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Abstract

The interferon-induced proteins with tetratricopeptide repeats (IFITs) are early-response antiviral
proteins conserved across vertebrates. Following stimulation of cells, they are amongst the most
highly induced genes, although the patterns of induction kinetics of individual IFIT proteins are
species-, cell type-, tissue-, virus-, and inducer-specific. Most mammals, including Homo sapiens
and Bos taurus, express four IFITs: IFIT1, IFIT2, IFIT3, and IFIT5. These proteins exert their antiviral
action through mechanisms well described in human systems, involving the potentiation of innate
immune signalling cascades (IFIT1, IFIT3, and IFITS), promotion of apoptosis (IFIT2), inhibition of cell
cycle progression (IFIT3), and detection of non-self single-stranded RNA (IFIT1 and IFIT5). Human
IFITs were shown to be the restrictors of several RNA viruses such as parainfluenza virus 3 and
influenza A virus. Most importantly, IFITs, particularly IFIT1, IFIT2, and IFIT3, globally exhibit antiviral
properties against respiratory syncytial virus (RSV), evidenced by decreased viral mMRNA production

upon ectopic expression and an opposing effect upon IFIT gene silencing.

Human and bovine RSV stand as the predominant causes of lower respiratory tract infections,
posing significant health risks to young calves, children under five, the elderly, and immunocompro-
mised individuals. RSV, an enveloped, single-stranded negative-sense RNA virus, is host-restricted
in vivo. In infected cells, RSV forms membrane-less perinuclear cytoplasmic inclusion bodies (IBs),
recognised as sites for viral RNA transcription and replication. These IBs also manipulate cellular
components, either repurposing them for viral benefit (e.g., components of the elF4F complex) or
inhibiting their function (e.g., MAVS and MDA5). Our study aimed to determine if the IFITs are induced
during RSV infection and thus provide support that their reported ectopic inhibition of RSV is relevant
in vivo. Additionally, we sought to unravel the nature of this inhibition, specifically by examining IFIT
interaction with RSV IBs. Lastly, we aimed to understand if this induction and subsequent inhibition

are consistent between species by assessing bovine IFIT interaction with bovine RSV, as this a poorly
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characterised research area.

Our observations revealed the induction of human IFITs by both human and bovine RSV infec-
tions. Furthermore, we established that the IFIT induction by human RSV is dependent on viral
replication and functional interferon signalling. Lastly, minimal induction of bovine IFITs was observed
following infection with either bovine or human RSV. Subsequently, our focus shifted to elucidating the
mechanism by which RSV fitness is reduced by IFIT proteins. We assayed the interaction phenotypes
of human and bovine IFITs during human and bovine RSV infection, revealing a phenotypically
diverse set of interactions for each IFIT. Importantly, these interactions were consistent between
species, ranging from intra-IB inclusion formation, colocalisation with the IB boundary, diffusion
throughout the cytoplasm and IB structure, to exclusion from these structures. Further analysis using
pseudo-inclusion bodies (pIBs), IB-like structures that spontaneously emerge after the expression
of RSV nucleoprotein and phosphoprotein, and overexpressed IFIT proteins during RSV infection
showed consistent interaction of IFIT1, IFIT2, and IFIT5 with both pIBs and IBs. This suggests that
the anti-RSV action of IFITs is mediated via interactions with these structures, potentially hindering

viral RNA transcription and replication.
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Chapter 1

Introduction

1.1 Interferon-Induced Proteins with Tetratricopeptide Repeats

The interferon-induced proteins with tetratricopeptide repeats (IFIT) gene family consist of
interferon-stimulated genes (ISGs) that are activated early in the antiviral response. In unstim-
ulated cells, with the exception of some myeloid cell subsets, they are barely detectable; however,
upon viral infection, their translated products become some of the most abundant proteins in the cell
[1]. IFITs are conserved in higher animals yet absent in the genomes of plants, insects, and yeast.
With regards to their genomic composition, they are composed of two exons, with the rst encoding
the 5% untranslated region (UTR), start codon (AUG) plus two additional nucleotides, and the second
exon containing the rest of the coding sequence and 3° UTR [2]. Most IFIT family gene members
contain multiple copies of speci ¢ sequences in their promoter regions called interferon-sensitive
response elements (ISRE), which are targets for downstream effectors of the interferon signalling
cascade, enabling the fast activation of IFIT gene transcription [3]. Both human and bovine IFIT gene
loci conform to the same genomic organisation, in terms of IFIT gene orientation and order, and

contain either two or three ISRE regions preceding each of the IFIT genes [4].

Most mammalian IFIT genes are categorised into four subgroups named IFIT1, IFIT2, IFIT3,
and IFIT5, all with clear orthologous relationships [5]. Primates, along with some other mammalian
species, have a duplication of IFIT1 called IFIT1B, which lacks the ISRE in its gene promoter regions,

and thus effectively only acts as a pseudogene. Several rodents, including mice and rats, have lost
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the IFIT1 and IFIT5 genes and have duplications of IFIT1B and IFIT3 [6], resulting in IFIT1B (typically
referred to as IFIT1), IFIT1B-like gene 1, IFIT1B-like 2 gene, IFIT3 and IFIT3B genes. In contrast,
avian species have lost most IFIT genes, with only one left resembling human IFIT5 [4]. With regard
to the information relevant to this project, human IFIT proteins phylogenetically cluster with other old
and new-world primates, while bovine IFIT proteins cluster with porcine IFITs [7]. These variations in
IFIT gene numbers are most probably the result of differing evolutionary pressures posed by different
viruses affecting their respective host species, although it is evident that maintaining IFIT genes
in the genome must be bene cial. Altogether, understanding the intricacies of IFIT induction and
their interactions during infections, such as with respiratory syncytial virus (RSV), not only expands
our knowledge of host-virus dynamics but also unveils potential avenues for antiviral therapeutic
development. The impact of unravelling IFIT mechanisms extends to devising strategies for enhancing

viral sensitivity to innate immune responses, holding promise for novel antiviral interventions.

1.1.1 Routes of IFIT Expression Activation

1.1.1.1 Interferon Signalling

IFIT induction can be achieved by activating several arms of the innate immune system (Figure
1.1). The strongest inducers are type | interferons, such as Interferon alpha and beta (IFN / ). Their
signalling cascade is mediated via activation of the IFN / receptor and subsequent downstream
Janus kinase (JAK), and Signal transducer and activator of transcription (STAT) signal transduction.
As a result, interferon-stimulated gene factor 3 (ISGF3), consisting of phosphorylated STAT1 and
STAT2 proteins, bound to interferon regulatory factor (IRF) 9, translocates to the nucleus, binds to the

ISRE in the IFIT promoters and induces their transcription [8—10].

1.1.1.2 Pattern Recognition Receptors

Another arm of IFIT activation is mediated through several pattern recognition receptors (PRRs),
which can recognise various pathogen-associated molecular patterns (PAMPS). IFITs have been
reported to be induced by bacterial PAMPs such as lipopolysaccharide (LPS) from Neisseria menin-
gitidis via activation of Toll-like receptor (TLR) 4 [7]. Interestingly, TLR4 has also been observed to be
activated by the glycoprotein of respiratory syncytial virus [11]. Other TLRs such as TLR3, TLR7, and
TLR9 are capable of sensing PAMPs in the form of foreign nucleic acids in the endosomes. TLRs

then interact with their adaptor proteins to in turn activate IRF3, IRF7, and nuclear factor kappa B

2
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Figure 1.1: Pathways Inducing ISG mRNA Production. Three routes of ISGs transcription induction are
depicted. Pathway A shows the virus releasing its genome upon its entry and subsequent foreign nucleic
acid detection by cytosolic sensors RIG-1 and MDAS5. These detect single-stranded and double-stranded RNA
respectively. Both activate MAVS, which in turn activates TBK1. STING protein facilitates this activation by
enhancing MAVS and TBK1 interaction. Pathway B shows PAMP detection by TLR receptors. TLR4 recognises
LPS in the extracellular space while TLR3, TLR7, and TLR9 detect foreign nucleic acids in endosomes. TBK1,
as well as TLR activation, leads to the translocation of activated IRF3, IRF7, and NF B into the nucleus where
they promote ISGs transcription activation. Pathway C depicts the type 1 interferon signalling pathway. IFN /
receptor activation leads to STAT1 and STAT2 activation. Further addition of IRF9 forms ISGF3 complex,
which translocates into the nucleus onto ISRE and promotes ISGs transcription activation. ISG, interferon-
stimulated genes; RIG-I, retinoic acid-inducible gene-I; MDA5, melanoma differentiation-associated gene 5;
MAVS, mitochondrial antiviral signalling protein; TBK1, TANK-binding kinase 1; STING, stimulator of interferon
genes; PAMP, pathogen-associated molecular pattern; TLR, toll-like receptor; IRF, interferon regulatory factor;
NF B, nuclear factor kappa B; IFN, interferon; STAT, signal transducer and activator of transcription; SSRNA,
single-stranded RNA; dsRNA, double-stranded RNA; ISGF, interferon-stimulated gene factor; ISRE, interferon-
stimulated response elements. The gure was adapted from Diamond and Farzan, (2013) [1] and Natalya
Odoardi's BioRender template. Created with BioRender.com.
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(NF B), all of which have the capability to induce IFIT family genes [1]. These pathways are often
prevalent in lymphocytes, monocytes, and mast cells; however, cytosolic nucleic acid sensors are

functional in a broader subset of cells [12].

1.1.1.3 Cytosolic RNA Sensors

Cytosolic RNA sensors are proteins within the cell that detect the presence of RNA molecules
in the cytoplasm. These sensors play a crucial role in the innate immune response by recognising
various forms of foreign or aberrant RNA, often indicating viral infections. When activated, these
sensors trigger signalling pathways that lead to the induction of antiviral defences. These include
melanoma differentiation-associated gene 5 (MDA5) and retinoic acid-inducible gene | (RIG-I) [13].
Both signal through mitochondrial antiviral signalling protein (MAVS), which in turn activates IRF3,
IRF7, and NF B as their downstream effectors [14]. In order to prevent activation by cellular RNA
molecules, a precise RNA-recognition mechanism has to be conducted by the sensors. While MDA5
senses long double-stranded RNA (dsRNA) [15], RIG-I is able to sense differences in the 5° RNA
modi cations [16]. During mRNA maturation in higher eukaryotes, 7-methyl guanosine (m7G) is
connected by a 5%5°triphosphate bridge, which is referred to as capping [17, 18]. Several viruses
carry uncapped, 5%triphosphorylated (5%PPP) or incompletely capped RNA (cap 0), whereas host

animals possess cap-1 and cap-2 mRNA moieties [19], which are all depicted in Figure 1.2.

1.1.2 Structural Features of IFIT Proteins

IFITs are composed of multiple copies of tetratricopeptide repeats (TPR). These are motifs
comprised of 3-16 tandem repeats of 34 amino acids, which adopt helix-turn-helix conformations
[21]. TPRs are conserved in all species from bacteria through plants to higher animals and are
commonly found in scaffolding proteins [13]. IFIT TPRs are comprised of degenerate sequences
meaning the conservation of the motif is limited. This allows different IFIT proteins to have a broader
pro le of protein interactors while still maintaining the overall conformation [22]. IFIT proteins are
often subjected to post-translational modi cations such as ubiquitination or ISGylation (addition of

small IFN-induced ubiquitin-like proteins), which may alter IFIT stability and function [23-26].
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Figure 1.2: Overview of 5 °RNA Modi cations. Mature mRNA is displayed. Higher eukaryotes modify their
mRNA by the initial addition of guanosine (green) via 5%5° triphosphate bridge to the 5° end. Subsequently,
the guanosine is methylated into 7-methylguanosine (magenta) and this modi cation is referred to as Cap 0
structure. Furthermore, the rst 2 bases of RNA can be methylated (blue) and make either Cap 1 or Cap 2
structural modi cations. The gure was adapted from Picard-Jean, 2013 [20].
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1.1.2.1 IFITs and Their Interaction with RNA

IFIT1 and IFIT5 both form a positively charged channel with an af nity for 5° ends of single-
stranded RNA (ssRNA) molecules in a sequence non-speci ¢ manner. IFIT5 can accommodate
5°PP RNA and effectively acts as a sensor for these molecules [27, 28]. On the other hand, IFIT1
can accommodate m7G, but certain residues inside its channel prevent ef cient binding of capl
and cap2 moieties [29, 30]. Through these interactions, they can effectively discriminate between
self and non-self RNA moieties. IFIT2 is also capable of RNA binding, albeit independent of the
5%capping state. The C terminii of an IFIT2 homo-dimer create a super-helical structure with a
positively-charged nucleotide-binding channel on its inner surface, which was observed to bind to
AU-rich RNA molecules [13, 31]. Mechanistic studies identi ed IFIT2 binding to mRNAs as important
to prevent ribosomal pausing and thus increasing the translational ef ciency of IFIT2-bound mRNAs,

a process which has been observed to be hijacked by in uenza A virus [32].

1.1.2.2 Formation of IFIT Protein Complexes

As shown in Figure 1.3, all IFIT proteins, with the exception of IFIT5, can form homo- and
hetero- dimeric and trimeric complexes. IFIT1 homodimerises via its C-terminal domain [27]. The
same domain has been shown to interact with the C terminus of both IFIT2 and IFIT3, although
the IFITL:IFIT3 complex is more thermodynamically stable [33, 34]. Compared to IFIT1, IFIT5 has
its dimerisation motif shielded by its C terminal TPR and thus stays monomeric in solution [35].
In contrast, IFIT2 and IFIT3 are rarely seen as monomeric in solution and rather exist as their
respective homodimers or more stable IFIT2:3 heterodimers. This is predicted to be achieved by
swapping the third TPR domain in their N-terminal domains (Figure 1.3), which keeps them in a more
thermodynamically stable con guration [31]. IFIT3 interacts with IFIT1 via its C-terminal domain, and
this interaction increases the half-life of IFIT1 and its speci city for cap0 RNA. Thus, IFIT3 acts as an
enhancer of IFIT1 action [33, 36]. Recently, it has been shown that IFIT1, IFIT2, and IFIT3 form a

heterotrimer, although the precise function of this complex has yet to be elucidated [33].

In summary, TPR motifs allow IFITs to have a multitude of possible interaction partners, including
themselves. The formation of IFIT homo- and hetero-oligomers in uences their function and half-life,
allowing for variable possible outcomes to occur following IFIT protein production based on the level
of each of the proteins. Investigating the therapeutic implications of modulating the oligomeric states

of IFIT proteins unveils intriguing possibilities for antiviral strategies. Understanding the conditions

6
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Figure 1.3: IFIT Structures and Multimer Formation. IFIT tertiary and quaternary protein conformations
are illustrated. IFIT1 is shown in yellow, IFIT2 in green, IFIT3 in blue, and IFIT5 is highlighted in purple. IFIT1
is able to homodimerise or heterooligomerise with IFIT2 and IFIT3 via its C terminal domain. IFIT5 has the
corresponding interaction domain occluded by a helix and thus does not interact with the rest of the IFIT proteins.
IFIT2 and IFIT3 are capable of forming homodimers or heterodimers by 'swapping' TPRs in their N terminal
regions. By combining the interactions IFIT1:2:3 heterotrimer is formed. The gure was adapted from Mears,
2018 [30].

that favour the formation or disruption of speci ¢ oligomeric forms could provide crucial insights
into developing targeted interventions against viral infections, where the modulation of IFIT protein

interactions could be strategically employed to bolster the host's innate immune response.

1.1.3 Localisation and Functions of IFIT Proteins

1.1.3.1 Localisation of IFIT Proteins

IFIT protein localisation has been investigated in both human and mouse cell lines. Most publica-
tions indicate IFITs to be predominantly cytoplasmic. Endogenous murine | t1 and human IFIT1 have
been observed to localise diffusely in the cytoplasm while being excluded from the nucleus in NIH3T3
and P2.1 cell lines, respectively [28, 37]. The Human Protein Atlas, reporting on two distinct anti-IFIT1
antibodies, indicates IFIT1 to have granular cytoplasmic and nuclear localisation in A431 and U20S
cells; and cytoplasmic, nuclear-excluded localisation in HelLa cells [38]. Reported localisation of
IFIT2 in the literature yields inconsistent results. While endogenous murine | t2 was observed to be
cytoplasmic while also associated with the mitotic spindle in all phases of the cell cycle in NIH3T3

and B16F10 cell lines [39], exogenously expressed human IFIT2 was reported to be cytosolic and

7
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thus excluded from mitochondria in HeLa cell line [34]. The latter is in con ict with what the Human
Protein Atlas reports on an endogenous IFIT2 localisation in the HeLa and U20S cell lines, wherein
both report cytoplasmic vesicular localisation distribution [38]. IFIT3 has been indicated to localise
cytoplasmically, with the evidence arising from exogenous overexpression experiments in THP-1 and
human embryonic kidney (HEK) 293T cells, with the latter further con rming IFIT3 colocalisation with
mitochondria [40, 41]. The Human Protein Atlas con rms these ndings by reporting endogenous
IFIT3 to show granular cytoplasmic localisation with partial nuclear staining in A431 and HelLa cell
lines [38]. Lastly, there is a discrepancy with regard to IFIT5 subcellular localisation. While exoge-
nously expressed IFIT5 has been observed to localise at the ruf ed membrane at the cell surface
and to colocalise with actin-rich protrusions from the apical cell surface in both broblast-derived
WI-38 VA-13 and hepatocyte-derived Huh7 cell lines [42]. However, the Human Protein Atlas reports
endogenous IFIT5 to display a granular cytoplasmic localisation with partial nuclear localisation and

concentrations resembling the Golgi apparatus in A431 and SK-MEL-30 cell lines [38].

Further research is essential to investigate the interactions between IFIT proteins and other
cellular components within their designated subcellular compartments. Exploring whether IFIT
proteins engage with speci c organelles or cellular structures and understanding the functional
implications of these interactions is crucial for a comprehensive grasp of their roles. Additionally, a
comparative analysis of IFIT protein localisation across different species would facilitate discerning
potential species-speci ¢ differences. Investigating whether such differences correlate with species-
speci ¢ antiviral mechanisms is a key avenue for advancing our understanding of IFIT proteins and

uncovering potential variations in their antiviral activities across diverse biological contexts.

1.1.3.2 Inhibition of Translation and Viral Replication

IFITs restrict viral replication by several mechanisms. IFIT1 and IFIT5 can physically prevent
non-self RNA from interacting with eukaryotic initiation factor (elF) 4F [35]. IFIT1 and IFIT2 block the
binding of elF3 to the elF2-GTP-Met-tRNA ternary complex by interacting with the elF3E subunit,
whereas human IFIT2, along with mouse IFIT1 and IFIT2, can block the formation of the 43S-mRNA
complex by binding to the elF3C subunit [29, 43]. This is a cap-independent mechanism for viral
translation inhibition, however, extensive IFIT expression may negatively in uence the whole cellular
translation processes via this mechanism and hinder normal in ammatory responses. Overexpression

of IFIT1 in HEK293T cells inhibited the activation of IRF3 and NF B, as well as the transcription of
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IFN in response to polyinosinic-polycytidylic acid (poly I:C) [44]. The previously mentioned af nity
of IFIT2 for AU-rich RNA can also regulate cellular translation as many transcripts for cytokines or

apoptotic factors are rich in adenine and uracil [45].

1.1.3.3 Modulation of Innate Immune Response Signalling

IFIT proteins also have the potential to in uence innate immune responses through direct interac-
tion with signalling cascade proteins. IFIT3 can potentiate RIG-I signalling by acting as a scaffold
between MAVS and TANK-binding kinase 1 (TBK1), [41], whereas IFIT5 enhances this pathway
upstream by recruiting RIG-1 to MAVS [46]. RIG-I is a key sensor in the innate immune system that
recognises viral RNA during infections. Upon binding to viral RNA, RIG-I activates downstream sig-
nalling pathways, leading to the production of interferons and other antiviral molecules, orchestrating
an effective immune response against the invading viruses [47]. IFIT5 has also been reported to help
facilitate NF B activation via scaffolding its activation kinases [46]. On the other hand, studies show
that IFIT1 can both negatively and positively in uence RIG-I signalling upstream of MAVS. IFIT1
interacts with the stimulator of interferon genes (STING), an enhancer of MAVS and TBK1 interaction
and it was proposed that these con icting actions are caused by its multiple binding sites on STING
[44, 48]. STING plays a crucial role in the innate immune response to viral infections by sensing
cytosolic DNA and initiating downstream signalling pathways. Upon activation, STING triggers the
production of type | interferons and pro-in ammatory cytokines, contributing to the antiviral defence

mechanisms of the host [49].

1.1.3.4 Effects on Cell Cycle Progression and Apoptosis

IFIT2 and IFIT3 also have roles in cellular homeostasis. Overexpression of IFIT2 induces the
mitochondrial-dependent apoptotic pathway. IFIT2 has been shown to localise on mitochondrial
membranes and to directly interact with pro-apoptotic factors which lead to apoptosome formation and
subsequent caspase-9 activation [1, 50]. Expression of IFIT3 has been observed to alleviate these
effects, most probably by the formation of IFIT2:3 dimers [30, 34]. IFIT3 has also been observed to
have negative effects on proliferation via indirect degradation of cyclin-dependent kinase inhibitor
p27. As a result, cell cycle progression halts at the G1/S transition checkpoint [51]. An overview of
the IFIT mechanisms of action is depicted in Figure 1.4. In brief, IFIT proteins play crucial roles in

diverse cellular processes, impacting key pathways with far-reaching consequences. In apoptosome
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formation, IFIT2:2 involvement carries signi cant implications for cell survival. The IFIT2:3 complex
acts as a regulator, attenuating the pro-apoptotic activity of IFIT2:2 [34]. This modulation of apoptotic
pathways suggests that IFIT proteins not only contribute to antiviral responses but also exert in uence
over fundamental cellular decisions related to life and death. Furthermore, the role of IFIT3:3 in cell
cycle arrest adds another layer of complexity, potentially in uencing cell proliferation and maintaining

cellular homeostasis.

Therefore, IFITs not only act as complementary RNA sensors to RIG-I but also play crucial roles
as mediators of a plethora of other processes. These range from the regulation of transcription, to
the activation and inhibition of innate immune signalling, as well as the regulation of the cell life cycle
[51]. It is again possible that preference for these actions is in uenced by the levels of particular
IFIT proteins and their interplay [30]. Taking into consideration the above-described modes of IFIT
expression activation, we can speculate that different stimuli such as viruses or signalling molecules
at different concentrations will result in quite diverging actions of IFIT proteins on the phenotype of

the cell.

1.1.4 IFIT Responses to Infections of Single-Stranded RNA Viruses

Human IFIT effects on single-stranded RNA viruses have been studied extensively within the past
decade. Rabbani et al. reported that IFIT1 and IFIT3 restrict human parain uenza virus 3 (PIV3,
negative-sense ssRNA virus), while ectopic expression of IFIT2 and IFIT5 did not affect viral tness
[52]. In vitro IFIT1 knockdown experiments using short hairpin RNA showed marked enhancement of
protein expression of human PIV2, PIV5, and mumps virus, all negative-sense ssRNA viruses [53,
54]. Hantaviruses, a family of negative-sense ssRNA viruses including Prospect Hill virus (PHV),
and Tula virus (TULV), strongly induce IFIT3 expression during the course of infection [55]. Chai et
al. demonstrated that Rabies virus (negative-sense ssRNA virus) infection leads to a high increase
of murine 1t1, 1t2 and | t3 gene and protein levels in mouse brains and cultured murine cells [56].
Furthermore, they observed that | t3-de cient mice exhibited higher susceptibility to RABYV infection
and higher mortality during RABYV infection. IFIT1, IFIT2, and IFIT3 have also been observed to
be upregulated following Senecavirus A (SAV, negative-sense ssRNA virus) infection in porcine
monomelyoid cells [57]. It was further elicitaded that IFIT3 was the IFIT protein responsible for the
anti-SAV action, through disrupted SVA life cycle at the early stage of virus binding and internalisation,

and at the late stage of virus assembly and release [57].
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