction with the signalling adaptor molecules
STING and TBK1 would similarly stimulate viperin’s catalytic activity and result in more rapid

degradation of viperin.

The enzymatic activity of viperin was assayed in extracts prepared from HEK293T cells
expressing either viperin and/or STING and TBK1, as described previously.?**> Consistently,
the overexpression of STING, and to a lesser degree TBK1, significantly increased the
catalytic activity of viperin, as determined by the amount of 5’-dA formed in the assay,
compared to viperin alone when normalized for viperin expression levels (Figure 4.6A).
Interestingly, through immunoblot analysis we also observed significant degradation of
viperin in HEK293T cells overexpressing STING at 40 hrs post transfection, which was not
observed at earlier time points (Figure 4.6B). Together these data demonstrate that viperin’s
interaction with the signalling adaptor molecules of the dsDNA signalling pathway, STING
and TBK1, both enhance viperin’s enzymatic activity and facilitate viperin’s degradation.
STING and TBK1 therefore may act as a negative feedback loop to limit viperin's

enhancement of immune signalling.
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Figure 4.6 Viperin’s interaction with STING and TBK1 drives its radical SAM enzymatic activity
and facilitates self-limiting degradation. (A) Quantification of viperin activity in cell extracts.
HEK293T cells were transfected with combinations of viperin-flag as well as STING-myc and/or TBK1-
myc constructs prior to UPLC-tandem mass spectrometry quantification of 5'-dA generated in 1 hr
following addition of CTP and SAM. 5-dA levels are presented relative to levels of viperin, as
determined by quantitative immunoblot analysis. Equivalent results obtained from six experiments. Data
is presented as mean + SEM; **p<0.01, ****p<0.0001. (B) HEK293T cells were transfected with
combinations of viperin-flag and STING-myc constructs 24 and 40 hrs prior to immunoblot analysis with
indicated antibodies.
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4.3.4 Viperin does not enhance the stability of STING and TBK1

Viperin’s has previously been shown to enhance the stability and signalling activity of the
dsRNA sensing protein RIG-1.22® This was suggested to be the consequence of viperin’s
catalysis of methionine oxidation along the RIG-I protein.??® Our findings have identified
viperin’s additional interaction with signalling proteins of the dsDNA sensing pathway
(Chapter 3), which has an impact on the stability of viperin at late time points (Figure 4.6B).
We next endeavoured to identify viperin’s ability to similarly enhance the stability of STING
and TBK1.

Through the analysis of human STING and TBK1 protein sequences and structures, we first
assessed the topographical distribution of the oxidizable methionine residues of each
protein. The efficiency of a particular methionine residue to be oxidised is highly dependable
on its accessibility, which is best evaluated from a protein structure detailing the exposed
surface area of the particular methionine residue.?8! Of STING’s 379 aa, six are methionine

residues (Supplementary table 5). Analysis of the STING protein structure identified all of

these methionine residues to be surface exposed (Figure 4.7A-C). Of a total of 729 aa,

TBK1 has 22 methionine residues (Supplementary table 5). Only eight of these methionine

residues were identified to be surfaced exposed (Figure 4.8A-C). This analysis identified

surface exposed methionine residues within both STING and TBK1, which have the potential
to pose as targets for viperin-mediated oxidation.

Viperin’s catalysis of RIG-I methionine oxidation was shown to prolong the half-life of RIG-I
protein, subsequently enhancing RIG-I signalling.??® In order to determine the half-life of
STING and TBK1 we assessed the temporal degradation of these proteins following
treatment of the protein synthesis inhibitor cycloheximide (CHX) at concentrations of 100
and 350 uM. Notably, our highest CHX concentration is well below the concentration (>200
ug/mL, approximately 710 uM) known to induce apoptosis.?®? The temporal degradation
profile of RIG-I following CHX treatment was used as a positive control. Fluorescent
microscopy analysis identified successful transfection of RIG-I, STING and TBK1, and
general health of the cell populations (Figure 4.9A). Similarly to previous findings,??3
immunoblot analysis determined RIG-I expression to diminish considerably at 10 hrs post
CHX (100 pM) treatment (Eigure 4.9 B & C). Additionally, the lower concentration of CHX
(100 uM) was sufficient to observe degradation of STING and TBK1 as early as 6 hrs post

CHX treatment, with almost complete loss of each protein at 24 hrs (Figure 4.9D-G). This

data identifies a 100 uM concentration of CHX as sufficient to observe the half-life of RIG-I,

STING and TBK1, which ranges from 6-10 hrs for these proteins.
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Figure 4.7 Structural protein model of human STING with surface exposed methionine residues.
Protein model of human STING (NP_938023.1) was prepared using Phyre2162 and was visualised
within PyMOL2163, (A) Front, (B) back and (C) side view schematic surface and ribbon diagrams of
human STING protein with surface exposed methionine residues (red).
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Figure 4.8 Structural protein model of human TBK1 with surface exposed methionine residues.
Protein model of human TBK1 (NP_037386.1) was prepared using Phyre2162 and was visualised within
PyMOL263, (A) Front, (B) back and (C) side view schematic surface and ribbon diagrams of human
TBK1 protein with surface exposed methionine residues (red).
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Figure 4.9 Cycloheximide stoichiometric analysis for the degradation of RIG-I, STING and TBK1.
Hela cells were transfected either RIG-I-flag, STING-myc or TBK1-myc constructs 24 hrs prior to CHX
treatment (100 uM or 350 uM as indicated) for up to 24 hrs followed by (A) immunofluorescence staining
with a mouse monoclonal anti-flag (Sigma) or mouse monoclonal anti-myc (Millipore) antibodies,
followed by an Alexa555-conjugated goat anti-mouse secondary (Invitrogen) and immunoblot analysis
with indicated antibodies for (B) RIG-I-flag (D) STING-myc or (F) TBK1-myc protein levels. Image J
immunoblot densitometry quantification of (C) RIG-I-flag (E) STING-myc or (G) TBK1-myc. Imaged on
Nikon Eclipse Ti-E fluorescence inverted microscope. Original magnification is X20.
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The optimised determination of STING and TBK1 half-life was then used to assess viperin’s
ability to enhance the stability of these dsDNA signalling proteins. Again, fluorescent
microscopy analysis identified the successful transfection of either the empty vector control
of viperin constructs and the general health of the cell populations (Figure 4.10A). Similar to
our previous analysis, RIG-I protein was observed to degrade considerably by 12 hrs

following CHX treatment (Figure 4.10 B & C). However, unlike previous reports,?® the

exogenous expression of viperin reduced rather than enhanced the half-life of RIG-I, with

considerable degradation observed at 8 hrs post CHX treatment (Figure 4.10 B & C).
Furthermore, the protein levels of STING and TBK1 did not appear to be overly changed by

the exogenous expression of viperin (Figure 4.10D-E). These findings are in contradiction to

those previously published by others regarding the viperin-mediated enhanced stability of
RIG-1,22% and suggest that viperin is not involved in enhancing the stability of STING nor
TBK1.
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Figure 4.10 Viperin does not enhance the stability of RIG-I, STING and TBK1. HelLa cells were
transfected either empty vector (mCherry) or viperin-mCherry in combination with either RIG-I-flag,
STING-myc or TBK1-myc constructs 24 hrs prior to CHX treatment (100 uM) for up to 24 hrs followed
by (A) visualisation by fluorescence microscopy and immunoblot analysis with indicated antibodies for
(B) RIG-I-flag (D) STING-myc or (F) TBK1-myc protein levels. Image J immunoblot densitometry
guantification of (C) RIG-I-flag (E) STING-myc or (G) TBK1-myc with empty vector (mCherry) or viperin-
mCherry. Imaged on Nikon Eclipse Ti-E fluorescence inverted microscope. Original magnification is
X20.
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4.4 Discussion

Through the mutation of individual domains of viperin, it is possible to ascertain a more
comprehensive understanding of the mechanisms underpinning viperin’s broad antiviral
activity. In this chapter we have performed mutagenesis and subsequent molecular
characterisation to expand our understanding of viperin’s antiviral activity. We have identified
an alternate role for viperin’s enzymatic function, separate from its generation of ddhCTP,
which acts as an intrinsic self-regulatory mechanism to viperin’s antiviral activity. We
demonstrate that this alternate function is reliant on the cooperation of multiple domains and
consequently a combined interaction with both branches of the CIA pathway. Moreover, we
raise doubt surrounding viperin’s recently identified role in catalysing oxidation of methionine
residues to enhance the stability and signalling activity of the RNA helicase RIG-I. Together,
these findings contribute to our understanding of viperin’s antiviral activity and offer a
distinction between viperin’s ability to directly generate the antiviral molecule ddhCTP, and
viperin’s ability to indirectly enhance innate immune signalling (Figure 4.11).

Viperin’s ability to generate ddhCTP to inhibit the replication of members of the Flavivirus
genus via inhibition of polymerase function relies on its enzymatic cleavage of SAM, 7
however ddhCTP was found to not inhibit the polymerases of members of the Picornaviridae
family. Additionally, the ability of ddhCTP to inhibit the HCV RdRp was considerably lower
than either of the Flaviviruses, DENV or WNV RdRps in an ex vivo assay,'®’ and other more
diverse viruses such as HIV'® and BUNV?® are also inhibited by the functions of viperin’s
enzymatic radical SAM domain in an as yet unspecified manner. Moreover, previous studies
have demonstrated that the deletion of viperin’s N-terminus significantly abrogates its
inhibition of not only HCV*8, but also CHIKV?*2, and WNV?%?; a domain absent in the
recombinant Rattus norvegicus viperin utilised to generate ddhCTP.%" This evidence
suggests a potentially alternate antiviral role to viperin’s generation of ddhCTP but reliant on
its radical SAM domain, to achieve the observed levels of viperin mediated inhibition of

multiple viruses.
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Figure 4.11 Viperin’s enzymatic function acts an intrinsic self-regulating mechanism of its innate
immune modulation. Here we show that viperin can enhance the dsDNA signalling pathway (Image
left) in a similar manner to its enhancement of the TLR7/9 signalling pathways (Image right). In summary
we have shown that upon detection of aberrant dsDNA either within the cytosol or nucleus, viperin is
able to enhance the dsDNA signalling pathway; 1) viperin pre-emptively associates with CIA2A, 2)
viperin interacts with STING and enhances the activation of TBK1 through K63 polyubiquitination, 3)
this process enhances the type-l interferon response to dsDNA and limits DNA viral infection, 4)
viperin’s interaction with STING drives its enzymatic generation of 5-dA, which results in viperin
degradation.

The radical SAM activity of viperin may contribute to its ability to enhance innate immune
signalling and be regulated by the alternate [4Fe-4S] insertion mechanisms. Here we provide
evidence which suggests viperin requires insertion of the [4Fe-4S] cluster, a cofactor
necessary for viperin’s enzymatic activity (Figure 4.1), within its radical SAM domain to
enhance the type-I IFN response to dsDNA (Figure 4.3B). The insertion alone of this [4Fe-
48] cluster has previously been shown to stabilise viperin,?®* and is primarily inserted by the
cytosolic iron-sulphur protein assembly (CIA) targeting complex CIA1-CIA2B-MMS19, via
binding to the C-terminal W361 residue of viperin (Figure 4.1).1%® We have shown that the
deletion of viperin’s C-terminus, and hence deletion of viperin’s interaction with this CIA
complex, significantly increases viperin’s ability to enhance dsDNA signalling while mutation
of viperin’s M1 domain which completely abrogates viperin’s [4Fe-4S] binding capacity
conversely reduces viperin’s enhancement of dsDNA signalling (Figure 4.3B). This suggests

that viperin’s [4Fe-4S] insertion is imperative to its ability to enhance dsDNA signalling, but
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that insertion of the [4Fe-4S] may not be solely the role of the CIA1-CIA2B-MMS19. Indeed
the original findings describing viperin [4Fe-4S] insertion show a compensatory role of the
alternate CIA targeting factor CIA2A, to form a complex with CIA1 (CIA2A-CIAl) and
contribute to viperin [4Fe-4S] insertion in cells lacking its alternate isoform CIA2B, albeit less
efficiently than the CIA1-CIA2B-MMS19 complex.'*® As CIA2A binds to viperin’s N-terminus
(Figure 4.1),%%8 it is possible this protein maintains viperin's [4Fe-4S] insertion in the C-
terminally truncated viperin mutant which is unable to bind the CIA1-CIA2B-MMS19 complex
(Eigure 4.3B). However, the abrogation of viperin’s interaction with CIA2A through deletion of
its N-terminus reduces its ability to enhance dsDNA signalling, suggests this interaction with

CIA2A confers more than [4Fe-4S] insertion.

The less efficient contribution of CIA2A to viperin’s [4Fe-4S] insertion may lessen viperin’s
enzymatic generation of 5’-dA to extend viperin’s enhancement of dsDNA signalling. Viperin
generates 5-dA as a by-product of its radical SAM enzymatic function through the utilisation
of [4Fe-4S] clusters (Figure 4.1). High levels of 5’-dA have been demonstrated to act as a
general inhibitor of radical SAM enzymes.?° Previous findings have demonstrated that high
levels of 5’-dA are produced when viperin interacts with IRAK1/TRAF6,2% and similarly we
demonstrate for the first time, that this also occurs during viperin's interaction with STING
(Figure 4.6A). Concurrently, we also see viperin degradation when overexpressed with
STING (Figure 4.6B), which is also the case when viperin is in the presence of
overexpressed IRAK/TRAF6.1°"2% This would indicate the existence of a self-limiting
negative feedback loop of viperin’s enhancement of innate immune signalling, whereby
viperin’s enzymatic activity is promoted during its interaction with STING/IRAK1/TRAF6 until
5’-dA levels reach inhibitory concentrations and lead to the degradation of viperin protein.
Moreover, as the CIA2A-CIAL1 complex contributes to viperin [4Fe-4S] insertion less
efficiently than the CIA1-CIA2B-MMS19 complex, presumably during CIA2A depletion, which
reduces viperin’s ability to enhance the type-I IFN response following dsDNA recognition
(Figure 4.4C), CIA2B would have no competition for binding to CIA1, and would efficiently
facilitate generation of the self-limiting factor 5’-dA. Conversely, CIA2A overexpression leads
to further enhancement of this pathway (Eigure 4.5A). In this context the abundance of
CIA2A likely outcompetes endogenous CIA2B for complex formation with CIA1. As CIA2A
less efficiently contributes to the insertion of [4Fe-4S] into viperin, and hence formation of 5'-
dA, the overrepresented CIA2A likely mitigates viperin’s degradation and allows for
prolonged enhancement of the dsDNA pathway. The dual engagement with these two
distinct CIA isoforms appears to represent a novel regulatory mechanism of viperin’s antiviral
activity, although further research is required to determine the contextual significance of

each interaction. Moreover, the ability of CIA2A to impact type-IFN signalling in response to
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dsDNA detection as determined in the depletion of CIA2A (Eigure 4.4C) and overexpression
of CIA2A (Eigure 4.5C), warrants consideration into the general involvement of this protein in

innate immune signalling.

The recent report of viperin’s ability to catalyse the oxidation of methionine residues within
RIG-I and other helicases remains controversial. In this instance, the viperin-catalysed
methionine oxidation was proposed to prolong the half-life of RIG-I protein, subsequently
enhancing its ability to drive a type-I IFN response to dsRNA.?2® |t is important to note that
this report provided no direct mechanism and relied on only indirectly co-expressing viperin
and RIG-I. Moreover, any direct role for viperin’s catalysis of methionine oxidation would be
contrary to the published biochemical identification of mammalian viperin’s substrate to be
the nucleoside CTP.%” Nonetheless, we were unable to replicate viperin’s ability to indirectly
prolong the half-life of RIG-I (Figure 4.10 B & C), nor that of the dsDNA signalling proteins
STING and TBK1 (Figure 4.10 D-G). Furthermore, this proposed enhancement of dsSRNA

signalling is in disagreement with a report of viperin’s negative regulation of this pathway

through its binding with the downstream signalling protein MAVS.?® The contextual
significance of oxidation of numerous methionine residues within RIG-I also seems contrary
to conventional understanding. The oxidation of multiple methionine residues has long since
been associated with increases in protein surface hydrophobicity and an increased
susceptibility to proteolytic degradation.?%6287 Additionally, a human proteome analysis
identified the high prevalence of buried methionine residues as opposed to surface exposed,
and proposes this is to safeguard against deleterious oxidative damage induced by reactive
oxygen species.?8 Indeed analysis of five the methionine residues reported to be oxidised
by viperin are all predicted to be buried within the RIG-I protein, putting into question their

availability for oxidation (Figure 4.12 A-C). Consequently, viperin’s role in catalysing the

oxidation of methionine residues for the enhancement of innate immune signalling appears
unlikely. However, the limitations of the experiments conducted within this chapter should
not be overlooked as potentially contributing to the deviation from the previously published
findings. For instance, the difference in cell types used between these and the published
findings may have contributed to the observed differences. Moreover, the incorporation of
dsDNA stimulation may have afforded a more contextually appropriate condition for viperin’s
enhancement of STING and TBK1 stability. Further experimentation and biochemical
validation are required to determine viperin’s ability to catalyse the oxidation of methionine

residues.
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Figure 4.12 Structural protein model of human RIG-I with methionine residues reported to be
oxidised by viperin. Protein model of human RIG-I (NP_055129.2) was prepared using Phyre2162 and
was visualised within PyMOL2163. (A) Front, (B) back and (C) side view schematic surface and ribbon
diagrams of human RIG-I protein with methionine residues reported to be oxidised by viperin (red).?23

The molecular characterisation of viperin mutants in this chapter has allowed a more
comprehensive understanding of both the specific domains, as well as the cooperation

between domains of viperin required to elicit an effective antiviral response. In the previous
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chapter we characterised viperin’s ability to interact with key signalling proteins to enhance
the type-I IFN response to dsDNA. In this chapter we have detailed the domains that play a
critical role in viperin’s ability to enhance innate dsDNA signalling. This analysis identified a
precedent for viperin’s interaction with each distinct isoform of CIA2, both CIA2A and CIA2B.
We suggest viperin’s interaction with CIA2A and CIA2B represents a novel regulatory
mechanism of viperin’s antiviral activity, and relies on viperin's enzymatic generation of the
inhibitory molecule 5’dA which is favoured by an interaction with CIA2B. In this manner, an
enhanced interaction with CIA2A reduces viperin’s enzymatic activity, and subsequent 5’dA
production, extending viperin’s ability to enhance dsDNA signalling. These findings greatly
contribute to our growing understanding of viperin’s enzymatic function, but also to this

broad antiviral protein’s function in general.
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5.1 Abstract

Viperin is an evolutionarily conserved antiviral protein, with orthologues in all domains of life.
Since its ancient origination, viperin has been exposed to significant viral selection
pressures. Through evolutionary analysis it is possible to determine specific residues of
viperin that are under positive selection. Positively selected residues continue to undergo
nonsynonymous mutations, and in antiviral proteins these likely represent sites involved in
either restriction of viral pathogens, or evasion from viral antagonism. Five residues have
previously been identified to be under positive selection in viperin. Here we generated
viperin mutant constructs harbouring substitutions of these residues to functionally
characterise the integral antiviral functions driving viperin’s positive selection. We
demonstrate that viperin’s positively selected residues are not involved in the protein’s
augmentation of type-I interferon signalling nor its restriction of selected flaviviruses. These
findings suggest that the positive selection of viperin may have been driven by one or more

alternate viral families or additionally by viperin’s interaction with integral host proteins.
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5.2 Introduction

Viruses impose immense selective pressure on the antiviral genes responsible for their
inhibition. Over sufficient evolutionary time, this selection leaves genetic signatures in
antiviral genes that can reveal valuable insights into the molecular function of their gene
products (reviewed in 28). In principle, every residue on an antiviral gene is exposed to
genetic variation, and each variation is sampled by natural selection. The retention of
residues implies the necessity of this residue to the protein’s structure or function, as
variations to it have been rejected. This is referred to as purifying selection. In contrast some
residues exhibit constant variation, defined as a higher rate of nonsynonymous to
synonymous mutations, which implies variation of these residues confers a selective

advantage.?®® This mode of selection is referred to as positive selection.

Residues under positive selection in antiviral proteins typically represent sites of virus-host
interaction. The success of a virus relies on its ability to effectively complete its lifecycle
within a host cell. This often requires the successful antagonism or evasion of the host
antiviral genes. In response, host antiviral genes evolve variants which are either resistant to
viral antagonism or those which retain viral inhibition. This perpetuates a cyclical virus-host
arms race whereby each entity counter adapts to the changing selection pressures of the
other in a fight for survival (Figure 5.1). The constant genetic variation within antiviral genes
results in a positive selection signature at the residues that are critical for viral restriction and
are constantly targeted by viral antagonism. Consequently, residues exhibiting positive
selection in host antiviral genes are likely junctures of virus-host protein interactions and

offer invaluable insight into the antiviral function of their protein products.
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Figure 5.1 Virus-host arms race. The interface between host and viral proteins is constantly shaped
by adaptation. From top to bottom, we illustrate a host antiviral protein that binds a viral protein to restrict
the virus. Viral protein evolution allows the virus to explore a winning state by evading binding by the
host protein, which in turn selects for host adaptation to restore binding. The constant adaption and co-
adaption of virus and host is referred to at the virus-host arms race. (Adapted from 2°1)

The assessment of positively selected residues in antiviral genes has revealed integral
interaction sites in many proteins. SAMHDL is a potent anti-lentiviral host protein
antagonised by the lentiviral protein Vpx.292-2% Single changes to positively selected
residues within SAMDH1 significantly altered the protein’s susceptibility to Vpx antagonism,
identifying the critical site of the SAMDH1-Vpx interaction.?%¢2% Likewise, alterations in the
susceptibility of HIV-1 to the antiviral protein TRIM5a among primates suggested the
presence of positive selection and led to the discovery of the critical restriction domain of
TRIM5a.2%8-3%° Moreover, substitution of a single positively selected residue (R332P) within
human TRIM5a was sufficient to confer the anti-HIV-1 restrictive capability exhibited by the

rhesus monkey TRIM5a.3%! These findings highlight the value of evolutionary analysis of
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positive selection on the molecular function of antiviral genes for both antiviral drug design

and predicting disease susceptibility.

Viperin has evolved under ancient, episodic positive selection. Analysis of 20 primate viperin
sequences, ranging approximately 60 million years of evolution, identified five residues
within viperin to be under positive selection (Figure 5.2A).3%? A similar signature of positive
selection was also observed in amphioxus and fish viperin.t®2302 The five residues reported
to be under positive selection correspond to residues R47, L53, V146, R149, 1352 of human
viperin (Figure 5.2B). The non-clustered distribution of these residues, spanning across
multiple domains of viperin, together with viperin’s broad antiviral activity, suggests multiple
viruses are responsible for the positive selection of viperin. However, the study reporting
viperin’s positive selection in primates concurrently reported the inability of the divergent
primate viperin proteins to exhibit altered anti-lentiviral activity, inferring that lentiviruses are
not driving the positive selection identified in viperin.*°2 The authors conclude that other viral

lineages are responsible for the evolutionary signatures of positive selection in viperin.

An understanding of the factors driving viperin’s positive selection will likely reveal critical
interaction sites and the molecular functions underpinning viperin’s antiviral activity. In the
previous chapters we have characterised viperin’s ability to positively augment innate
immune signalling and regard this as a means by which viperin elicits broad antiviral activity.
Moreover, viperin has been demonstrated to restrict more members of the Flaviviridae family
than any other viral family (Table 1.4).1%%-1%1 Therefore we hypothesise that the residues
under positive selection within viperin are likely involved in the protein’s ability to modulate
innate immune signalling and/or its restriction of Flaviviridae members. In this chapter we

assessed the contribution of viperin’s positively selected resides to its antiviral activity.
The specific aims were:

I.  Generate viperin mutant constructs, substituting the five residues under positive
selection to amino acids opposing those of viperin wild-type.
Il.  Functionally characterise the ability of each viperin mutant to positively augment
innate immune signalling.
lll.  Functionally characterise the ability of each viperin mutant to restrict viral infection of
the Flaviviridae members, ZIKV and DENV.
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Figure 5.2 Viperin is under positive selection in primates. (A) Cladogram of 20 primate viperin
genes spanning 60 million years of divergence.3%? Free ratio analysis in PAML was used to calculate
the w (dN/dS) ratios of individual branches. The corresponding w ratios are shown above each branch,
and the number of non-synonymous changes and synonymous changes are indicated in parentheses.
Branches with w > 1 are highlighted in bold. In the case of no observed synonymous changes, the w
ratio could not be calculated (indicated by 'inf'). (B) Schematic of human viperin protein with the five
residues (R47, L53, V146, R149 & 1352) under positive selection indicated with red arrows.
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5.3 Results

5.3.1 Positioning of residues under positive selection within viperin

Viperin has evolved under episodic positive selection in primates for the preceding 60 million
years.3%? The positive selection of viperin is isolated to five specific residues, and in humans
these correspond to R47, L53, V146, R149, 1352 (Figure 5.2B). All these five residues are
predicted to reside on the protein surface of viperin, and three of these reside within the
predicted intrinsically disordered regions (Figure 5.3A-D). These regions, lacking intrinsic

structure, are proposed to be critical for viperin’s interaction with many host and viral protein
partners.’*! Moreover, as variability in these five residues has been selected for (positive
selection), and viperin’s primary role is as a viral restriction factor, these residues likely
represent either interaction sites involved in either viperin’s restriction of viral pathogens, or
its evasion from viral antagonism or interaction site which potentiate host immunity/antiviral
state.?®® Consequently, functional analysis of these residues will likely reveal the molecular
function of viperin’s antiviral activity. In order to ascertain the contribution of each residue to
the antiviral activity of viperin, we first generated several viperin mutants based on these five

residues.
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Figure 5.3 The five residues under positive selection in viperin reside on the protein surface and
among intrinsically disordered regions. (A) Schematic of human viperin protein with the five residues
(R47, L53, V146, R149 & 1352) under positive selection indicated with red arrows and intrinsically
disordered regions in blue. Protein model of human viperin (AAL50053.1) was prepared using Phyre2162
and was visualised within PyMOL21%3, Protein (left) surface and (right) ribbon diagrams of human viperin
(B) Side view, (C) front view showing N-terminus and (D) back view showing C-terminus.
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5.3.2 Mutation of residues under positive selection in viperin

Viperin mutants of each residue under positive selection were generated using QuickChange
Il XL Site-Directed Mutagenesis Kit. All residues were mutated to an opposing amino acid to
ensure an abrogation of its function from the wild type protein. Residues R47, V146, R149,
1352 were all mutated to the non-polar, physically innocuous amino acid, alanine. Residue
L53 was not mutated to alanine as the wild-type leucine is also non-polar and shares a
similar molecular weight. Referral to the evolutionary selection of amino acids at position 53
within primate viperin identified the occurrence of the basic, charged arginine in the species
most divergent from humans, Microcebus murinus and Tarsius syrichta.®°> However, for
technical simplicity we mutated L53 to the basic, charged amino acid, lysine instead of the
evolutionarily held arginine. Additionally, the proximity of residues V146 and R149 suggests
their cooperation in viperin’s function, therefore we mutated these residues together to
generate a double mutant. All viperin mutations R47A, L53K, V146A/R149A and 1352A were
generated on a human viperin wild-type FLAG-tagged pLENTI6/V5-D-TOPO backbone

(Supplementary table 2). The successful generation of each mutant was confirmed by

Sanger sequencing (Supplementary table 6) and the translated protein sequence of each

was aligned to the human viperin wild-type as well as the NCBI (GenBank: AAL50053.1)
human viperin translated sequence (Figure 5.4).

102



Chapter 5: Contribution of amino acids under positive section to antiviral activity of viperin

NCBI
wild-type
47A

53K
146A/149A
352A

NCBI
wild-type
47A

53K
146A/149A
352A

NCBI
wild-type
47A

53K
146A/149A
352A

NCBI
wild-type
47A

53K
146A/149A
352A

NCBI
wild-type
47A

53K
146A/149A
352A

NCBI
wild-type
47A

53K
146A/149A
352A

NCBI
wild-type
47A

53K
146A/149A
352A

FLAG Tag 47

---------- WVLTPAAFAGKLLSVFRQPLSSLWRSLVPLFCUWLRATFWLLATKRRKQQL
MDYKDDDDKMWVLTPAAFAGKLLSVFRQPLSSLWRSLVPLFCWLRATFLLLATKRRKQQL
MDYKDDDDKMWVLTPAAFAGKLLSVFRQPLSSLWRSLVPLFCWLRATFHLLATKRAKQQL
MDYKDDDDKJMWVLTPAAFAGKLLSVFRQPLSSLWRSLVPLFCWLRATFULLATKRRKQQL
MDYKDDDDKMWVLTPAAFAGKLLSVFRQPLSSLWRSLVPLFCWLRATFLLLATKRRKQQL
MDYKDDDDKJMWVLTPAAFAGKLLSVFRQPLSSLWRSLVPLFCWLRATFLLLATKRRKQQL

EEXEEXEXXXXEXEEXXXXAEEXXXEXEELEXEXEARREXEXXEEREXXX R RER Xhkx

RGPDETKEEEEDPPLPTTPTSVNYHFTRQCNYKCGFCFHTAKTSFVLPLEEAKRGLLL
RGPDETKEEEEDPPLPTTPTSVNYHFTRQCNYKCGFCFHTAKTSFVLPLEEAKRGLLL
RGPDETKEEEEDPPLPTTPTSVNYHFTRQCNYKCGFCFHTAKTSFVLPLEEAKRGLLL
RGPDETKEEEEDPPLPTTPTSVNYHFTRQCNYKCGFCFHTAKTSFVLPLEEAKRGLLL
RGPDETKEEEEDPPLPTTPTSVNYHFTRQCNYKCGFCFHTAKTSFVLPLEEAKRGLLL
RGPDETKEEEEDPPLPTTPTSVNYHFTRQCNYKCGFCFHTAKTSFVLPLEEAKRGLLL
E OXAEXEREEEXEAEAEEEEIRX XX AL EEEIX A EEXEX AL REEEER AR XA XXX XX XXX R R R XX XX
146/149

LKEAGMEKINFSGGEPFLQDRGEYLGKLVRFCKVELRILPSVSIVSNGSLIRERWFQNYGE
LKEAGMEKINFSGGEPFLQDRGEYLGKLVRFCKVEELRILPSVSIVSNGSLIRERWFQNYGE
LKEAGMEKINFSGGEPFLQDRGEYLGKLVRFCKVELRILPSVSIVSNGSLIRERWFQNYGE
LKEAGMEKINFSGGEPFLQDRGEYLGKLVRFCKVELRILPSVSIVSNGSLIRERWFQNYGE

E

E

LKEAGMEKINFSGGEPFLQDRGEYLGKLVRFC LPSVSIVSNGSLIRERWFQNYGE
LKEAGMEKINFSGGEPFLQDRGEYLGKLVRFC LPSVSIVSNGSLIRERWFQNYGE

EEXXEXEXEXXX XA EXXEXX XX XXX R R LR R R X OEEEEEEXEXEXXXXEREXXXRRK
.

YLDILAISCDSFDEEVNVLIGRGQGKKNHVENLQKLRRWCRDYRVAFKINSVINRFNVEE
YLDILAISCDSFDEEVNVLIGRGQGKKNHVENLQKLRRWCRDYRVAFKINSVINRFNVEE
YLDILAISCDSFDEEVNVLIGRGQGKKNHVENLQKLRRWCRDYRVAFKINSVINRFNVEE
YLDILAISCDSFDEEVNVLIGRGQGKKNHVENLQKLRRWCRDYRVAFKINSVINRFNVEE
YLDILAISCDSFDEEVNVLIGRGQGKKNHVENLQKLRRWCRDYRVAFKINSVINRFNVEE
YLDILAISCDSFDEEVNVLIGRGQGKKNHVENLQKLRRWCRDYRVAFKINSVINRFNVEE

EEXEEXEXEEEAEAE XA XXX XXX EXLE XXX AL EXXX A XA EXEXEEAE R L XXX XA R XXX R R KRR R ER

DMTEQIKALNPVRWKVFQCLLIEGENCGEDALREAERFVIGDEEFERFLERHKEVSCLVP
DMTEQIKALNPVRWKVFQCLLIEGENCGEDALREAERFVIGDEEFERFLERHKEVSCLVP
DMTEQIKALNPVRWKVFQCLLIEGENCGEDALREAERFVIGDEEFERFLERHKEVSCLVP
DMTEQIKALNPVRWKVFQCLLIEGENCGEDALREAERFVIGDEEFERFLERHKEVSCLVP
DMTEQIKALNPVRWKVFQCLLIEGENCGEDALREAERFVIGDEEFERFLERHKEVSCLVP
DMTEQIKALNPVRWKVFQCLLIEGENCGEDALREAERFVIGDEEFERFLERHKEVSCLVP

LR R R R R E R SR S E RS E R S R R R R S R

352
ESNQKMKDSYLILDEYMRFLNCRKGRKDPSKSILDVGVEEAIKFSGFDEKMFLKRGGK

ESNQKMKDSYLILDEYMRFLNCRKGRKDPSKSILDVGVEEAIKFSGFDEKMFLKRGGK
ESNQKMKDSYLILDEYMRFLNCRKGRKDPSKSILDVGVEEAIKFSGFDEKMFLKRGGK
ESNQKMKDSYLILDEYMRFLNCRKGRKDPSKSILDVGVEEAIKFSGFDEKMFLKRGGK
ESNQKMKDSYLILDEYMRFLNCRKGRKDPSKSILDVGVEEAIKFSGFDEKMFLKRGGK
ESNQKMKDSYLILDEYMRFLNCRKGRKDPSKSILDVGVEEAIKFSGFDEKMFLKRGGKYA

EEXAEEEE XXX XXX XXX X XX EX XXX AL EXXXEE R EXXX XL RE XXX XX EXXXX R R XXX X

WSKADLKLDW 361
WSKADLKLDW 370
WSKADLKLDW 370
WSKADLKLDW 370
WSKADLKLDW 370
WSKADLKLDW 370

EXXEEREERER

51
60
60
60
60
60

T11
120
120
120
120
120

171
130
180
180
180
18e

231
240
240
240
240
240

291
300
3ee
3ee
300
300

351
360
360
360
360
360

Figure 5.4 Viperin mutants contain the desired amino acid substitutions. Viperin mutant constructs
were subject to Sanger sequencing. The sequences of each mutant was translated and aligned against
wild-type viperin and NCBI (GenBank: AAL50053.1) human viperin.
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5.3.3 Verification of viperin mutants

The expression and localisation of each viperin mutant construct was verified in HelLa cells.
Immunoblot analysis determined the expression of wild-type and each mutant viperin to be
equivalent to one another following transfection (Figure 5.5A). Viperin’s localisation to the
ER/lipid droplets is essential for aspects of viperin’s antiviral activity, and is mediated by its
N-terminal amphipathic helix.'>® While none of the residues under positive selection within
viperin reside within this amphipathic helix, we verified the impact these mutations may have
on viperin’s localisation. Immuno-fluorescence imaging of each viperin mutant in
combination with BODIPY staining of cellular lipid droplets, confirmed each mutant retained
its ability to localise to the lipid droplets (Figure 5.5B). These findings verify the success of
each generated viperin mutant construct to drive expression of each FLAG-tagged viperin
mutant protein, while also confirming each mutant retains typical wild-type localisation to the

lipid droplets.
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Figure 5.5 Viperin mutants retain wild-type expression and localisation. HelLa cells were
transfected with Wild-type, 47A, 53K, 146A149A or 352A viperin-flag constructs 24 hrs prior to (A)
immunoblot analysis with indicated antibodies and (B) immunofluorescence staining with a rabbit
monoclonal anti-flag antibody (Sigma) followed by an Alexa555-conjugated goat anti-rabbit (Invitrogen)
secondary antibody as well as BODIPY and DAPI staining. Imaged on Ziess Confocal LSM 780
microscope. Scale bar represents 10 um. Original magnification is X63.

5.3.4 Residues under positive selection do not contribute to
viperin’s ability to enhance the type-I IFN response to viral PAMPs

We assessed whether the residues under positive selection within viperin are involved in
viperin’s ability to enhance innate immune signalling. In the previous chapters we have
outlined viperin’s ability to enhance dsDNA signalling, and other work from our research
group has identified viperin’s role in enhancing dsRNA signalling. We have demonstrated

viperin interacts with multiple host proteins to accomplish this immunomodulation (Chapters

105



Chapter 5: Contribution of amino acids under positive section to antiviral activity of viperin

3 & 4), and the residues under positive section within viperin are suggested to act as
hotspots for protein-protein interaction.’? We therefore wished to investigate the contribution
of each residue under positive selection to viperin’s ability to enhance innate immune
signalling.

To assess the contribution of each residue under positive selection to viperin’'s
immunomodulatory activity we determined the ability of each viperin mutant to enhance the
activity of the IFN-B promoter in luciferase assays in response to either of the
immunostimulatory ligands, poly dA:dT (dsDNA) or poly I:C (dsRNA). To exclude the
possibility any changes to viperin’s activity would be due to inconsistent transfection, we
determined the equivalent expression of each construct by immunofluorescence microscopy

and immunoblot analysis (Figure 5.6 A-D). Following poly dA:dT stimulation, the 47A, 53K

and 146A/149A viperin mutants enhanced the IFN-3 promoter activity by approximately 3-
3.5-fold compared to the empty vector control, similar to the 3-fold increase exhibited by
wild-type viperin (Eigure 5.6E). In contrast, the 352A viperin mutant exhibited a 4-fold
increase IFN-B promoter activity compared the empty vector control, which although modest
was significantly greater than the increase exhibited by viperin wild-type (P = 0.0028) (Figure
5.6E). Similarly, in response to poly I:C stimulation all the viperin constructs enhanced IFN-3
promoter activity compared to the empty vector control (Figure 5.6F). Moreover, all the
mutants exhibited no discernible difference in their ability to enhance IFN-B promoter activity
compared to viperin-wild types following poly I:C stimulation, except 352A viperin (Figure
5.6F). In this case the 352A viperin mutant exhibited a 3-fold increase in IFN- promoter
activity compared to the empty vector control, which was significantly greater than the
increase exhibited by viperin wild-type (P = 0.0004) (Figure 5.6F). Together these findings
suggest that the residues under positive selection within viperin do not contribute to viperin’s
enhancement of either dsDNA or dsRNA signalling, except for residue 352, which may

modestly influence viperin’s enhancement of these signalling pathways.
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Figure 5.6 Residues under positive selection within viperin do not contribute to viperin’s ability
to enhance the type-I IFN response to viral PAMPs. HelLa cells were transfected with Empty Vector,
Wild-type, 47A, 53K, 146A149A or 352A viperin-flag constructs 24 hrs prior to (A & B)
immunofluorescence staining with a rabbit monoclonal anti-flag antibody (Sigma) followed by an
Alexa555-conjugated goat anti-rabbit (Invitrogen) secondary antibody as well as DAPI staining, (C & D)
immunoblot analysis with indicated antibodies and (E & F) luciferase production driven by the IFN-f
promoter following stimulation with (A, C & E) poly dA:dT (2 pg/mL) or (B, D & F) poly I:C (2 pg/mL) for
8 hrs. Imaged on Nikon Eclipse Ti-E fluorescence inverted microscope. Scale bar represents 200 pm.
Original magnification is X20. Luciferase measurements were controlled by constitutive expression of
renilla and presented as fold changes in relative luminometer units (RLU) from empty vector
unstimulated conditions. Equivalent results obtained from three experiments. All data is presented as
mean + SEM. Statistical significance determined by two-way multiple comparisons ANOVA and p-
values given for comparisons to Empty Vector or wt, ****p<0.0001.
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5.3.5 Residues under positive selection do not contribute to
viperin’s restriction of flaviviruses

In addition to representing sites involved in viperin’s restriction of viral pathogens, the five
residues under positive selection may also represent sites essential to viperin’s evasion from
viral antagonism. Indeed, the non-clustered distribution of the five positively selected
residues within viperin resembles that of other restriction factors such as PKR and MAVS,
which is indicative of evasion from multiple viruses.3%4-3% The positive selection imposed on
viperin has previously been demonstrated to not be the consequence of lentivirus pressures,
so we investigated whether this positive selection may have been driven by flaviviruses. We
utilised two members of this genus, ZIKV and DENV-2. These viruses are both restricted by
viperin,157:187.202,204-206,307 and have developed many ways to evade and suppress the type-|
IFN response (reviewed in %), In combination with our viperin mutants, these viruses offer
the opportunity to investigate the contribution of flaviviruses to the positive selection of
viperin, either by means of antagonism, or by evasion of viperin’s direct-acting antiviral

activity.

To assess the contribution of each residue under positive selection to viperin’s restriction of
ZIKV and DENV-2 we performed RT-gPCR of viral genomic RNA in cells ectopically
expressing wild-type and viperin mutants. HeLa cells were transfected with each viperin
construct prior to infection of either ZIKV Asian strain PRVABC59 or DENV-2. The
expression of wild-type viperin and each mutant was confirmed by immunofluorescence
microscopy (Figure 5.7 A & C). RT-qPCR analysis demonstrated the ability of wild-type
viperin to reduce the RNA of both ZIKV (PRV) and DENV-2 by approximately 50% compared
to the empty vector control (Figure 5.7 B &D). Likewise, each of the viperin mutants retained
the ability to reduce the RNA of both ZIKV (PRV) and DENV-2 (Figure 5.7 B & D). These

findings suggest none of the five residues under positive selection within viperin are involved

in viperin’s restriction of these flaviviruses.
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Figure 5.7 Residues under positive selection within viperin to do not contribute to viperin’s
ability to restrict flaviviruses. HelLa cells were transfected with Empty Vector, Wild-type, 47A, 53K,
146A149A or 352A viperin-flag constructs 24 hrs prior to infection with either (A & B) ZIKV Asian strain
PRVABC59 MOI 2.0, or (C & D) DENV-2 MOI 1.0. After 24 hrs of infection, cells were (A & C) subject
to immunofluorescence staining with a rabbit monoclonal anti-flag antibody (Sigma) and a mouse anti-
flavivirus envelope glycoprotein 4G2 hybridoma fluid (ATCC® HB-112™), followed by Alexa555-
conjugated goat anti-rabbit (Invitrogen) and Alexa422-conjugated anti-mouse (Invitrogen) secondary
antibodies as well as DAPI staining. Imaged on Nikon Eclipse Ti-E fluorescence inverted microscope.
Scale bar represents 200 um. Original magnification is X20. (B & D) The same cells were subject to
RNA extraction, cDNA synthesis and RT-gPCR quantification of ZIKV and DENV-2 RNA. All data is
presented as mean + SEM.*p<0.05.
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5.4 Discussion

Viperin is an evolutionary conserved antiviral protein, with orthologues in all domains of
life.3%° Since the ancient advent of virus-host interactions, viruses have imposed and
continue to impose challenges on host antiviral immunity. The interplay between the two
entities, as each strives to evade or inhibit the other, is commonly referred to as the virus-
host arms race. This co-evolution of virus and host leaves a genetic signature in the
sequence of antiviral host genes coined as positive selection. Investigation of positive
selection signatures can reveal fundamental details about the molecular function of an
antiviral gene product. In principle, positively selected residues within an antiviral protein
represent sites critical for viral restriction or evasion from viral antagonism as Darwinian
selection favours variability at these sites to circumvent viral counter adaption.?®® The
antiviral protein viperin has been demonstrated to possess five residues under positive
selection in primates.3°? Through the substitution of these five residues in viperin mutant
constructs we demonstrate that viperin’s positively selected residues are not involved in the
protein’s immunomodulatory activity following detection of dsRNA or dsDNA, nor its
restriction of flaviviruses. These findings add to our understanding of viperin’s positive

selection and suggest a yet unknown force drives viperin’s positive selection.

Viperin employs multiple, distinct mechanisms to restrict ZIKV and DENV-2 infection, which
may have confounded the results observed in this study. Viperin enzymatically generates
ddhCTP which acts as a chain terminator nucleoside, inhibiting the replication of both ZIKV
and DENV-2.2%7 Viperin has also been shown to inhibit replication of both these viruses by
means unrelated to its enzymatic function, as evidenced by the inability of mutations
abrogating the function of viperin’s enzymatically-required regions, either its central M1
domain or C-terminal tryptophan residue to impede viperin’s antiviral activity.'8”->*° This latter
enzymatic-independent antiviral capacity has been associated with viperin’s ability to localise
with viral proteins.'®” In this chapter, mutation of viperin’s positively selected residues neither
increased nor decreased viperin’s reduction of either ZIKV nor DENV-2 RNA by RT-gPCR
24 hrs following high MOI infection (2.0 or 1.0 MOI respectively) (Figure 5.7). Potentially in
our model of infection, viperin’s enzymatic inhibition of ZIKV and DENV-2 replication may
compensate for any loss in replication caused by disruption to viperin’s interaction with viral
proteins through mutation of these positively selected residues. Consequently, it may be
necessary to conduct these experiments on the backbone of an enzymatically inactive
viperin to delineate between these two distinct mechanisms of viperin’s anti-flavivirus

activity.
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It is possible that the positive selection of viperin may represent an epistatic phenomenon.
Each residue under positive selection within viperin may not individually impact viperin's
antiviral activity but may rather act in concert with one another or other host or viral
components not assessed in this study. Such a phenomenon has been demonstrated for the
host antiviral protein MAVS whereby the positively selected residue 506 functioned in
concert with the non-positively selected residue 508 to protect against HCV antagonism.3%
Additionally, several residues under positive selection in host antiviral protein PKR are
involved in its evasion from the poxviral mimic protein K3L, both at the PKR-K3L interface
but also at distal sites within PKR.3° The distal positively selected residue is hypothesised to
reshape PKR-K3L binding interface. Similar instances demonstrating a reliance of positively-
selected residues on epistatic changes elsewhere in the protein have also been
characterised for the antiviral activity of both TRIMCyp and TRIM5a.31%3!1 Our assessment
of viperin’s positive selection involved the mutation of individual residues in isolation
(excluding 146A/149A). To accommodate the potential for any of the five residues under
positive selection within viperin to function in concert with one another, an additional set of
viperin mutants should be utilised which harbour combinations of mutations to each of the

five residues.

The positive selection of viperin may in part be due to its ability to enhance the type-I IFN
response to viral PAMPs. Although only moderate, we observed the viperin mutant bearing a
tryptophan to alanine substitution at residue 352 to exhibit an altered ability to enhance the
type-I IFN response to both dsDNA and dsRNA compared to the wild-type viperin (Figure
5.6). Interestingly, this substitution from the aromatic tryptophan to the non-polar alanine
enhanced viperin’s ability to augment type-I IFN signalling. The substitution to alanine would
imply that a loss of function at residue 352 improves viperin’s ability to augment the type-I
IFN signalling. We have previously demonstrated a loss of viperin’s C-terminal residues,
which includes residue 352, enhances its ability to augment type-I IFN signalling to dsDNA
(Chapter 4). This was hypothesised to be the consequence of abrogated binding to CIAL; an
interaction which favours viperin’s enzymatic activity and synthesis of the inhibitory by-
product 5’-dA. The mutation to residue 352 may likewise abrogate CIAl binding, thereby
reducing the accumulation of 5’-dA prolonging viperin immunomodulatory activity. The only
moderate difference may be attributed to either only a slightly weakened affinity for CIAL or
the short time point assessed here which would prevent 5°-dA levels from accumulating to
highly inhibitory concentrations in the cells expressing wild-type viperin. However, further

analysis is required to confirm these findings.
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Viperin is a very broadly acting antiviral protein, and it is possible that this feature may
obscure the study of the protein’s positive selection. While we have demonstrated that
Flaviviruses are unlikely to have driven the positive selection of viperin, and others have
demonstrated that neither do Lentiviruses,®%? there are a total of 10 viral families known to be
restricted by human viperin (reviewed in 1%1). Any member of these viral families, or more
likely a combination thereof, could be driving the positive selection of viperin. The dispersion
of residues under positive selection along the length of viperin, occupied within multiple
domains, suggests viperin may be exposed to challenges from multiple distinct viruses.?** A
similar positive selection signature is found in the antiviral proteins PKR, MAVS and
TRIM5(q.298:300,301,304-306 |n the case of TRIM5a, of the five residues identified to be under
positive selection, only one conferred a change in the protein’s anti-HIV-1 activity, while the
remaining residues are likely the consequence of selective pressures imposed by other viral
pathogens.2%8300:301 These positive selection signatures are also highly suggestive of efforts
to evade viral antagonism, as opposed to retention of direct antiviral functions.?°* Taken
together, it is likely the positive selection of viperin is mediated by numerous viral families
through viperin’s attempt to evade viral antagonism, especially considering there are already
three documented instances of direct viral antagonism of viperin by HCMV, JeV and HSV-
1.180.228.230 Therefore, by assessing viperin’s antiviral activity against other diverse viral
pathogens, including those known to antagonise viperin, it may be possible to more clearly

discern the selection pressure/s responsible for viperin’s positive selection.

Viperin’s additional interaction with host proteins rather than viral ones, may be responsible
for viperin’s evolution and positive selection. Viperin interacts with host proteins to impact
cellular metabolism and thermogenesis which may pose an indirect target for viral positive-
selection pressures. Through interactions with mevalonate pathway members geranyl
pyrophosphate (GPP) and farnesyl pyrophosphate (FPP), viperin disrupts cholesterol
biosynthesis and cellular lipid raft composition.3!? This interaction confers viperin’s inhibition
of IAV, HIV, and RABV budding, and likely contributes to its inhibition of yet another
enveloped virus, MV 191:192.194.185226 Ag egch of these viruses bud from the plasma
membrane, incorporating cellular lipids in their viral envelopes, the viperin-mediated change
to cellular cholesterol and lipid composition has been shown to perturb viral budding of
enveloped viruses (reviewed in %1). Each of these viruses may indirectly impose selection on
viperin by disrupting its interaction with the host proteins involved in this inhibition, such as
GPP and FPP. Subsequently, the residues under positive selection within viperin may be
involved in binding to GPP and FPP to inhibit viral budding, especially considering viperin

binds these host proteins via the N- and C-terminal regions harbouring these positively-
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selected residues.?*? Further analysis may benefit from the inclusion of assays to determine

the contribution of the positively-selected residues to viperin’s inhibition of viral budding.

Viperin’s ability to regulate thermogenesis through interaction with host proteins may also
pose a target for indirect viral antagonism and contribute to viperin’s evolution. Viperin
deficiency in mice has been shown to increase fatty acid (3-oxidation-mediated
thermogenesis.3'33 More recent findings suggest that this is likely a consequence of
viperin’s inhibition of the thiolase activity of the mitochondrial trifunctional enzyme complex
B-subunit HADHB, which mediates B-oxidation of fatty acids to generate adenosine
triphosphate (ATP).3!® Interestingly, HCMV has been reported to co-opt this function of
viperin to reduce cellular ATP generation, which disrupts actin cytoskeleton and enhances
infection.??® This scenario highlights the existence of selection pressures which may drive
viperin’s positive selection outside of its direct interaction with viral proteins. Likewise,
outside of any apparent direct antiviral function, viperin has also been implicated in the
differentiation of podocytes,3'® chondrocytes®’ and osteoclasts.!4’ Any of these roles may
also contribute to the evolutionary genetic signatures observed in viperin, by providing a
fitness advantage potentially even outside of antiviral activity.

Despite the challenges associated with discerning the functional significance of residues
under positive selection, such molecular characterisation is paramount to our understanding
of antiviral immunity. As highlighted above, there are many considerations that should be
addressed in order to discern the functional significance of positive selection within viperin.
This is further exacerbated by the diploidic host genome. Variation among the two alleles of
each host antiviral gene offers a selective advantage,®!® as is the case for APOBEC3G
alleles in African Green monkeys which each confers resistance of differing viral antagonism
strategies.3!® This variation imposes additional complexities and subtleties to the functional
characterisation of positive selection. However, successful functional characterisation of
virus-host selection pressures provides valuable insights into virus-host interactions. Such
characterisation has provided insight into the rise of drug resistance in 1AV, offering a means
of predicting drug resistance in other influenza strains.®?° Additionally, the evolutionary
analyses on host antiviral immunity may also reveal the cause of variations in viral disease

susceptibility.
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Chapter 6: General discussion and concluding remarks

6.1 General discussion

The human innate immune system represents an invaluable resource for the development of
novel antiviral therapeutics. This system has evolved over more than a billion years to be
highly effective at restricting viral pathogens.! Investigation into the antiviral measures
employed by the human innate immune system has led to the discovery and subsequent
clinical implementation of numerous antiviral therapeutics. These include drugs such as IFN-
a which has been used for the treatment of HCV and HBV, as well as more selective small
molecule inducers of ISGs such as R848 and the KIN1400 family of compounds.3°7-321-323
The research conducted in this study aimed to further our foundational understanding of the

antiviral activities employed by the human innate immune system.

In this study we employed various in vitro analyses to further dissect the molecular
mechanisms underpinning the broad antiviral activity of the host protein, viperin. In Chapter
3, we focussed on first determining viperin’s ability to enhance the antiviral type-I IFN
response to dsDNA. We determined viperin’s interaction with the key signalling proteins of
this pathway, STING and TBK1 to enhance the signalling activity of TBK1 which drove a
heightened antiviral type-I IFN response to dsDNA. In Chapter 4, we further characterised
the functions of viperin which underpin its ability to enhance the innate dsDNA response. We
characterised a self-limiting mechanism of viperin’s immunomodulatory activity which was
modulated through its interaction with alternate CIA proteins. In Chapter 5, we investigated
the evolutionary contributions underpinning viperin’s ability to enhance innate immune
signalling and restrict members of the Flaviviridae family. This investigation determined the
residues under evolutionary positive selection to not be major contributors to viperin’s ability
to enhance dsDNA/dsRNA innate signalling nor restrict ZIKV and DENV-2. Overall, this
research supports viperin’s critical role in antiviral innate immune signalling, but also

highlights the ambiguity surrounding the antiviral functions driving viperin’s evolution.

6.1.1 Understanding viperin’s broad antiviral activity

Viperin’s ability to enhance multiple innate immune signalling pathways may rely on the
function of its intrinsically disordered regions. Viperin contains two regions which have been
determined as disordered, termed the N-terminal (residues 45-73) and the C-terminal
(residues 337-362) regions (Figure 1.6).141"* The N-terminal disordered region has been
hypothesised to act as a flexible linker that aids in viperin membrane localisation and
mobility after localisation.'*! The C-terminal disordered region has been hypothesised to
contribute to protein-protein binding, the lack of structure of which likely enables viperin to

adopt many different orientations to bind many different proteins.'*! Indeed, to date there are
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many host and viral proteins with which viperin has been confirmed to interact (reviewed in
159), The host proteins which viperin has been confirmed to interact with include those from
the mitochondria such as HADHB??8314315 golgi such as GBF1'%, cholesterol synthesis such
as FPPS92221 jron homeostasis such as CIA1%® and CIA2A8, as well as post-translational
modifying kinases and ubiquitin ligases such as IRAK1'"4, TRAF6'* and UBE4A¢. The viral
proteins with which viperin has been confirmed to interact include those important for viral
replication such as NS5A (HCV)8 NS3 (DENV/ZIKV/TBEV)!7:2% and 2C (EVA71)?%3, those
important for egress such as pp28 (HCMV)*?, as well as those important for viral entry, such
as glycoprotein B (HCMV)#2 and glycoprotein D (HSV-1)%. In this study we add to this list
by confirming viperin’s binding to STING and subsequent interaction with TBK1 (Chapter 3).
Despite the lack of determination of exact sites at which each of these proteins bind viperin,
the truncation of either viperin’s N- or C-terminus abolishes much of these interactions
(reviewed in °°11) 1t is therefore likely that these disordered regions, which lack intrinsic
structure, act as interaction hotspots, and once bound to an interacting partner become
ordered to facilitate a function of viperin. Evidently this was shown to be the case for
viperin’s binding to CTP which ordered viperin’s C-terminus and allowed for the generation
of ddhCTP.1"t Additionally, viperin has been shown to form homodimers independently of
this N-terminus (residues 1-42), which also likely contributes to viperin’s function and ability
to interact with many proteins.*>* However, the exact relevance of this remains to be
determined as viperin dimerization was only shown with overexpression models and analysis
of recombinant viperin suggests the extent of dimerization is low in solution.'#11%* |n this
manner, the disordered regions and potentially viperin’s dimerization, likely underpin the
ability of viperin to interact with numerous signalling proteins to form signalling complexes,

but further determination of exact binding sites is required to confirm this.

The ability of viperin to interact with host proteins to enhance antiviral innate immune
signalling may contribute to the ambiguity of its evolutionary positive selection. The evolution
of viperin predicates the protein’s role in innate immune regulation. Viperin is highly
conserved, showing high amino acid identity across not only vertebrates, including
mammals, fish®® and reptiles,**° but also invertebrates such as oysters.'®! A recent study of
the type-I ‘interferome’ identified viperin as a core IFN-induced antiviral factor across
numerous vertebrate species (Figure 6.1),3?* highlighting the protein’s ancestral role in
antiviral innate immunity. Interestingly, a separate study of transcriptional divergence of the
innate immune response between species revealed the high conservation of genes encoding
proteins involved in immune response regulation as opposed to those with more direct acting
effects on viral invasion.®?® Together these data provides evidence for viperin’s ancestral

role as a regulator of the innate immune response to viral infection, and here we describe
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another instance of viperin’s enhancement of innate immune signalling events,
complementary to its role in positively regulating TLR7/9 signalling.”* In combination with
viperin’s direct antiviral activity, there are likely many factors which contribute to viperin’s

evolution and confound the characterisation of viperin’s positively selected residues.

ﬁ AWM N Y v ‘F
Interferome

RSAD2/viperin NN EE " N
VX1 N e

IFIT2 B SN

IFIT: S

OAS1 T N ]
PARP12 .

EIF2AK2/PKR
PML
ZC3HAV1/ZAP
ADAR

SAT1

MOV10

MORC3
SHISAS/SCOTIN

Antiviral

e
2 4 6 8 1012 14

log2-fold change

Figure 6.1 Viperin is the most highly upregulated antiviral protein to type-l IFN across 10
vertebrate species. A heatmap of the relative expression of the 14 vertebrate core antiviral ISGs, as
determined by RNA-seq of type-1 IFN treated primary fibroblasts from 10 vertebrate species; Homo
sapiens (human), Rattus norvegicus (rat), Bos taurus (cow), Ovis aries (sheep), Sus scrofa (pig), Equus
caballas (horse), Canis lupus familiaris (dog), Myotis lucifugus (little brown bat, microbat), Pteropus
vampyrus (large flying fox, fruit bat), and Gallus gallus (chicken). The first row (labelled as ‘Interferome’)
represents the average log2FC of all up-regulated ISGs for each animal species. (Adapted from 324)

The N-terminus of viperin may represent a high-order animal adaptation to viral infection.
This region of viperin is the most variable region (Figure 1.5A) (reviewed in 1%%), has
considerable truncations in oysters and sea sponges,3?® and is entirely lacking in prokaryote
viperin-like proteins (Figure 6.2).3%° However it is this N-terminal region which confers
viperin’s interaction with CIA2A.1%8 The significance of this interaction was previously

overlooked as CIA2A, which is a constituent of the system responsible for delivering Fe-S
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clusters throughout the cytosol, was demonstrated to be inefficient at supplying Fe-S
clusters for viperin’s enzymatic activity, as opposed to the alternate constituent of this
system, CIA1.1%8 However, we demonstrate that CIA2A greatly enhances viperin’s
augmentation of innate immune signalling (Chapter 4), presumably through impeding
viperin’s enzymatic activity thereby delaying viperin’s catalysis of the self-limiting by-product
5’-dA. Therefore, viperin’s immunomodulatory activity, that which we have demonstrated to
be regulated by its N-terminal interaction with CIA2A, may only be a feature of higher-order
viperin species which retain conservation of this region. However, determination of the
specific CIA2A binding site must be determined to confirm this assertion in higher-order
species, but it remains likely for prokaryote viperins which entirely lack an N-terminal region
(reviewed in 1°°). Perhaps this is an adaptation to the growing complexity in innate immune
signalling of these high-order, mainly vertebrate, animal species as well as an adaptation to

mitigate viral antagonism.

Viperin’s regulation by the CIA proteins may also optimise viperin’s antiviral activity during
viral infection. The CIA pathway of proteins delivers Fe-S clusters to apoproteins within the
cytosol to facilitate their activation or stabilisation (reviewed in 2%°). Viperin interacts with both
distinct branches of the CIA pathway (Figure 4.1),'%® with each appearing to favour either
viperin’s enzymatic activity, or viperin’s immunomodulatory activity (Chapter 4). The branch
of CIA2A is ordinarily responsible for Fe-S assembly of iron regulatory protein 1 (IRP1) and
IRP2.2"° During conditions of iron depletion, IRP1 and IRP2 bind to mRNA stem-loop
structures to repress the translation of proteins involved in iron storage such as ferritin and
ferroportin while blocking the degradation of mMRNAs coding iron uptake proteins such as
transferrin receptor 1 (TfR1) (Figure 6.3) (reviewed in 3%). In iron replete conditions, cellular
iron is imported to the mitochondria for synthesis of Fe-S clusters, which are subsequently
distributed throughout the cell by the CIA pathway (reviewed in 328329)_In this situation,
CIA2A delivers Fe-S clusters to IRP1 and IRP2 which disrupts their mRNA binding capacity
and enables cellular iron uptake (reviewed in 327). Importantly, iron plays a central role in
fundamental processes of cellular physiology, including those essential for viral replication
(reviewed in %), To this end viruses have developed mechanisms to ensure sufficient iron
levels for optimal replication, including the use of the TfR1 iron uptake receptor as a cell
entry receptor.331-33 Other viruses such as HCV,*3* HIV3% and HCMV33¢ have been shown
to alter iron homeostasis of the cell to promote the infection and severity of disease.
Consequently, the CIA pathway which regulates both viperin’s enzymatic and
immunomodulatory activity can only operate effectively in iron-replete conditions, which
coincides with the same conditions favoured for viral replication. Moreover, the highly

antiviral specialised immune cells, macrophages, which have high basal expression of
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viperin are one of the highest consumers of bodily iron.**" Viperin’s activation by the CIA
pathway may represent an additional level of viperin’s regulation, one which is optimised for
restricting viral infection during virally favourable cellular conditions. Future studies may wish
to investigate this through the manipulation of cellular iron levels while monitoring the
alteration to both viperin’s enzymatic output of 5’dA or its immunomodulatory enhancement
of type-I IFN induction. This could also be extended to in vivo analysis by inhibiting hepcidin,

the master regulator of iron metabolism, using commercial hepcidin agonists.3*
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Figure 6.2 Viperin-like sequences are found across all domains of life. Shown is a sequence
similarity network of viperin, showing that in addition to eukaryotes (magenta nodes), viperin-like
sequences also cluster in archaea (green nodes) and bacteria (blue nodes). The highlight nodes
represent the sequences from Homo sapiens (HsaViperin), the fungus Trichoderma virens (TviViperin),
and the archaeon Methanofollis liminatans (MliViperin), which have been the subject of biochemical
characterization. Notably, the microbial enzymes lack the N-terminal region. (Adapted from 309)

119



Chapter 6: General discussion and concluding remarks

Low Iron High Iron
Ferritin Hand L IRP1 4Fe-4S
Ferroportin IRP2
IRP1/2 HIF-2¢, 4
eALAS
@‘ m-Aconitase
5 e 3 5'—?—| e 3
Translational repression Translational activation
IRP2
"4
IRP1 4Fe-4S
IRP1/2
¥~ “RNase
2
D2
s @ ¥ 5
mRNA stabilization mRNA degradation

Figure 6.3 IRP1 and IRP2 iron storage and uptake mRNAs. IRPs bind to IREs located in either the
5’ or 3" untranslated regions of specific mMRNAs. When iron is limited, IRPs bind with high affinity to 5'
IRE mRNAs and repress translation, and to the five 3' IREs in TfR1 mRNA and to the single IRE in
DMT1 mRNA and stabilize these mRNAs. When iron is abundant, IRPs do not bind IREs, resulting in
the translation of 5 IRE-containing mRNAs and degradation of TfR1 mRNA. Iron mediates the
conversion of the IRP1 RNA binding form into the [4Fe-4S] cluster c-aconitase form and the
ubiquitination and targeted proteasomal degradation IRP2 by FBXL5 E3 ligase. (Adapted from 327)

6.1.2 Therapeutic utility of viperin

Multiple studies have begun to demonstrate the therapeutic utility of viperin’s antiviral
activity. Researchers utilised the low molecular synthetic compound R848, which specifically
activates TLR7/8,%% to treat myeloid cells infected with ZIKV.27 This treatment significantly
enhanced viral clearance which was subsequently identified to be the direct consequence of
viperin induction and its imposed restriction on ZIKV replication.**” More specifically, a
custom viperin-targeting interfering peptide (VIP-IP3) was generated to block the ubiquitin-
dependent degradation of viperin in epithelial cells.*® When used in vivo, VIP-IP3
successfully bolstered viperin protein expression and improved survival to both VSV and 1AV
H1N1.1%¢ There has also been an instance whereby a viperin knock-in pig was successfully
generated by CRISPR/Cas9 coupled with somatic cell nuclear transfer to alleviate the

burden of classic swine fever virus (CSFV) in commercial pig populations.®* The
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researchers noted no adverse side-effects in the viperin knock-in pig, and importantly viral
challenge of fibroblasts isolated from the genetically modified animal significantly reduced
CSFV infection compared to the wild-type.®*° While these studies are only in the preliminary
stages of clinical development, they each highlight the potential of viperin as a therapeutic
agent.

The recent detailed characterisation of viperin enzymatic activity has granted the opportunity
to synthetically mimic ddhCTP for antiviral therapeutic development.'®” The synthetic
nucleoside ddhC which is the easily synthesised, cell permeable, unphosphorylated
precursor of ddhCTP, was shown to significantly reduce ZIKV titres without causing cell
cytotoxicity.*>” Moreover, following these findings other researchers investigated the
potential for prokaryote viperins (pVips) to similarly produce antiviral nucleosides.?** They
identified pVips in 176 species, belonging to 14 bacterial and archaeal phyla; cloning and
characterising 58 of these (Figure 6.4).24 They determined the ability of these pVip proteins
to not only produce ddhCTP, but also ddh-guanosine triphosphate (ddhGTP) and ddh-
uridine triphosphate (ddhUTP) (Figure 6.4).%** These nucleosides could potentially be
adopted for clinical treatment of human viruses, joining the other synthetic nucleoside chain
terminator antiviral drugs which are used to treat viruses such HSV-1/2,3#2 HIV3* and
HCV34,

In light of the potential therapeutic utility of viperin, the evolutionary origins of viperin and the
findings presented in this study, would suggest the importance of incorporating viperin’s
immunomodulatory capacity in future therapeutic design. There is no doubt viperin is an
ancient radical SAM enzyme, particularly with the prokaryote homologues having now been
characterised to also produce antiviral nucleotides.®*** Human viperin was likely acquired
from prokaryotes via a single event as suggested by the clear monophyletic organization of
the eukaryotic viperin clade and its position within the other prokaryote viperin clades (Figure
6.4). Moreover, there is functional precedence for the ancient origin of viperin as a cofactor-
dependent radical SAM enzyme.3#> These instances place the origin of viperin far before the
advent of IFN, implying that viperin’s adoption of an IFN-inducible promoter, which now
complements its numerous IFN-independent promoter elements,!8® as well as its
immunomodulatory capacity, were both adaptations to higher-order antiviral defences.
Considering these observations, it may prove paramount to incorporate viperin’s
immunomodulatory activity in the design of future therapeutics for human viral infections.
Similar to the way in which an adjuvant aids the efficacy of vaccination, incorporating the
immunomodulatory activity of viperin, that which it has evidently adopted evolutionarily, will

likely ensure the most robust antiviral response in humans.
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Figure 6.4 Prokaryote viperin produce diverse antiviral molecules. Phylogenetic tree of viperin
family. Branches are coloured according to major clades. Bootstrap values (derived from the ultrafast
bootstrap function in 1Qtree21) are indicated for major nodes. The presence of a nucleotide kinase in
the genomic vicinity of the pVip is shown by a brown rectangle in the surrounding ring (or a dark grey
rectangle, in cases in which the kinase is fused to the pVip gene). Triangles correspond to the type of
ddh-nucleotide derivative produced by a specific pVip, as determined by mass spectrometry. The
phylogenetic tree was generated using a set of 205 non-redundant pVip sequences. (Adapted from 341)

The breadth of viperin’s immunomodulatory activity should be defined prior to any attempt to
mimic viperin’s antiviral activity. Viperin has previously been shown to enhance the induction
of type-I IFN following TLR7 and TLR9 activation,’* and we have demonstrated viperin’s
ability to also enhance the induction of type-1 IFN following STING activation by the innate
DNA sensors (Chapter 3). Viperin's ability to enhance TLR7 and TLR9 signalling relies on its
enhancement of TRAF6-mediated K63-linked polyubiquitination of IRAK1.14 Notably,
TRAFG6 is also responsible for the K63-linked polyubiquitination of NEMO, the result of which

is the induction of the proinflammatory NF-kB response.3*¢ Interestingly, viperin has
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previously been shown to facilitate optimal NF-kB activity in splenic CD4+ T cells.?33
Moreover, STING also participates in the induction of NF-kB.?*° Therefore, it seems
plausible, given viperin’s enhancement of TRAF6 and STING signalling, that viperin may
also enhance the proinflammatory NF-kB response in addition to the IRF3/7 type-I IFN
response upon activation of these signalling proteins. Moreover, considering the signalling
similarities between type-l and -1l IFN (Table 1.2), viperin may also enhance the type-Ill IFN
response. Moving forward, it will be important to determine the extent of viperin’s
immunomodulatory activity to ensure its use as a therapeutic agent will elicit an optimal

antiviral immune response without a detrimental inflammatory response.

Future investigation of the viral antagonism of viperin may likewise aid the development of
novel antiviral therapeutics. A virus’s successful establishment of an infection within its
human host often relies on its ability to counteract or antagonise the human innate immune
defences (reviewed in 3%8). Multiple viruses have been shown to antagonise the antiviral
effects of viperin. The majority of these involve the downregulation or degradation of viperin
by viral proteins, such as the proteasomal degradation of viperin facilitated by JEV,*° the
reduced viperin mRNA accumulation by HSV-1,2% or the impaired viperin protein expression
induced by HPV.3%” These instances of viral antagonism highlight the potential of
therapeutics which specifically alleviate the virally mediated reduction in viperin expression
during viral infection, perhaps through the use of interfering peptides such as that used to
reinstate viperin expression in epithelial cells.1*® This approach would rely on endogenous
viperin expression, thereby mitigating the need for more complex imitations of viperin’s
antiviral activity or the induction of many other ISGs and immune responses through the use
of immune stimulants. Future investigation which identifies the specific targets of virus-
induced viperin downregulation and degradation will certainly enable the generation of such

antiviral therapeutics.

6.2 Concluding remarks

In a time where there is a lack of effective antiviral therapeutics and viral pathogens continue
to impose significant burdens to human health, as evidenced by the scale of the COVID-19
pandemic, it is critical that we pursue fundamental scientific research of antiviral innate
immunology. This study, while further highlighting the multifaceted role of viperin in antiviral
innate immunity, provides an understanding of the regulation and contextual specificity of
viperin’s multiple antiviral functions. We extend on viperin’s precedence as an enhancer of
innate immune signalling and identify novel regulation of this function by cellular Fe-S cluster

assembly processes. This work provides understanding of the molecular mechanisms which

123



Chapter 6: General discussion and concluding remarks

underpin viperin’s highly effective, pan-antiviral activity, contributing to the foundational

understanding required for antiviral therapeutic design and development.
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Experimental reagents

Supplementary table 1 Oligos

Oligo Sequence 5’-3’

RT-gPCR

RPLPO - Forward AGATGCAGCAGATCCGCA
RPLPO - Reverse GGATGGCCTTGCGCA

murine IFN-B - Forward

AGAAAGGACGAACATTGGGAAA

murine IFN-B - Reverse

TAGCAGAGCCCTTTTTGATAATGTAA

IFI6 - Forward

CCTGCTGCTCTTCACTTGCA

IFI16 - Reverse

CCGACGGCCATGAAGT

OAS - Forward TCCACCTGCTTCACAGAACTACA
OAS - Reverse GGCGGATGAGGCTCTTGA G
Sequencing

CMV CGCAAATGGGCGGTAGGCGTG
V5 ACCGAGGAGAGGGTTAGGGAT

CRISPR/Cas9 gRNAs

#1 CAGCGTCCAGGAGAGCAGCC
#2 GGACGCTGAGCAGAGTCCTG
#3 GGGCAGCTCCCGGCTCAGAG
SiRNA

Viperin siRNA AGAGCGGAAAGTGGA ACGAGA
Cloning

CIA2A-FLAG - Forward

CGGGATCCATGCAGCGGGTGTCCGGGCTGCTC

CIA2A-FLAG - Reverse

GCTCTAGATTACTTGTCGTCATCGTCTTTGTAGTCGTCAGG
TTCAAGGACACACTG
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Viperin 47A — Forward

CTGCTAGCTACCAAGAGGGCAAAGCAGCAGCTGGTCCTG

Viperin 47A - Reverse

GACCAGGAGCTGCTGCTTTGCCCTCTTGGTAGCTAGCAG

Viperin 53K — Forward

GCAGCAGCTGGTCAAGAGAGGGCCAGATGAG

Viperin 53K — Reverse

CTCATCTGGCCCTCTCTTGACCAGCTGCTG

Forward

Viperin 146A/149A -

CTGCAAAGCAGAGTTGGCGCTGCCCAGCGTGAG

Reverse

Viperin 146A/149A -

CTCACGCTGGGCAGCGCCAACTCTGCTTGCAG

Viperin 352A — Forward

GCGAGGAGGAAAATACGCATGGAGTAAGGCTGATCTGAAG

Viperin 352 - Reverse

CTTCAGATCAGCCTTACTCCATGCGTATTTTCCTCCTCGC

Supplementary table 2 Plasmid constructs

Plasmid Target Gene Tag Backbone Acquired From
Empty vector n/a mCherry pPLENTI6/V5-D- | Invitrogen
TOPO (K495510)
Viperin- hViperin N-terminal pLENTI6/V5-D- | Invitrogen
mCherry mCherry TOPO (K495510)
Empty vector n/a GFP pEGFP-C1 Addgene
(#6084-1)
Viperin-GFP hViperin N-terminal GFP | pGFPC-1 Addgene
(#6084-1)
Empty vector n/a FLAG pFLAG-CMV-1 | Addgene
(#ET7273)
Viperin-FLAG hViperin N-terminal pFLAG-CMV-1 | Sigma-Aldrich
FLAG (E7273)
IFN-B-Luc IFN-B promoter C-terminal IFN- Addgene
Luciferase Beta_pGL3 (#102597)
pRL-TK TK promoter Renilla pRL-TK Promega
luciferase (E2241)
TBK1-MYC hTBK1 N-terminal pCMV Russell
MYC Diefenbach
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substitution

STING-3XMYC | hSTING N-terminal pCMV Russell
MYC Diefenbach

TBK1-mCherry | hTBK1 N-terminal pPLENTI6/V5-D- | Invitrogen

mCherry TOPO (K495510)

NS5A-TNS50- hViperin, minus N-terminal pl.18 Neil Marsh

Viperin first 50 N-terminal | FLAG
aa

CIA2A-MYC hCIA2A(FAM96A) | N-terminal 6X PEF1/myc-His | Anna Overby

HIS, MYC A
WT-Ub-HA hUbiquitin N-terminal HA | pRK5-HA Addgene
(#17608)

K27-Ub-HA hUbiquitin, K27 N-terminal HA | pRK5-HA Addgene
only, other lysines (##22902)
mutated to
arginines.

K48-Ub-HA hUbiquitin, K48 N-terminal HA | pRK5-HA Addgene
only, other lysines (#17605)
mutated to
arginines.

K63-Ub-HA hUbiquitin, K63 N-terminal HA | pRK5-HA Addgene
only, other lysines (#17606)
mutated to
arginines.

CIA2A-FLAG hCIA2A N-terminal pCDNA3 Generated from

FLAG CIA2A-MYC
pEF1/myc-His
A
Empty vector n/a n/a pPLENTI6/V5-D- | Invitrogen
TOPO (K495510)
Viperin-WT hViperin N-terminal pPLENTI6/V5-D- | Invitrogen
FLAG TOPO (K495510)

Viperin-47A hViperin, R47A N-terminal pPLENTI6/V5-D- | Invitrogen
substitution FLAG TOPO (K495510)

Viperin-53K hViperin, L53K N-terminal PLENTI6/V5-D- | Invitrogen
substitution FLAG TOPO (K495510)

Viperin- hViperin, N-terminal pLENTI6/V5-D- | Invitrogen

146A/149A V146A/R149A FLAG TOPO (K495510)
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Viperin-352A hViperin, I352A N-terminal pPLENTI6/V5-D- | Invitrogen
substitution FLAG TOPO (K495510)
Supplementary table 3 Antibodies
Antigen Host Class Label Manufacturer
B-actin Mouse Polyclonal N/A Sigma-Aldrich
FLAG Mouse Monoclonal N/A Thermo-Fisher
Scientific
FLAG Rabbit Monoclonal N/A Sigma-Aldrich
MYC Mouse Monoclonal N/A Millipore
HA Mouse Monoclonal N/A Sigma-Aldrich
TBK1 Rabbit Polyclonal N/A Cell Signaling
STING Rabbit Monoclonal N/A Cell Signalling
Viperin Rabbit Monaoclonal N/A Cell signalling
CIA2A Rabbit Monoclonal N/A Thermo-Fisher
K63-Ubiquitin Mouse Monaoclonal N/A Enzo
Mouse IgG Goat Polyclonal Alexa Fluor 488 | Life
Technologies
Mouse IgG Goat Polyclonal Alexa Fluor 555 | Life
Technologies
Mouse IgG Goat Polyclonal Alexa Fluor 647 | Life
Technologies
Rabbit 1gG Goat Polyclonal Alexa Fluor 488 | Life
Technologies
Rabbit 1gG Goat Polyclonal Alexa Fluor 555 | Life
Technologies
Mouse IgG Goat Polyclonal HRP Thermo-Fisher
Scientific
Rabbit 1gG Goat Polyclonal HRP Thermo-Fisher
Scientific
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Supplementary table 4 General buffers and solutions

Solution or buffer

Components and concentrations

DMEM-Complete

DMEM, 1% (v/v) penicillin/streptomycin,
0.001% (v/iv) MPT, 10% (v/v) FCS

RIPA lysis buffer

1% (v/v) NP-40, 5% (w/v) sodium
deoxycholate, 1% (v/v) SDS in PBS

Luria broth (1L)

10 g tryptone, 10 g NaCl, 5 g yeast extract,
pH 7.0

Luria agar, high salt (1L)

10 g tryptone, 10 g NaCl, 5 g yeast extract,
1% (w/v) agar, pH 7.0

Luria agar, low salt (1L)

10 g tryptone, 5 g NaCl, 5 g yeast extract,
1% (w/v) agar, pH 7.0

SOC broth

4.0% (w/v) tryptone, 0.5% (w/v) yeast
extract, 2.5 mM KCI, 10 mM MgCl,, 10 mM
MgSQO4, 10 mM NaCl, 20 mM glucose

5 x western loading buffer

3.8 mL dH2O, 1 mL 0.5 M tris-HCI (pH 6.8),
0.8 mL glycerol, 1.6 mL 10% (w/v) SDS, 0.4
mL 2-mercaptoethanol, 0.4 mL 1% (w/v)
bromophenol blue

10 x SDS PAGE running buffer (1L)

2.9% (w/v) tris-base, 14.14% (w/v) glycine,
1% (w/v) SDS

1 x SDS PAGE transfer buffer (1L)

3.03 g Trisma base, 14.40 g glycine, 200
mL methanol

10 x PBS (1L)

80 g NaCl, 2 g KCl, 2.4 g KHoPO4

Sequences

Supplementary table 5 Amino acid sequences for STING and TBK1 with all methionine (M) residues
underlined and exposed M residues as confirmed by analysis of protein surface structure, highlighted

in red.

>STING (Human) 379aa (GenBank: AVQ94753.1)

MPHSSLHPSTIPCPRGHGAQKAALVLLSACLVTLWGLGEPPEHTLRYLVLHLASLQLGLLLNGVCSLAEEL
RHTHSRYRGSYWRTVRACLGCPLRRGALLLLSIYFYYSLPNAVGPPFTWMLALLGLSQALNILLGLKGLA
PAETSAVCEKGNEFNVAHGLAWSYYIGYLRLILPELQARIRTYNQHYNNLLRGAVSQRLYILLPLDCGVPD
NLSMADPNIRFLDKLPQQTGDRAGIKDRVYSNSIYELLENGQRAGTCVLEYATPLQTLFAMSQYSQAGES
REDRLEQAKLFCRTLEDILADAPESQNNCRLIAYQEPADDSSESLSQEVLRHLRQEEKEEVTVGSLKTSA

VPSTSTMSQEPELLISGMEKPLPLRTDE'S
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>TBK1 (Human) 729aa (GenBank: AAF05989.1)

MOSTSNHLWLLSDILGQGATANVFRGRHKKTGDLFAIKVEFNNISFLRPVDVQOMREFEVLKKLNHKNIVKL
FATEEETTTRHKVLIMEFCPCGSLYTVLEEPSNAYGLPESEFLIVLRDVVGGMNHLRENGIVHRDIKPGN
IMRVIGEDGQSVYKLTDFGAARELEDDEQFVSLYGTEEYLHPDMYERAVLRKDHQKKYGATVDLWSIGVT
FYHAATGSLPFRPFEGPRRNKEVMYKIITGKPSGAISGVQKAENGPIDWSGDMPVSCSLSRGLQVLLTPV
LANILEADQEKCWGFDQFFAETSDILHRMVIHVESLOOMTAHKIYIHSYNTATIFHELVYKQTKITISSNQ
ELIYEGRRLVLEPGRLAQHFPKTTEENPIFVVSREPLNTIGLIYEKISLPKVHPRYDLDGDASMAKATITG
VVCYACRIASTLLLYQELMRKGIRWLIELIKDDYNETVHKKTEVVITLDFCIRNIEKTVKVYEKLMKINL
EAAELGEISDIHTKLLRLSSSQGTIETSLODIDSRLSPGGSLADAWAHQEGTHPKDRNVEKLOQVLLNCMT
EIYYQFKKDKAERRLAYNEEQITHKFDKQKLYYHATKAMTHFTDECVKKYEAFLNKSEEWIRKMLHLRKQL
LSLTNQCFDIEEEVSKYQEYTNELQETLPOKMFTASSGIKHTMTPIYPSSNTLVEMTLGMKKLKEEMEGV
VKELAENNHILERFGSLTMDGGLRNVDCL

Supplementary table 6 Viperin mutant DNA sequencing. Viperin mutant constructs were subject to
Sanger sequencing. Underlined sequence identifies the FLAG tag, while the grey highlighting identifies
the start codon of viperin protein in the forward sequence. Reverse sequences have not been reverse
complemented.

Viperin wild-type

Forward (CMV sequencing primer)

ATGGACTACAAGGATGACGACGATAAGATGTGGGTGCTTACACCTGCTGCTTTTGCTGGGAAGCTCTTGAGTG
TGTTCAGGCAACCTCTGAGCTCTCTGTGGAGGAGCCTGGTCCCGCTGTTCTGCTGGCTGAGGGCAACCTTCTG
GCTGCTAGCTACCAAGAGGAGAAAGCAGCAGCTGGTCCTGAGAGGGCCAGATGAGACCAAAGAGGAGGAAGAG
GACCCTCCTCTGCCCACCACCCCAACCAGCGTCAACTATCACTTCACTCGCCAGTGCAACTACAAATGCGGCT
TCTGTTTCCACACAGCCAAAACATCCTTTGTGCTGCCCCTTGAGGAAGCAAAGAGAGGATTGCTTTTGCTTAA
GGAAGCTGGTATGGAGAAGATCAACTTTTCAGGTGGAGAGCCATTTCTTCAAGACCGGGGAGAATACCTGGGC
AAGTTGGTGAGGTTCTGCAAAGTAGAGTTGCGGCTGCCCAGCGTGAGCATCGTGAGCAATGGAAGCCTGATCC
GGGAGAGGTGGTTCCAGAATTATGGTGAGTATTTGGACATTCTCGCTATCTCCTGTGACAGCTTTGACGAGGA
AGTCAATGTCCTTATTGGCCGTGGCCAAGGAAAGAAGAACCATGTGGAAAACCTTCAAAAGCTGAGGAGGTGG
TGTAGGGATTATAGAGTCGCTTTCAAGATAAATTCTGTCATTAATCGTTTCAACGTGGAAGAGGACATGACGG
AACAGATCAAAGCACTAAACCCTGTCCGCTGGAAAGTGTTCCAGTGCCTCTTAATTGAGGGTGAGAATTGTGG
AGAAGATGCTCTAAGAGAAGCAGAAAGATTTGTTATTGGTGATGAAGAATTTGAAAGATTCTTGG

Reverse (V5 sequencing primer)

ATCCAGCTTCAGATCAGCCTTACTCCATATGTATTTTCCTCCTCGCTTCAGAAACATCTTTTCATCAAATCCA
CTGAATTTTATAGCTTCTTCTACACCAACATCCAGGATGGACTTGGAAGGGTCCTTCCGTCCCTTTCTACAGT
TCAGAAAGCGCATATATTCATCCAGAATAAGGTAGGAGTCTTTCATCTTCTGGTTAGATTCAGGCACCAAGCA
GGACACTTCTTTGTGGCGCTCCAAGAATCTTTCAAATTCTTCATCACCAATAACAAATCTTTCTGCTTCTCTT
AGAGCATCTTCTCCACAATTCTCACCCTCAATTAAGAGGCACTGGAACACTTTCCAGCGGACAGGGTTTAGTG
CTTTGATCTGTTCCGTCATGTCCTCTTCCACGTTGAAACGATTAATGACAGAATTTATCTTGAAAGCGACTCT
ATAATCCCTACACCACCTCCTCAGCTTTTGAAGGTTTTCCACATGGTTCTTCTTTCCTTGGCCACGGCCAATA
AGGACATTGACTTCCTCGTCAAAGCTGTCACAGGAGATAGCGAGAATGTCCAAATACTCACCATAATTCTGGA
ACCACCTCTCCCGGATCAGGCTTCCATTGCTCACGATGCTCACGCTGGGCAGCCGCAACTCTACTTTGCAGAA
CCTCACCAACTTGCCCAGGTATTCTCCCCGGTCTTGAAGAAATGGCTCTCCACCTGAAAAGTTGATCTTCTCC
ATACCAGCTTCCTTAAGCAAAAGCAATCCTCTCTTTGCTTCCTCAAGGGGCAGCACAAAGGATGTTTTGGCTG
TGTGGAAACAGAAGCCGCATTTGTAGTTGCACTGGCGAGTGAAGTGATAGTTGACGCTGGTTGGGGTGGTGGG
CAGAGGAGGGTCCTCTTCCTCCTCTTTGGTCTCATCTGGCCCTCTCAGGACCAGCTGCTGCTTTCTCCTCTTG
GTAGCTAGCAGCCAGAAGGTTGCCCTCAGCCAGCAGAACAGCGGGACCAGGCTCCTCCACAGAGAGCTCAGAG
GTTGCCTGAACACACTCAAGAGCTTCCCAGCAAAAGCAGCAGGTGTAAGCACCCACATCTTATCGTCGTCATC
CTTGTAGTCCATGGATCCTCTAGAGTCGGTGTCTTCTATGGAGGTCAAAACAGCGTGGATGGCGTCTCCAGGC
GATCTGACGGTT
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Viperin 47A

Forward (CMV sequencing primer)

ATGGACTACAAGGATGACGACGATAAGATGTGGGTGCTTACACCTGCTGCTTTTGCTGGGAAGCTCTTGAGTG
TGTTCAGGCAACCTCTGAGCTCTCTGTGGAGGAGCCTGGTCCCGCTGTTCTGCTGGCTGAGGGCAACCTTCTG
GCTGCTAGCTACCAAGAGGGCAAAGCAGCAGCTGGTCCTGAGAGGGCCAGATGAGACCAAAGAGGAGGAAGAG
GACCCTCCTCTGCCCACCACCCCAACCAGCGTCAACTATCACTTCACTCGCCAGTGCAACTACAAATGCGGCT
TCTGTTTCCACACAGCCAAAACATCCTTTGTGCTGCCCCTTGAGGAAGCAAAGAGAGGATTGCTTTTGCTTAA
GGAAGCTGGTATGGAGAAGATCAACTTTTCAGGTGGAGAGCCATTTCTTCAAGACCGGGGAGAATACCTGGGC
AAGTTGGTGAGGTTCTGCAAAGTAGAGTTGCGGCTGCCCAGCGTGAGCATCGTGAGCAATGGAAGCCTGATCC
GGGAGAGGTGGTTCCAGAATTATGGTGAGTATTTGGACATTCTCGCTATCTCCTGTGACAGCTTTGACGAGGA
AGTCAATGTCCTTATTGGCCGTGGCCAAGGAAAGAAGAACCATGTGGAAAACCTTCAAAAGCTGAGGAGGTGG
TGTAGGGATTATAGAGTCGCTTTCAAGATAAATTCTGTCATTAATCGTTTCAACGTGGAAGAGGACATGACGG
AACAGATCAAAGCACTAAACCCTGTCCGCTGGAAAGTGTTCCAGTGCCTCTTAATTGAGGGTGAGAATTGTGG
AGAAGATGCTCTAAGAGAAGCAGAAAGATTTGTTATTGGTGATGAAGAATTTGAAAGATTCTTGGAGCGCCAC
AAAGAAGTGTCCTGCTTGGTGCCTGAATCTAACCAGAAGATGAAAGACTCCTACCTTATTCTGGATGAATATA
TGCGCTTTCTGAACTGTAGAAAGGGACGGAAGGACCCTTCCAAGTCCATCCTGGATGTTGGTGTAGAAGAAGC
TATAAAATTCAGTGGATTTG

Reverse (V5 sequencing primer)

ATACAGCTTCAGATCAGCCTTACTCCATATGTATTTTCCTCCTCGCTTCAGAAACATCTTTTCATCAAATCCA
CTGAATTTTATAGCTTCTTCTACACCAACATCCAGGATGGACTTGGAAGGGTCCTTCCGTCCCTTTCTACAGT
TCAGAAAGCGCATATATTCATCCAGAATAAGGTAGGAGTCTTTCATCTTCTGGTTAGATTCAGGCACCAAGCA
GGACACTTCTTTGTGGCGCTCCAAGAATCTTTCAAATTCTTCATCACCAATAACAAATCTTTCTGCTTCTCTT
AGAGCATCTTCTCCACAATTCTCACCCTCAATTAAGAGGCACTGGAACACTTTCCAGCGGACAGGGTTTAGTG
CTTTGATCTGTTCCGTCATGTCCTCTTCCACGTTGAAACGATTAATGACAGAATTTATCTTGAAAGCGACTCT
ATAATCCCTACACCACCTCCTCAGCTTTTGAAGGTTTTCCACATGGTTCTTCTTTCCTTGGCCACGGCCAATA
AGGACATTGACTTCCTCGTCAAAGCTGTCACAGGAGATAGCGAGAATGTCCAAATACTCACCATAATTCTGGA
ACCACCTCTCCCGGATCAGGCTTCCATTGCTCACGATGCTCACGCTGGGCAGCCGCAACTCTACTTTGCAGAA
CCTCACCAACTTGCCCAGGTATTCTCCCCGGTCTTGAAGAAATGGCTCTCCACCTGAAAAGTTGATCTTCTCC
ATACCAGCTTCCTTAAGCAAAAGCAATCCTCTCTTTGCTTCCTCAAGGGGCAGCACAAAGGATGTTTTGGCTG
TGTGGAAACAGAAGCCGCATTTGTAGTTGCACTGGCGAGTGAAGTGATAGTTGACGCTGGTTGGGGTGGTGGG
CAGAGGAGGGTCCTCTTCCTCCTCTTTGGTCTCATCTGGCCCTCTCAGGACCAGCTGCTGCTTTGCCCTCTTG
GTAGCTAGCAGCCAGAAGGTTGCCCTCAGCCAGCAGAACAGCGGGACCAGGCTCCTCCACAGAGAGCTCAGAG
GTTGCCTGAACACACTCAAGAGCTTCCCAGCAAAAGCAGCAGGTGTAAGCACCCACATCTTATCGTCGTCATC
CTTGTAGTCCATGGATCCTCTAGAGTCGGTGTCTTCTATGGAGGTCAAANCAGCGTGGATGGCGTCTCCAGGC
GATCTGACGGTTNNNTAAACAAGCTCTGCTTAATAGAACCT

Viperin 53K

Forward (CMV sequencing primer)

CATGGACTACAAGGATGACGACGATAAGATGTGGGTGCTTACACCTGCTGCTTTTGCTGGGAAGCTCTTGAGT
GTGTTCAGGCAACCTCTGAGCTCTCTGTGGAGGAGCCTGGTCCCGCTGTTCTGCTGGCTGAGGGCAACCTTCT
GGCTGCTAGCTACCAAGAGGAGAAAGCAGCAGCTGGTCAAGAGAGGGCCAGATGAGACCAAAGAGGAGGAAGA
GGACCCTCCTCTGCCCACCACCCCAACCAGCGTCAACTATCACTTCACTCGCCAGTGCAACTACAAATGCGGC
TTCTGTTTCCACACAGCCAAAACATCCTTTGTGCTGCCCCTTGAGGAAGCAAAGAGAGGATTGCTTTTGCTTA
AGGAAGCTGGTATGGAGAAGATCAACTTTTCAGGTGGAGAGCCATTTCTTCAAGACCGGGGAGAATACCTGGG
CAAGTTGGTGAGGTTCTGCAAAGTAGAGTTGCGGCTGCCCAGCGTGAGCATCGTGAGCAATGGAAGCCTGATC
CGGGAGAGGTGGTTCCAGAATTATGGTGAGTATTTGGACATTCTCGCTATCTCCTGTGACAGCTTTGACGAGG
AAGTCAATGTCCTTATTGGCCGTGGCCAAGGAAAGAAGAACCATGTGGAAAACCTTCAAAAGCTGAGGAGGTG
GTGTAGGGATTATAGAGTCGCTTTCAAGATAAATTCTGTCATTAATCGTTTCAACGTGGAAGAGGACATGACG
GAACAGATCAAAGCACTAAACCCTGTCCGCTGGAAAGTGTTCCAGTGCCTCTTAATTGAGGGTGAGAATTGTG
GAGAAGATGCTCTAAGAGAAGCAGAAAGATTTGTTATTGGTGATGAAGAATTTGAAAGATTCTTGGAGCGCCA
CAAAGAAGTGTCCTGCTTGGTGCCTGAATCTAACCAGAAGATGAAAGACTCCTACCTTATTCTGGATGAATAT
ATGCGCTTTCTGAACTGTAGAAAGGGACGGAAGGACCCTTC CAGTCCATCCTGGATGTTGGTGTAGAAGAAG
CTATAAAATTCAGTGGATTTGATGAAAAGATGTTTCTGAAGCGAGGAGGAAAATACTTTGGATTAGGCTGATC
TGAAGCTGGATTGGTACCCGCGGTTCGAAGGAACCCTACCCCCAACCCCLCCCCeLeaaaGLeee
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Reverse (V5 sequencing primer)

ACGGATGGNNTACTAGTCCAGCTTCGTATCAGCCTTACTNCATATGTATTTTCCTCCTCGCTTCAGAAACATC
TTTTCATCAAATCCACTGAATTTTATAGCTTCTTCTACACCAACATCCAGGATGGACTTGGAAGGGTCCTTCC
GTCCCTTTCTACAGTTCAGAAAGCGCATATATTCATCCAGAATAAGGTAGGAGTCTTTCATCTTCTGGTTAGA
TTCAGGCACCAAGCAGGACACTTCTTTGTGGCGCTCCAAGAATCTTTCAAATTCTTCATCACCAATAACAAAT
CTTTCTGCTTCTCTTAGAGCATCTTCTCCACAATTCTCACCCTCAATTAAGAGGCACTGGAACACTTTCCAGC
GGACAGGGTTTAGTGCTTTGATCTGTTCCGTCATGTCCTCTTCCACGTTGAAACGATTAATGACAGAATTTAT
CTTGAAAGCGACTCTATAATCCCTACACCACCTCCTCAGCTTTTGAAGGTTTTCCACATGGTTCTTCTTTCCT
TGGCCACGGCCAATAAGGACATTGACTTCCTCGTCAAAGCTGTCACAGGAGATAGCGAGAATGTCCAAATACT
CACCATAATTCTGGAACCACCTCTCCCGGATCAGGCTTCCATTGCTCACGATGCTCACGCTGGGCAGCCGCAA
CTCTACTTTGCAGAACCTCACCAACTTGCCCAGGTATTCTCCCCGGTCTTGAAGAAATGGCTCTCCACCTGAA
AAGTTGATCTTCTCCATACCAGCTTCCTTAAGCAAAAGCAATCCTCTCTTTGCTTCCTCAAGGGGCAGCACAA
AGGATGTTTTGGCTGTGTGGAAACAGAAGCCGCATTTGTAGTTGCACTGGCGAGTGAAGTGATAGTTGACGCT
GGTTGGGGTGGTGGGCAGAGGAGGGTCCTCTTCCTCCTCTTTGGTCTCATCTGGCCCTCTCTTGACCAGCTGC
TGCTTTCTCCTCTTGGTAGCTAGCAGCCAGAAGGTTGCCCTCAGCCAGCAGAACAGCGGGACCAGGCTCCTCA
CAGAGAGCTCAGAGGTTGCCTGAACACACTCAAGAGCTTCCCAGCAAAAGCAGCAGGTGTAAGCACCCACATC
TTATCGTCGTCATCCTTGTAGTCCATGGATCCTCAAAGTCGGTGTCTTCTATGGAGGTCAAAACAGCGTGGAT
GGCGTCTCCAGGCGATCTGACGGTTCACTAAACAAGNTCGGCTTAA

Viperin 146A/149A

Forward (CMV sequencing primer)

ATGGACTACAAGGATGACGACGATAAGATGTGGGTGCTTACACCTGCTGCTTTTGCTGGGAAGCTCTTGAGTG
TGTTCAGGCAACCTCTGAGCTCTCTGTGGAGGAGCCTGGTCCCGCTGTTCTGCTGGCTGAGGGCAACCTTCTG
GCTGCTAGCTACCAAGAGGAGAAAGCAGCAGCTGGTCCTGAGAGGGCCAGATGAGACCAAAGAGGAGGAAGAG
GACCCTCCTCTGCCCACCACCCCAACCAGCGTCAACTATCACTTCACTCGCCAGTGCAACTACAAATGCGGCT
TCTGTTTCCACACAGCCAAAACATCCTTTGTGCTGCCCCTTGAGGAAGCAAAGAGAGGATTGCTTTTGCTTAA
GGAAGCTGGTATGGAGAAGATCAACTTTTCAGGTGGAGAGCCATTTCTTCAAGACCGGGGAGAATACCTGGGC
AAGTTGGTGAGGTTCTGCAAAGCAGAGTTGGCGCTGCCCAGCGTGAGCATCGTGAGCAATGGAAGCCTGATCC
GGGAGAGGTGGTTCCAGAATTATGGTGAGTATTTGGACATTCTCGCTATCTCCTGTGACAGCTTTGACGAGGA
AGTCAATGTCCTTATTGGCCGTGGCCAAGGAAAGAAGAACCATGTGGAAAACCTTCAAAAGCTGAGGAGGTGG
TGTAGGGATTATAGAGTCGCTTTCAAGATAAATTCTGTCATTAATCGTTTCAACGTGGAAGAGGACATGACGG
AACAGATCAAAGCACTAAACCCTGTCCGCTGGAAAGTGTTCCAGTGCCTCTTAATTGAGGGTGAGAATTGTGG
AGAAGATGCTCTAAGAGAAGCAGAAAGATTTGTTATTGGTGATGAAGAATTTGAAAGATTCTTGGAGCGCCAC
AAAGAAGTGTCCTGCTTGGTGCCTGAATCTAACCAGAAGATGAAAGACTCCTACCTTATTCTGGATGAATATA
TGCGCTTTCTGAACTGTAGAAAGGGACGGAAGGACCCTTCCAAGTCCATCCTGGATGTTGGTGTANAAAAAGC
TATAAAATTCAGTGGATTTGATGAAAAGATGTTT

Reverse (V5 sequencing primer)

ATCCAGCTTCAGATCAGCCTTACTCCATATGTATTTTCCTCCTCGCTTCAGAAACATCTTTTCATCAAATCCA
CTGAATTTTATAGCTTCTTCTACACCAACATCCAGGATGGACTTGGAAGGGTCCTTCCGTCCCTTTCTACAGT
TCAGAAAGCGCATATATTCATCCAGAATAAGGTAGGAGTCTTTCATCTTCTGGTTAGATTCAGGCACCAAGCA
GGACACTTCTTTGTGGCGCTCCAAGAATCTTTCAAATTCTTCATCACCAATAACAAATCTTTCTGCTTCTCTT
AGAGCATCTTCTCCACAATTCTCACCCTCAATTAAGAGGCACTGGAACACTTTCCAGCGGACAGGGTTTAGTG
CTTTGATCTGTTCCGTCATGTCCTCTTCCACGTTGAAACGATTAATGACAGAATTTATCTTGAAAGCGACTCT
ATAATCCCTACACCACCTCCTCAGCTTTTGAAGGTTTTCCACATGGTTCTTCTTTCCTTGGCCACGGCCAATA
AGGACATTGACTTCCTCGTCAAAGCTGTCACAGGAGATAGCGAGAATGTCCAAATACTCACCATAATTCTGGA
ACCACCTCTCCCGGATCAGGCTTCCATTGCTCACGATGCTCACGCTGGGCAGCGCCAACTCTGCTTTGCAGAA
CCTCACCAACTTGCCCAGGTATTCTCCCCGGTCTTGAAGAAATGGCTCTCCACCTGAAAAGTTGATCTTCTCC
ATACCAGCTTCCTTAAGCAAAAGCAATCCTCTCTTTGCTTCCTCAAGGGGCAGCACAAAGGATGTTTTGGCTG
TGTGGAAACAGAAGCCGCATTTGTAGTTGCACTGGCGAGTGAAGTGATAGTTGACGCTGGTTGGGGTGGTGGG
CAGAGGAGGGTCCTCTTCCTCCTCTTTGGTCTCATCTGGCCCTCTCAGGACCAGCTGCTGCTTTCTCCTCTTG
GTAGCTAGCAGCCAGAAGGTTGCCCTCAGCCAGCAGAACAGCGGGACCAGGCTCCTCCACAGAGAGCTCAGAG
GTTGCCTGAACACACTCAAGAGCTTCCCAGCAAAAGCAGCAGGTGTAAGCACCCACATCTTATCGTCGTCATC
CTTGTAGTCCATGGATCCTCTAGAGTCGGTGTCTTCTATGGAGGTCAAACAAGCGTGGATGGCGTCTCCAGGC
GATCTGACGGTTCACTA

Viperin 352A
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Forward (CMV sequencing primer)

ATGGACTACAAGGATGACGACGATAAGATGTGGGTGCTTACACCTGCTGCTTTTGCTGGGAAGCTCTTGAGTG
TGTTCAGGCAACCTCTGAGCTCTCTGTGGAGGAGCCTGGTCCCGCTGTTCTGCTGGCTGAGGGCAACCTTCTG
GCTGCTAGCTACCAAGAGGAGAAAGCAGCAGCTGGTCCTGAGAGGGCCAGATGAGACCAAAGAGGAGGAAGAG
GACCCTCCTCTGCCCACCACCCCAACCAGCGTCAACTATCACTTCACTCGCCAGTGCAACTACAAATGCGGCT
TCTGTTTCCACACAGCCAAAACATCCTTTGTGCTGCCCCTTGAGGAAGCAAAGAGAGGATTGCTTTTGCTTAA
GGAAGCTGGTATGGAGAAGATCAACTTTTCAGGTGGAGAGCCATTTCTTCAAGACCGGGGAGAATACCTGGGC
AAGTTGGTGAGGTTCTGCAAAGTAGAGTTGCGGCTGCCCAGCGTGAGCATCGTGAGCAATGGAAGCCTGATCC
GGGAGAGGTGGTTCCAGAATTATGGTGAGTATTTGGACATTCTCGCTATCTCCTGTGACAGCTTTGACGAGGA
AGTCAATGTCCTTATTGGCCGTGGCCAAGGAAAGAAGAACCATGTGGAAAACCTTCAAAAGCTGAGGAGGTGG
TGTAGGGATTATAGAGTCGCTTTCAAGATAAATTCTGTCATTAATCGTTTCAACGTGGAAGAGGACATGACGG
AACAGATCAAAGCACTAAACCCTGTCCGCTGGAAAGTGTTCCAGTGCCTCTTAATTGAGGGTGAGAATTGTGG
AGAAGATGCTCTAAGAGAAGCAGAAAGATTTGTTATTGGTGATGAAGAATTTGAAAGATTCTTGGAGCGCCAC
AAAGAAGTGTCCTGCTTGGTGCCTGAATCTAACCAGAAGATGAAAGACTCCTACCTTATTCTGGATGAATATA
TGCGCTTTCTGAACTGTAGAAAGGGACGGAAGGACCCTTCCAGTCCATCCTGGATGTTGGTGTAGAAGAAGCT
ATAAAATTCAGTGGATTTGATGAAAAGATGTTTCTGAAGCGAGGAGGA

Reverse (V5 sequencing primer)

ATCCAGCTTCAGATCAGCCTTACTCCATGCGTATTTTCCTCCTCGCTTCAGAAACATCTTTTCATCAAATCCA
CTGAATTTTATAGCTTCTTCTACACCAACATCCAGGATGGACTTGGAAGGGTCCTTCCGTCCCTTTCTACAGT
TCAGAAAGCGCATATATTCATCCAGAATAAGGTAGGAGTCTTTCATCTTCTGGTTAGATTCAGGCACCAAGCA
GGACACTTCTTTGTGGCGCTCCAAGAATCTTTCAAATTCTTCATCACCAATAACAAATCTTTCTGCTTCTCTT
AGAGCATCTTCTCCACAATTCTCACCCTCAATTAAGAGGCACTGGAACACTTTCCAGCGGACAGGGTTTAGTG
CTTTGATCTGTTCCGTCATGTCCTCTTCCACGTTGAAACGATTAATGACAGAATTTATCTTGAAAGCGACTCT
ATAATCCCTACACCACCTCCTCAGCTTTTGAAGGTTTTCCACATGGTTCTTCTTTCCTTGGCCACGGCCAATA
AGGACATTGACTTCCTCGTCAAAGCTGTCACAGGAGATAGCGAGAATGTCCAAATACTCACCATAATTCTGGA
ACCACCTCTCCCGGATCAGGCTTCCATTGCTCACGATGCTCACGCTGGGCAGCCGCAACTCTACTTTGCAGAA
CCTCACCAACTTGCCCAGGTATTCTCCCCGGTCTTGAAGAAATGGCTCTCCACCTGAAAAGTTGATCTTCTCC
ATACCAGCTTCCTTAAGCAAAAGCAATCCTCTCTTTGCTTCCTCAAGGGGCAGCACAAAGGATGTTTTGGCTG
TGTGGAAACAGAAGCCGCATTTGTAGTTGCACTGGCGAGTGAAGTGATAGTTGACGCTGGTTGGGGTGGTGGG
CAGAGGAGGGTCCTCTTCCTCCTCTTTGGTCTCATCTGGCCCTCTCAGGACCAGCTGCTGCTTTCTCCTCTTG
GTAGCTAGCAGCCAGAAGGTTGCCCTCAGCCAGCAGAACAGCGGGACCAGGCTCCTCCACAGAGAGCTCAGAG
GTTGCCTGAACACACTCAAGAGCTTCCCAGCAAAAGCAGCAGGTGTAAGCACCCACATCTTATCGTCGTCATC
CTTGTAGTCCATGGATCCTCTAGAGTCGGTGTCTTCTATGGAGGTCAAANCAGCGTGGATGGCGTCTCCAGGC
GATCTGACGGTTCANTAAACGA
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Publications

Please see attached the publications, the content of which appears in the chapters of this

thesis.

Interferon stimulated genes as enhances of innate immune signaling
Crosse KM, Monson EA, Beard M & Helbig KJ (2017).

DOl https://doi.org/10.1159/000484258

A

PIF

Interferon-stimulat
ed genes as enhanc

Viperin binds STING and enhances type-I interferon response following dsDNA detection

Crosse KM, Monson EA, Dumbrepatil AB, Smith M, Tseng Y, Van der Hoek KH, Revill PA,
Tscharke DC, Marsh ENG, Beard MR & Helbig KJ (2020).

DOI: https://doi.org/10.1111/imcb.12420

I

PIF

Viperin binds
STING and enhance:
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