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Abstract

The innate immune system functions as the first line of defence against pathogen
infection. Innate immune systems are functionally present across the animal kingdom
and mediate host defence against infection via a myriad of complex pathways. One such
pathway involvesrapid induction of gene expression of innate immune signalling
molecules such as cytokines and chemokines, to mount and co-ordinate appropriate
responses. In particular, detection of pathogens, for example by Toll-like receptor 4
(TLR4) sensing LPS, leads to gene induction of type | interferons (IFN-I), and IFN-Is
subsequently stimulated a transcriptional programme of IFN-stimulated genes (ISGs).
Intense investigation has been performed into the underlying mechanisms of
transcriptional regulation of innate immune gene expression. Contrastingly, the
mechanisms by which such gene expression is controlled at the level of translation is less

well studied and understood.

The Elongator complex is an evolutionarily conserved multiprotein complex that is
crucial in modifying Uridines at the wobble position of tRNA molecules, to ensure
efficient and proper decoding of mRNA codons during translation. Elongator is known to
regulate the translation of proteins involved in processes ranging from cell cycle and
DNA damage response, to nutrient starvation and CNS development. However, the
contribution of the Elongator complex to innate immunity is poorly understood.
Therefore, the aim of this project was to assess the role of the Elongator complex in

innate immune responses in macrophages.

To do this, we used macrophages lacking ELP3, the catalytic subunit of the Elongator
complex. Quantitative proteomics analysis of Elp37- macrophages following LPS
treatment, showed a strong impairment in the expression of proteins involved in IFN-I-
mediated signalling. We demonstrated that LPS-mediated gene induction of IFN-I and
ISGs was impaired in Elp37" cells. Furthermore, ELP3 was necessary for I1SG induction
mediated directly by IFN-I stimulation. TYK2 is essential for IFN-I signalling and ELP3 was
likely required for TYK2 activation, as gene induction downstream of other cytokine
cascades which utilise TYK2, were also impaired in the absence of ELP3. As regards the

requirement of ELP3 for LPS-stimulated IFN-I induction, we found that ELP3 was



necessary for TLR4-mediated IRF3 activation. Thus we demonstrated a two-fold

requirement for ELP3 in TLR4-mediated IFN-I induction and signalling.

Interestingly, although many pathogen sensing pathways utilise IRF3, ELP3 was only
necessary for gene induction downstream of TLRs and the RNA sensor RIG-I, and not
DNA sensing via STING-mediated signalling pathways. Supporting this, innate immune
gene induction in response to RNA virus infection was abrogated in Elp37" cells.
Interestingly however, ELP3 was also required for Influenza A virus replication,
suggesting a bi-directional role for ELP3 in IFN-I induction and RNA virus replication. We
also established that the PYHIN family of proteins were enriched in Elongator-dependent
codons, and that ELP3 was required for p205 protein expression, but not mRNA

induction following IFNy treatment.

In summary, this work clarifies and reveals a pivotal role for Elongator in IFN-I gene
induction and signalling in macrophages, as well as demonstrating a dual role for

Elongator in innate responses to viruses and viral replication.
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Out in the copse after rain
(too late after dark to be here).
Warm soil, woodlice dripping

From the underside of leaves.

| root down to the tender stalks
And twist them free — soaked petals
Dip and touch my arm, kernels

Of bud, itch of foliage, of wildness

On my skin. The plants are carrying
The smell, earth-rich, too heavy
To lift above head-height, and my boots

And jeans are bleached with it.

I turn home, and all across the floor
The spiked white flowers

Light the way. The world is dark
But the wood is full of stars

- Sean Hewitt

vi

The East wind blows gently,
The rising rays float

On the thick perfumed mist.
The moon appears, right there,
At the corner of the balcony.

I only fear in the depth of night
The flowers will fall asleep.

I hold up a gilded candle

To shine on their scarlet beauty

- SuDongpo
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Chapter 1 Introduction

1.1 Innate immunity

Throughout the entirety of life, from birth until death, the human body is under
constant microbial assault and stimulation. Humans possess a large surface area of
mucosal surfaces, which are in constant state of sensing, interacting with and potentially
being infected by pathogenic microbes in the environment. Infection and invasion by
these pathogenic microbes is an ever-present and ubiquitous threat and hazard to the
health and homeostasis of humans. By necessity, humans have innovated elaborate and
sophisticated mechanisms to detect and respond effectively to the vast array of
microbial agents they encounter. This enables us to maintain and preserve organismal
integrity and homeostasis in a world of constant microbial stimulation and flux.
Coordination of these mechanisms of antimicrobial defence are performed by our
complex and multifaceted immune system. Two distinct arms constitute the mammalian
immune system; innate and adaptive immunity. Innate immunity functions as the crucial
first point of contact and front line defence against pathogenic infection in what was
considered a non-specific manner. Its evolutionary conservation across the animal
kingdom is abundantly clear (1). Adaptive immunity contrastingly, is considered the
specialized modality of the immune system, deriving from its characteristics of antigen-

specific responses, clonal expansion and the generation of immune memory to microbes

(2).

Innate immunity is comprised of several mechanisms of defence. Firstly, physical and
chemical barriers such as the skin, blood brain barrier, antimicrobial peptides, pH and
complement, defend against infection. The second arm of innate immunity is cellular
based, mediated by immune cells like macrophages, monocytes, dendritic cells, NK cells

and granulocytes (neutrophils, basophils and eosinophils) (3).

For a long time, innate immunity was considered to lack specificity and sophistication
and to primarily function as a basal mechanism by which to engage the more complex
and specific adaptive immune system to fight infection. This narrow and uncomplicated
paradigm into which innate immunity found itself contextualised began to shift and

evolve based off an hypotheses proposed by Janeway (4). In the late 80s, Janeway



proposed the existence of innate immune receptors capable of recognising and binding
conserved molecular patterns present in different classes of microorganisms. It has since
been established, that innate immune cells possess the ability to recognise conserved
motifs specific to microbes known as pathogen associated molecular patterns (PAMPs),
against which they engage an immune response either dependent or independent of
adaptive immunity (5). Thus, innate immune cells possess the capacity to recognize
common and conserved molecular patterns present in microbes, without mounting
responses to specific antigens in a clonal manner. Innate immune cells sense and
respond to PAMPs via a number of germline-encoded pattern recognition receptors
(PRRs) (6). PRRs are highly conserved, and function spatially and temporally across many
aspects of innate immunity. A vital and fundamental function of PRRs is the ability to
discern and distinguish PAMPs from ‘self’, which engages an immune response against a
microbial agent rather than against the host itself (5). However, PRRs can also sense
molecular signals from the host, related to damaging or deleterious actions such as
tissue damage or cell death, which are called damage-associated molecular patterns

(DAMPs) (7).

Innate immune cells utilise PRRs spatially to sense infection or damage. Cell surface PRRs
can recognise PAMPs on extracellular pathogens, or intracellular PRRs become activated
following phagocytosis and degradation of a pathogen. PRR activation initiates a
network of complex and intricate signalling cascades, which engage an array of
transcription factors to mediate expression of a diverse range of innate immune genes.
PRR-mediated signalling in response to infection leads to a rapid and strong
enhancement in expression of genes encoding pro-inflammatory cytokines, chemokines
& interferons (7). The rapid inflammatory response representative of innate immunity is
executed by pro-inflammatory cytokines. Recruitment of distal immune cells to the
given site of infection is enabled by chemokine release by innate immune cells present.
Type | interferons (IFN-I) secreted by immune cells signal in an autocrine and paracrine
manner, to induce an antiviral immune state in neighbouring immune cells via the
upregulation of hundreds of interferon stimulated genes (ISGs). These ISGs can either
directly restrict viruses, or further amplify and enhance IFN-I signalling in a feedback

loop.



Recent research into the functioning of innate immune cells has revealed that what was
considered a rough and inelegant arm of immunity, actually possesses specificity,
competence and complexity. Although innate immunity has been shown to not solely
function to activate adaptive immunity, the discovery of PRRs and the greater
complexity they engender, strongly illustrates how tight and complex the link between

innate and adaptive immunity is.
1.2 Pattern recognition receptors

Innate immune cells possess several groups of PRRs which are delineated based on their

spatial localization, structure and the molecular motif they recognise.
1.2.1 Toll-like receptors

Toll-like receptors (TLRs) are key PRRs utilised by innate immune cells for PAMP
recognition and antimicrobial defence. TLRs are type | transmembrane glycoproteins
made up of an extracellular domain for ligand binding, a transmembrane domain, and an
intracellular domain for adaptor protein recruitment and signal transduction (3). Ten
functional TLRs have been identified in humans (TLR1-10), and 12 in mice, with a reverse
transcriptase insertion meaning murine TLR10 is non-functional (8, 9). TLRs are
expressed either extracellularly at the plasma membrane (TLR1, 2, 4, 5, 6), or
intracellularly at endosomal membranes (TLR3, 7-9). TLR1/TLR2, and TLR2/TLR6
heterodimers sense lipopeptides from gram-positive bacteria, whilst TLR4 senses
lipopolysaccharide (LPS) from gram negative bacteria and TLR5 senses flagellin (10).
Intracellular TLRs sense microbial nucleic acid, with TLR3 sensing double stranded RNA
(dsRNA), TLR7/8 sense single-stranded RNA (ssRNA) whilst TLR9 senses hypomethylated
CpG DNA (11).

The intracellular domain of TLRs contains a Toll/interleukin-1 receptor domain (TIR),
which they utilize for interaction with TIR domains of signalling adaptor proteins. This
family of TIR containing signalling adaptors are myeloid differentiation primary-response
gene 88 (MyD88), MyD88-adaptor-like (MAL, also known as TIRAP), TIR-domain-
containing adaptor 3 protein inducing IFNB (TRIF), TRIF-related adaptor molecule

(TRAM), and sterile a- and armadillo motif-containing protein (SARM1).



All TLRs apart from TLR3 utilise MyD88 for downstream signal transduction. MyD88
recruits MAL, and induces activation of transcription factors such as activator protein 1
(AP-1), nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-kB), and
interferon regulatory factor 3 (IRF3) and interferon regulatory factor 7 (IRF7). TLR3
signals exclusively through TRIF and TRAM to activate NF-kB and IRF3 (12). Uniquely,
TLR4 possess the ability to signal through both MyD88/MAL and TRIF/TRAM, to activate
and NF-kB and IRF3 respectively and induce innate immune gene expression (13). NF-kB
and AP-1 mediate gene induction of pro-inflammatory cytokines downstream of TLR
signalling. Chemokine induction is mediated by NF-kB and IRF3 . IRF3 and/or IRF7 control
gene expression of IFN-Is in response to TLR activation (14). A schematic overview of TLR

signalling is shown in Fig 1.1.
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Fig 1.1 TLR signalling overview

TLRs function either at the cell surface or intracellularly at endosomal membranes. TLRs
signal through the adaptors MyD88 and TRIF, with TLR4 uniquely able to utilise both,
whilst TLR3 is the only TLR to solely signal through TRIF. MyD88 signalling downstream
of cell surface TLRs activates the transcription factors AP-1 and NF-kB, leading to
transcription of proinflammatory cytokines such as /-6 and Tnf. TRIF signalling enables
activation of IRF3, which mediates transcription of IFN-I. MyD88 signalling downstream

of TLR7/8 and TLR9 leads to IRF7 activation and IFN-I gene induction.
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1.2.2 RIG-I-like receptors in RNA sensing

A key PAMP which PRRs sense and subsequently induce a strong innate immune
response to, is microbial nucleic acid present in the cytosol during an infection. The RIG-
I-like receptors (RLRs) are key mediators of intracellular RNA sensing and antiviral innate
immunity. The RLR family is comprised of three members: RIG-I, melanoma
differentiation-associated protein 5 (MDAS5) and laboratory of genetics and physiology 2
(LGP2). RIG-l1 and MDAS5 mediate viral RNA sensing, whilst LGP2 can enhance MDA5S
signalling but inhibit RIG-I signalling (15,16). All three members possess a carboxy-
terminal domain (CTD) and a central helicase domain. RIG-1 and MDAS each have two
additional caspase activation and recruitment domains (CARD), to initiate downstream
signalling (17). RIG-I recognizes specific motifs and structures related to viral RNA, to
ensure its activation does not occur in the presence of the vast quantities of self-RNA
that are present in the cytosol at a given time. RIG-I senses RNA with a 5’ triphosphate
group (5’'ppp), which is a molecular feature of RNA derived from viruses (18,19). Viral
RNAs with uncapped 5’ diphosphate groups are also immunostiulatory for RIG-1 (20).
Cellular mRNA possess a methylated cap at the 2’0 position of phosphates. Viral RNA
has no such cap, and so RNA where the terminal phosphate is unmethylated at the 2’0
position activates RIG-I (21). MDAS does not discriminate RNA based on the presence or
lack of a 5’ppp moiety, but rather, its activation is determined by the length of dsRNA it
binds (22). Upon binding of viral dsRNA, RIG-I and MDAS5 undergo conformation changes
in an ATPase dependent manner. RIG-1 subsequently oligomerizes via its CARD domain.
Following this RIG-I interacts with mitochondrial antiviral signalling protein (MAVS) at
the mitochondria via its CARD domain. MAVS subsequently activates TANK-binding
kinase 1 (TBK1), which activates IRF3 and IRF7, which mediate IFN-I gene induction (23).
RIG-I and MDAS also mediate NF-kB activation via NEMO, IKKa and IKK( (24). An

overview of RLR signalling is illustrated schematically in Fig 1.2.
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Fig 1.2 Overview of RLR signalling

RIG-I and MDADS sense cytosolic dsRNA derived from viruses. Following activation of
MAVS, activation of the IKK complex occurs, leading to NF-kB activation and
proinflammatory cytokine induction. Alternatively, IRF3 activation occurs downstream of
TBK1, enabling gene induction of IFN-I in response to viral RNA sensing. NEMO; NF-kB

essential modulator, IKKa/B; IkappaB kinase a/B.



1.2.3 cGAS-STING pathway in DNA sensing

The introduction of DNA into cells has long been known to be strongly
immunostimulatory (25). Since the discovery of PRRs and their role of innate immunity,
many sensors of cytosolic DNA have been identified and studied. The presence of such
sensors enables recognition of many different modalities of either host or microbial
DNA, leading to activation of a multitude of complex and sophisticated innate immune

signalling pathways.

Understanding of the molecular mechanisms of, and responses induced by innate DNA
sensing has progressed significantly since the discovery of cyclic GMP-AMP synthase
(cGAS) a decade ago (26). Signalling via cGAS and its downstream signalling effector,
stimulator of interferon genes (STING), underpin DNA sensing and innate immune
responses in a variety of contexts, aswell as being implicated in disease states such as
autoimmunity and cancer (27). cGAS binds dsDNA, with longer dsDNA enhancing the
enzymatic activity of cGAS by promoting its liquid-liquid phase separation, aswell as by
inducing its oligomerization (Refs). Other DNA sensors engage adaptor proteins upon
sensing of DNA, whereas cGAS catalyzes the production of a di-nucleotide second
messenger for signal transduction. cGAS catalyzes the formation of the second
messenger cyclic GMP-AMP (cGAMP) from GTP and ATP (26). cGAMP subsequently
binds and induces conformational changes in STING, which resides at the endoplasmic
reticulum (ER), leading to STING activation (28). Following activation, STING traffics to
the Golgi via the ER-Golgi intermediate compartment, where it recruits and activates
TBK1. TBK1 phosphorylates STING, which provides a docking site for IRF3, where it is
subsequently activated by TBK1. IRF3 translocates to the nucleus following dimerization
and mediates transcription of IFN-I (29). IFN-Is initiate and induce an antiviral state for
host protection. cGAS-STING signalling also activates NF-kB and induction of

proinflammatory cytokines (30,31).

The cGAS-STING pathway induces IFN-I in response to a number of DNA motifs. cGAS
senses microbial DNA derived from viruses and bacteria upon infection (32). Microbial
infection also activates STING via an alternative mechanism, whereby mitochondrial
perturbation following infection leads to the release of mitochondrial DNA (mtDNA),

which potently activates cGAS (33). Host-derived genomic DNA is also a strong activator
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of cGAS-STING signalling. Genomic DNA from dead cells, debris from aberrant DNA
damage, or genetic material of chromosomes in micronuclei exposed to the cytosol all
activate cGAS (34,35). DNA is compartmentalised spatially within the cell, to the
mitochondria and nucleus. Leakage of DNA into the cytosol has the ability to activate
cytosolic DNA sensors and cause autoimmunity and pathology. Misregulation of the
CGAS-STING pathway is detrimental to the host. Mutations in the DNase, three prime
repair exonclease 1(Trex1), leading to the accumulation of nucleic acid, are associated
with cGAS-STING-dependent IFN-I production in Aicardi-Goutieres syndrome (36). Gain
of function mutations in STING lead to the development of the interfeonopathy termed,
STING-associated vasculopathy with onset in infancy (SAVI) (37). cGAS has also been
implicated in macular degeneration, whereby it senses mtDNA, leading to IFN-I
production and noncanonical inflammasome activation (38). A range of other diseases
and conditions are related to cGAS-STING dysregulation, highlighting its fundamental

role in DNA sensing.
1.2.4 PYHIN family proteins in DNA sensing

In addition to cGAS, a plethora of proteins have been implicated in DNA sensing. One
such group of proteins that play a key role in DNA sensing are members of the AIM2-like
receptor family (ALRs). The ALRs are made up of members from the pyrin and HIN200-
domain containing protein family (PYHINs), namely absent in melanoma 2 (AIM2),
interferon-y inducible protein 16 and murine p204. The PYHIN family is composed of 5
genes in humans and 13 in mice . PYHIN proteins contain a PYRIN domain for
protein:protein interactions and a C-terminal HIN domain for DNA binding. POP3 in

humans is the only PYHIN that lacks a HIN domain (39).

AIM2 and IFI16 have been established as innate immune DNA sensors. AIM2 functions in
the cytosol, and senses DNA via its HIN domain. Following DNA ligation, AIM2 interacts
with apoptosis-associated speck-like protein containing a CARD (ASC), to form a
multiprotein inflammasome complex. This leads to caspase-1 activation, leading to IL-13
processing and secretion, and pyroptosis (40,41). AIM2 is important in the context of
infection by bacteria such as Francisella tularensis and Listeria monocytogenes amongst
others (42,43). In a viral context, AIM2 is protective against viruses such as vaccinia,
mouse cytomegalovirus and human papillomaviruses (44). AIM2 has been implicated in
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multiple disease states. Reduced AIM2 expression correlates with poor prognosis in
colorectal cancer (45). DNA-mediated AIM2 activation can lead to IL-1pB release and
triggering of inflammation in psoriasis (46). Changes in AIM2 expression are implicated

in the interferonopathy, systemic lupus erythematosus (SLE) (47).

IFI16 is another PYHIN family member implicated in mediating sensing of cellular DNA in
a variety of innate immune settings. IFI16 was initially found to be a PRR for DNA when it
was shown to bind a 70 base pair (bp) motif derived from vaccinia virus, and to induce
IFN-B expression in a STING-dependent manner (48). IFI16 has been shown to sense
DNA from HIV-1 and multiple other DNA viruses (49,50). Activation of IFI16 by DNA is
dependent on the length of the dsDNA bound, with dsDNA of ~150 bp being optimal for
activation (51). IFI16 is has the ability to shuttle between the nucleus and cytosol, and
sense dsDNA in both subcellular locations. In the nucleus IFI16 has been shown to
associate with ASC and caspase-1, in response to herpesvirus DNA, to form a multimeric
inflammasome structure and shuttle to the cytosol (52). The murine ortholog of IFI16,
p204, has also been shown to be required for HSV-1 mediated IFN{ induction in mouse
macrophages (48). Intriguingly, IFI16 also possess a role in RNA virus infection, where it
can bind viral RNA, and both enhance transcription and activation of RIG-I in response to
influenza virus infection (53). Thus, IFI16 mediates innate immune responses to both
DNA and RNA viruses. IFI16 has been implicated in anti-tumour immunity, where by it
prevents DNA damage repair, leading to cytosolic accumulation of DNA, STING activation
and IFNB-mediated anti-tumour functioning (54). IFI16 is also targeted in autoimmune
interferonopathy conditions, with SLE, Rheumatoid arthritis (RA) and Sjogren’s
syndrome patients possessing autoantibodies against IFI16 (55-57). A schematic

overview of cGAS and ALR-mediated DNA sensing is shown in Fig 1.3.
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Fig 1.3 cGAS-STING/ALR-mediated DNA sensing

dsDNA in the cytosol leads to activation of cGAS and IFI16. IFI16 interacts with STING,
whilst cGAS generates the cyclic dinucleotide second messenger cGAMP to activate
STING. STING subsequently mediates activation of NF-kBa nd IRF3, leading to

proinflammatory cytokine and ifnb gene induction respectively.



1.3 IFN-I induction and responses

A cardinal output of activation of many of the aforementioned innate immune PRRs is
the induction of IFN-I expression. The Interferon family of cytokines are divided into
three separate groups. The IFN-I group are composed of IFNB and 13 different genetic
subtypes of IFNa (58). IFN-II has a sole member, IFNy predominantly derived from T and
NK cells (59). The IFN-IIl family is composed if IFNA1-4 which mediate antiviral defence at

epithelial surfaces (60).

IFN-I are crucial in orchestrating, coordinating and shaping innate immune responses.

IFN-1 execute and facilitate myriad functions across diverse facets of innate immunity
1.3.1 IFN-I signalling

IFN-I induction occurs in response to activation of multiple TLRs, RLRs, ALRs and cGAS-
STING. IFN signals in an autocrine or paracrine feedback loop to activate IRF7
transcription, which further enhances transcription of IFN-I genes (predominantly IFNa
subtypes) & ISGs (61). IFN-I signalling is transduced via a JAK-STAT pathway (Janus
activated kinase and signal transducer and activator of transcription). IFN-I is bound by
the interferon a receptor (IFNAR), a heterodimeric receptor composed of IFNAR1 and
IFNAR2. IFNAR signalling leads to activation of the receptor associated kinases, Janus
kinase 1 (JAK1) and tyrosine kinase 2 (Tyk2). JAK1 and Tyk2 subsequently enable the
recruitment and phosphorylation of STAT1 and STA2, which heterodimerize before
binding IRF9 to form the ISG factor 3 complex (ISGF3). ISGF3 translocates to the nucleus
where it binds IFN-stimulated response elements in the promoters of ISGs, initiating
their transcription (61). Basal tonic levels of IFN-I production in immune cells is
facilitated by commensal bacteria, to enable strong basal levels of STAT1 to ensure rapid
IFN-1 induction on infection or PRR activation (62,63) signals through STAT1 homodimers
to activate gene expression (64). As chronic or aberrant IFN-I production can be
pathological and deleterious to the host, IFN-I signalling contains a number of built-in
regulatory mechanisms. IFN-I can also activate STAT3 homodimers downstream of
IFNAR, which possess the ability to restrain STAT1 responses (65,66). IFN-I signalling also
induces transcription of SOCS1 and SOCS3, which block IFNAR-mediated JAK-STAT
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activation to regulate the strength and temporal nature of IFN-I signalling (67,68). A

schematic of IFN-I induction and signalling is shown in Fig 1.4
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1.4 Overview of IFN-I induction and signalling

TLR4 sensing of LPS and nucleic acid sensor ligation of DNA or RNA leads to gene
induction of IFN-I. IFN-I signal in an autocrine or paracrine manner to activate the
heterodimeric IFNAR complex. With the aid of the receptor associated kinases JAK1 and
TYK2, IFNAR activates STAT1 and STAT2 heterodimerization. STAT1-STAT2 bind IRF9 to
form the ISGF3 complex, which translocates to the nucleus and induces expression of
hundreds of I1SGs.
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1.3.2 Interferon stimulated genes

Foremost among its plethora of crucial functions, IFN-I enable and execute antiviral
innate immunity. Secreted IFN-I signals in an autocrine and manner to induce a
transcriptional programme in infected cells and uninfected neighbouring cells that
restrains viral infection and replication. The cardinal output of IFN-I signalling that
enforces antiviral innate immunity is the induction of hundreds of ISGs. Antiviral
immunity enabled and shaped by ISGs is complex and multifactorial. ISGs implement
innate responses that mediate viral sensing, inhibit viral replication as well as directly
enhancing and amplifying IFN-I signalling. Over 300 ISGs are induced by IFN-I signalling,
as such a number of key ISGs will be briefly discussed. A number of ISGs amplify IFN-
signalling in a positive feedback loop. IRF7 is strongly induced following IFN-I signalling.
IRF7 enables amplification of IFN-I induction by mediating IFNa transcription and thus
further induction of ISGs and propagation of antiviral immunity (69). STAT1 and IRF9,
key mediators of IFN-I signalling, are ISGs themselves, facilitating positive feedback
activation of IFN-I signalling (70). A number of ISGs function as PRRs for microbial
sensing, leading to further IFN-I induction, ISG expression and amplification of IFN-I
responses temporally and spatially within the host. RIG-I and MDAD5, as previously
described (section 1.2.2) are cytosolic PRRs that bind viral dsRNA. They themselves are
IFN-inducible ISGs that sense viral infection initiating downstream signalling that also
induce IFN-I and ISG expression. The PYHIN family of proteins are upregulated following
IFN-1 signalling. As well as the key role in nucleic acid sensing that AIM2, IFI16 and its
murine ortholog p204 play, other members of the PYHINs can mediate a plethora of
processes, such as proinflammatiory cytokine production and inflammasome activation

(28, 29).

PKR also functions as a cytosolic receptor for viral dsSRNA. PKR is expressed at a basal
level constitutively, before being induced by IFN-I (73). Upon ligation of viral RNA, PKR
dimerizes to an activated form, which leads to antiviral immunity via inhibition of elF2a
and subsequent translation inhibition (74). PKR-deficient mice are susceptible to
infection with many RNA viruses such as Influenza virus, HIV-1 hepatitis D virus amongst

others (74,75).
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ISGs enable antiviral immunity via multiple mechanisms such as blocking viral entry,
replication and egress. The myxoma resistance (Mx) family are GTPases that are potently
induced following IFN-I signalling. MxA oligomerizes to bind and block activity of viral
polymerase at an early stage post entry (74). MxA and MX1 also binds newly entered
viral nuclocapsids, leading to their subsequent degradation. The interferon-inducible
transmembrane family (IFITM) are ISGs that also play a key role in blocking viral entry.
There are four IFITM members, which localize to endosomal surfaces within the cell and
appear to possess selectivity with the viruses they restrict. IFITM1 restricts Ebola and
Marburg as well as SARS coronavirus (76). Contrastingly, IFITM3 restricts influenza and

HIV-1, which IFITM1 does not (77).

A number of ISGs function by inhibiting viral translation and replication. The
oligoadenylate synthase (OAS) family of proteins are highly induced upon IFN-I
signalling. They bind viral dsRNA, and catalyse the production of 2’-‘5” oligoadenylates
which mediate RNasel activation, an endoribonclease which degrades viral RNA (78).
This OAS-RNAsel axis prevents viral replication. As previously mentioned PKR activation
leads to translational inhibition, thus blocking translation of viral RNA as well as cellular
RNA. The interferon-induced protein with tetratricopeptide repeats (IFIT) family inhibit
viral translation and replication. IFITs inhibit viral translation via eukaryotic initiation
factor 3, or form a multiprotein complex to bind and sequester 5’ppp-containing viral

RNA (79-81).

Thus, ISGs coordinate antiviral immunity in a complex & multifactorial manner following

induction by IFN-I.
1.3.3 Role of IFN-I in bacterial infection

IFN-I and ISGs play an indispensable role in antiviral immunity. The function of IFN-I in
bacterial infection is less understood. They appear to function as a double-edged sword,

both giving protection and contributing to pathology in a context-dependent manner.

IFN-I are protective in Chlamydia trachomatis infection, inducing indoleamine 2,3-
diocygenase to reduce the availability of tryptophan for bacterial survival (82). In the
context of Legionella pneumophilia infection, IFN-I protect macrophages from infection

by polarising them towards an M1-phenotype (83). IFN-I are critical for immunity to
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group B streptococcus like Streptococcus pneumonia, where they enhance macrophage

activation and cytokine induction in response to infection (84).

Contrastingly, IFN-Is are detrimental in the context of infection by Listeria
monocytogenes and Mycobacterium tuberculosis. In the context of TB infection, IFN-I
induce IL-10 and IlI-1ra expression, which block inflammasome activation and IL-1
signalling, which are critical for antibacterial immunity (85). Patients with active
infection by M. tuberculosis possess a IFN-I signature that correlates poorly with
treatment (86). IFN-Is also dampen macrophage responsiveness to IFNy in M.
tuberculosis (87). In L. monocytogenes infection, IFN-Is mediate apoptosis of immune
cells, which leads to strong expression of anti-inflammatory cytokines like IL-10 (88).

Similar to TB, IFN-I suppress macrophage responses to IFNy in Listeria infection (89).
1.3.4 IFN-I regulation of innate immunity

In addition to their functioning in infectious disease, IFN-I execute a plethora of crucial
roles to coordinate innate immune responses. IFN-I regulate innate immune-mediated
antigen presentation. DC’s function as cardinal APCs to facilitate antigen-specific
immune responses. IFN-I mediate and shape DC development, differentiation, whilst
upregulating proteins involved in antigen presentation, to facilitate innate-mediated
initiation of adaptive immune responses (18, 19). IFN-I induce expression of
costimulatory molecules CD80/CD86 in DCs, increase expression of antigen presentation
proteins such as TAP1/2, tapasin and MHC-1 (92). IFN-Is also induce 1l-12 expression by

DCs, which is critical for activation of Th1 responses (93).

IFN-1 induces natural killer (NK) cell mediated IFNy production and effector functions in
the context of viral infections. IFN-Is enhance cytolytic functions and IFNy secretion by
NK cells in influenza infection. IFN-Is also induce effector functions in NK cells in the

context of murine cytomegalovirus infection (94,95).
1.3.5 IFN-I in adaptive immunity

Coupled with their facility to link innate and adaptive responses via APC regulation, IFN-
also directly regulate adaptive immunity. IFN-I shaping of adaptive responses is

impacted at multiple levels. IFN-I can either directly inhibit or augment T-cell
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differentiation and proliferation depending on IFN-I levels and signal strength, STAT

expression or type of microbial infection (96—98).
1.3.6 IFN-1 in disease

IFN-I engage multifaceted and counterbalancing responses and signals. Due to their
fundamental importance in immunity, IFN-I are finely modulated and regulated. As such,
alterations to or breakdowns in modulation of IFN-I responses can be deleterious to a
host. Acute IFN-I generally facilitate host protection and antimicrobial immunity in the
realm of infection. Chronic IFN-I induction can often have pathogenic consequences. In
the context of autoimmunity, IFN-I are chronically and aberrantly induced, with
autoimmune conditions such as SLE, rheumatoid arthritis and Sjogren’s syndrome
possessing a strong IFN-I signature (61). IFN-1 can also be immunosuppressive during
chronic microbial infection. In lymphocytic choriomeningitis virus infection (LCMV),
chronic IFN-l induces IL-10 and PD-L1 expression, suppressing immune responses and

blocking viral clearance (99).

IFN-I are integral mediators of innate immunity in a variety of contexts. They orchestrate

and regulate a multitude of facets of innate immune responses.
1.4 Translational control of gene expression

A key mechanism by which IFN-I and ISGs counteract viral infection is via the regulation
of translation. Regulation of translation has begun to emerge as an influential method
for exerting an additional layer of control over expression of genes such as IFNs and
ISGs. A number of intrinsic mechanisms are utilised to coordinate mRNA translation for

proteostasis and general cellular homeostatic functioning.
1.4.1 Process of translation

Translation is the process that facilitates protein synthesis, via the decoding of mRNA
into amino acids, which subsequently form the polypeptide chains that fold into
functional proteins. The decoding of mRNA into protein via translation is a fundamental
process across all domains of the animal kingdom. As such, it is highly controlled and

regulated, and when dysfunctional, is highly detrimental to the host.
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Translation in eukaryotes is composed of four stages: initiation, elongation, termination
and ribosome recycling. Initiation involves translocation of a newly synthesized mRNA
transcript to the ribosome, where it is bound by the 40S ribosomal subunit. Transfer
RNA (tRNA) aminoacylated with a Methionine locates to the P-site of the ribosome. The
ribosome scans along the transcript until the anticodon of the tRNA binds its cognate
codon on the mRNA, the start codon AUG. The 40s subunit subsequently binds a 60s
ribosomal subunit to give an 80s initiation complex with methionyl-tRNA in the P-site,

that can proceed to the elongation phase of translation (100).

Aminoacylated-tRNA is delivered to the A-site by eukaryotic elongation factors. A
peptide bond is formed between the amino acid (AA) of this tRNA, and the amino acid of
the tRNA in the A-site. A and P-site tRNAs now translocate to the P and E-sites
respectively, where deacylated tRNA is released from the E-site and recycled. Thus, the
ribosome translocates along the mRNA transcript one codon at a time. Peptide bond
formation between AAs bound to tRNAs in the A and P-site facilitate polypeptide

formation and decoding of an mRNA transcript (101).
1.4.2 Importance of translational kinetics to proteostasis

Cells employ a variety of mechanisms to ensure the translational process gives rise to a
stable and functional proteome. Cell-intrinsic non-uniform rates of translation
elongation drive proteostasis. Ribosomes proceed at variable speeds along mRNA
transcripts, balancing elongation, co-translational folding and fidelity of translation.
Enabling disparate rates of elongation along an mRNA transcript balances differing
requirements for proper translational fidelity. Slower elongation rates enable proper
and efficient co-translational folding, whilst increased rates of ribosomal movement
along mRNA transcripts can enhance efficiency and fidelity of translation (102).
However, the kinetics of ribosomal movement and translational elongation necessitate
potential compromises, with slower elongation rates potentially causing mRNA decay
and protein degradation, and faster kinetics increasing the chances of mis-folding and

aggregation (103).
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These interlinked and counterbalancing measures ensure maintenance of proteostasis in
a cellular environment in constant flux from alterations in environmental and stress-

inducing conditions.

1.4.3 Codon bias, optimality and tRNA abundance as determinants of translational

kinetics

The genetic code is composed of 64 different combinations of nucleotides, which
compose 64 triplet codons that are transcribed to mRNA. 3 of these codons encode stop
signals for translation, with the other 61 encoding the 20 AAs which comprise eukaryotic
proteins. As there exists a discrepancy in the number of codons encoding a smaller
number of AAs, multiple different codons can thus encode the same AA. This
redundancy in the genetic code is known as codon degeneracy. Codons which encode
the same AA are known as synonymous (Fig 1.5A). The interaction between the
ribosome and each mRNA codon is discrete and distinctive, synonymous or not. Thus,
there exists a phenomenon known as codon optimality, whereby there is a non-uniform
rate of decoding of mRNA codons by the ribosome (104). Translational efficiency is
crucially dependent on codon optimality. As such, there are synonymous codons
represented disproportionately in mRNA transcripts, based on how optimally they are
translated. This non-random distribution of synonymous codons is known as codon bias

(105).

Codon bias and optimality are key determinants of translation elongation, efficiency, co-
translational folding and mRNA stability. The presence of optimal synonymous codons
affects translation elongation, with ribosomes spending less time decoding optimal
codons, leading to reduced ribosomal occupancy and increased rates of elongation
(106,107). An additional layer of influence pertaining to codon optimality and bias is the
presence of cognate tRNA. Optimality can be determined by how well a cognate tRNA
can be selected from the tRNA pool, and codons with bias for enriched and highly
expressed tRNAs being abundant in highly expressed genes (108—110). Thus, the kinetics
of elongation are regulated by codon optimality, where ribosomes stall when forced to
wait for selection of a rare cognate tRNA for a non-optimal codon. The selection of this
tRNA from a large pool of tRNA species is energetically and kinetically costly to
elongation (111). Codon bias is strongly correlated with the efficiency of translation.
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Highly expressed genes are biased towards an abundance of optimal codons to ensure
high levels of expression . Interestingly however, there exists a group of non-optimal
codons just downstream of the start codon, which slows down the start of the
elongation process. This is important for spacing ribosomes along an mRNA transcript

and preventing collisions along the transcript (112).

Co-translational folding and mRNA stability are affected by codon usage. Folding of
nascent polypeptide chains occurs co-translationally, and is determined by the rate of
MRNA decoding. Highly conserved protein domains are enriched in optimal codons, as
optimal codons are not as prone to misfolding and thus these key structural domains are
translated efficiently (113). Non-optimal codons are also associated with folding,
whereby their slower rate of decoding can provide sufficient time for polypeptide
folding before ribosomal dissociation and translational termination (114). mRNA stability
appears to correlate with optimal codon usage. Abundance of optimal codons appears
to stabilise mRNA transcripts and lead to enhanced levels of protein expression, by
increasing the half-life of the mRNA (104,115). This codon usage seems to be related to
protein function. For example in yeast, proteins whose expression are stimulus-
dependent are enriched in non-optimal codons. The non-optimal codons engender
mRNA instability, ensuring that mRNA decay occurs to quickly restrain protein

expression once the activating stimulus dissipates (115).
1.4.4 tRNA wobble

Another critical and ubiquitous method employed to enhance translational fidelity is
that of ‘wobble’ base pairing. There are 61 mRNA codons encoding AAs. However, there
are far fewer tRNA molecules for decoding of these codons, and therefore each mRNA
codon does not have a specific and unique cognate tRNA partner. As such, tRNAs
possess the ability to interact with and decode multiple different mRNA codons.
Standard interactions between an mRNA codon and the second and third nucleotide
position of its cognate tRNA anticodon occur via Watson-Crick base pairing, with
adenine-uridine (A-U), and guanine-cytosine interacting (G-C). ‘Wobble’ occurs at the
first base (5’) of the tRNA anticodon (position 34), and third base (3’) of the mRNA

codon. At this position, the anticodon base can interact with either its cognate pair, or
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form a non-Watson Crick base pair with other nucleotides, such as Uridine at position 34

(Uza, wobble position) binding both A and G (Fig 1.5B).

However, wobble base pairs at Uss are unfavourable compared to canonical Watson-
Crick interactions, due to poor base stacking and inefficient hydrogen bonding between
unpaired nucleotides (116). To overcome the steric hindrance generated by
unfavourable non-Watson-Crick wobble interactions, the Uss wobble position is
chemically modified. Wobble modifications are extensive and complex, involving
multiple different enzymatic cascades each adding their own chemical modification to
facilitate wobble. These modifications enable wobble by stabilising the anticodon stem
loop of the tRNA and enhancing base stacking, thereby reducing steric hindrance of the

non-Watson-Crick base pair (117,118).

One key pathway that modifies tRNAs at Uss to facilitate wobble interactions is mediated
by the evolutionarily conserved Elongator complex. Functioning of the Elongator
complex in innate immunity is the focus of this thesis, and thus Elongator will now be

introduced and described.
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Fig 1.5 Codon degeneracy and wobble decoding

Illustration of the degeneracy of the genetic code (A). There are 64 codon combinations,
with 3 encoding termination signals and 61 encoding amino acids. Amino acids can be
encoded by multiple different codons. Wobble decoding of the AAG codon of Lys by its
cognate tRNAY*UUU at position 34 of the tRNA anticodon (B).
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1.5 The Elongator complex

The Elongator complex is an ancient evolutionarily conserved hetero-dodecameric
protein complex. When first discovered in 1999, it was implicated in binding hyper
phosphorylated RNA polymerase Il to facilitate transcriptional elongation (119). Since its
initial discovery the Elongator complex has been shown to be highly evolutionarily
conserved across species, as well as being associated with a number of critical functions
ranging from histone acetylation (120) and exocytosis (121), to tRNA modification (122)

and central nervous system development (123), on top of many others.

Elongator is composed of two copies each of six different subunits (ELP1-6), which form
two separate subcomplexes of ELP123 and ELP456 (Fig 1.6). The structure of these
individual subunits, and overall complex structure will be discussed in the following

sections.
1.5.1 ELP1

ELP1 is the largest Elongator subunit, with a mass approximating ~150 kDa. Upon first
discovery, ELP1 was characterised as inhibitor of the I-kB kinase complex associated
protein (IKAP) (124), although this was soon disproven (125). Structurally, the N-
terminus of ELP1 is composed of two WD40 domains, whilst the C-terminus of ELP1
contains a tetratricopeptide repeat domain (126). As will be discussed, ELP1 acts as
complex scaffold, and its C-terminal dimerization is critical to assembly and functioning
of the Elongator complex as a whole (127). ELP1 binds to and interacts with several of
the complex subunits, and it has also been implicated in binding other cellular structures
such as cytoskeletal components (128) as well as cellular proteins like Hrr25 kinase (129)
and JNK-associated protein (130). It contains several phosphorylation sites critical to

functioning of Elongator (131).
1.5.2 ELP2

ELP2 was first described as an interaction partner of signal transducer and activator of
transcription 3 (STAT3), and was shown to modulate STAT localization (132). ELP2 is
composed of two seven-bladed WD40 motifs (133). WD40 domains are key to

maintaining stable protein-protein interactions within multi-protein complexes (134). In
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keeping with this ELP2 is critical to both the structural integrity of the full Elongator

complex, as well as to its functional role in regulating cellular processes (135-137).
1.5.3 ELP3

ELP3 is the enzymatic core of the complex. It harbours an acetyltrasferase domain (HAT)
in its C-terminus and an S-adenosylmethionine (SAM) binding domain in its N-terminus
(120). An iron-sulfur cluster (Fe4S4) also enables ELP3 to bind SAM with fidelity (138).
The HAT domain of ELP3 has been shown to be highly related structurally to the Gen5-
related N-acetyltransferase (GNAT) domain family (120). ELP3 is the most evolutionarily
conserved subunit of the complex, as bacteria and archaea possess homologs of ELP3
and not other Elongator subunits (139,140). ELP123 form a subcomplex within the
structure of Elongator. As will be further discussed, the HAT, SAM and iron-sulfur cluster
domains of ELP3 all work in concert to facilitate the tRNA modification carried out by

Elongator across species.
1.5.4 ELP456

The second subassembly of the complex is made up of ELP456. ELP456 forms a
heterohexameric ring, facilitated by RecA-like folds shared between the three subunits
(126). Similar to other subunits, mutations in ELP4 has been shown to cause neurological
disorders (141,142), whilst ELP5 and ELP6 have been associated with tumourigenesis
(143,144). In terms of homeostatic function though, the Elp456 subcomplex has been
shown to act like a Rec-like ATPase, regulating ATP hydrolysis which enables the

Elongator to dissociate from modified tRNA (145).
1.5.5 Structure of the Elongator complex

Elongator assembles into two subcomplexes, ELP123 and ELP456, which combine to give
a heterododecameric complex structure. Structurally, these subcomplexes assemble to
generate an asymmetric bi-lobal structure. ELP123 form two wings of the complex, with
dimerization of ELP1 bridging the two subcomplexes, functioning as an overall scaffold.
Both copies of ELP456, which assemble independently of ELP123, are subsequently
loaded onto ELP123 lobe, giving the complex a structural asymmetry (136,137). The N-
terminus of ELP1 binds ELP3 and ELP4, and its C-terminus binds ELP2. ELP4 and ELP5
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interact with each other, ELP3 and ELP6, whilst ELP6 only binds ELP4. The HAT and Sam
domains of ELP3 form the active site, with the 4Fe-4S cluster localised at the
dimerization interface of ELP3 (139). The central ring cavity of ELP456 sits over the active
site and contacts the HAT and SAM domains of ELP3 (136).

~150 kDa
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Fig 1.6 Schematic overview of both the structure of the individual Elongator subunits,
and the configuration of the Elongator complex as a whole.

The Elongator complex forms a bi-lobal structure, bridged by the C-terminal of dimerized
ELP1. ELP456 form a heterohexameric ring-like structure, which is loaded onto only a
single lobe in an asymmetric manner. Adapted from Glatt & Muller, 2013, curr. opinions
structural biology & Dauden et al, 2016, EMBO rep.
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1.5.6 Evolutionary conservation of Elongator

As previously mentioned, bacteria and archaea have been shown to possess homologues
of ELP3, the enzymatic core of the Elongator complex. Elongator has been shown to be
conserved amongst eukaryotes, with all six subunits being detected across eukaryotic
species. This evolutionary conservation is illustrated by rescue studies, whereby
replacing corresponding subunits between species rescues Elongator complex function.
Mouse neurons deficient in ELP1 can be rescued by human ELP1, and yeast deficient in
ELP4 and ELP5 can have their phenotypes recovered with their corresponding human
counterparts (146,147). An additional layer of evidence for the high levels of
conservation of Elongator is that, across model organisms, S. cerevisiae (148),
Drosophila melanogaster (149,150), Arabidopsis thaliana (151) and Caenorhabditis
elegans (152), similar phenotypes arise upon deletion of each of the 6 subunits of the
complex. This suggests that each subunit is both, conserved, as well as being necessary
for full complex function, across eukaryotes. ELP3 is also present in lower level

organisms of the animal kingdoms such as bacteria and archaea (138, 152).
1.5.7 Purported roles of Elongator

The purported functions of the Elongator complex have been a continual source of
contention within the field. Its initial discovery and subsequent analysis of the complex
strongly implicated Elongator as mainly functioning as a transcriptional regulator.
However, the majority of data in recent years substantiate claims that the complex does
not in fact function as a transcriptional regulator, but rather as a modifier of tRNA and

thus translational fidelity.

As previously mentioned, the Elongator complex was first discovered in complex with
hyperphosphorylated RNAPII and was suggested to enable transcriptional elongation. In
several instances it has been shown to acetylate histone H3 and H4 (154), bind nascent
mRNA (155) and to localize to the open reading frames of genes by chromatin
immunoprecipitation (156). Although this all suggests a transcriptional function, the
evidence is not conclusive. In contrast to the study showing Elongator localizing to genes
(156), Elongator was not shown to ChIP to genes in yeast (157). Also in contrast to its

initial discovery in yeast, other studies have not shown it to bind RNAPII (158). Although
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Elongator was shown to acetylate histones in vitro, it wasn’t found to acetylate
nucleosomal histones (159). Furthermore, many studies assessing the localization of
Elongator have found it to be predominantly cytosolic (160). Elongator has also been
implicated in mediating a-tubulin acetylation (161,162). This has also been implicated as
an indirect effect of Elongator, due to its tRNA modification of other cellular substrates

(163).

Possibly the strongest evidence precluding a nuclear or transcriptional role for
Elongator, occurs from studies showing that in mammals, observed phenotypes and
transcriptional defects, in the absence of the complex can be traced back to its function
in regulating translation (140). Further, the requirement for Elongator in transcriptional
processes is bypassed by enhancing tRNA abundance to overcome defects in tRNA

modification that occur in the absence of ELP3 (122).
1.5.8 Mechanism of Elongator-mediated tRNA modifications

As previously mentioned, uridine molecules present at the wobble base position (U34)
of tRNA anticodons are chemically modified to enhance translational efficiency of non-
optimal mRNA codons. This is especially important for AA-ending codons, whose poor
steric interactions with anticodons leads to inefficient translation. Lysine, glutamine and
glutamate are each encoded by two codons, one of which ends in AA, and these can all
be decoded by a uridine at position 34 which has been chemically modified. These
chemical modifications are critical to the ability to efficiently translate non-optimal
codons (159, 160). Elongator plays a critical role in modifying tRNAs at the wobble base
position to facilitate optimal mRNA decoding. Modifications facilitated by Elongator
occur early in the process of tRNA chemical modification, and are rate-limiting Us4 (166).
The carbon 5 position of the uridine molecules are modified with
methoxycarbonylmethyl (mcm?®) and 5-carbamoylmethyl (ncm®), and Elongator
enzymatic activity was shown to generate the carboxymethyl (cm), which is
subsequently modified by other enzymatic pathways, before being attached to U34
nucleotides (Fig 1.7). Thiol groups (s?) can also be used as part of this modification
(xcm?®s?), although the presence of a xcm? is a pre-requisite to thiolation (166) (Fig 1.7).
Strong evidence for Elongator-mediated tRNA modification arose from the finding that
yeast mutants lacking any of the complex subunits were resistant to killing by the

27



Kluyveromyces lactis toxin zymocin. Zymocin specifically targets tRNA modified at U34
positions, and Elongator subunit mutants were shown to be deficient in mcm® and ncm®

(148).

Advances have been made in recent years towards elucidating the exact mechanism by
which the Elongator complex modifies tRNA at the U34 position. The tRNA modifying
ability of Elongator is present in all animal kingdoms, with archaea and bacteria only
possessing homologues for ELP3. ELP3 is the catalytic subunit required for the enzymatic
reaction leading to tRNA modification, although all the other subunits are critical for
complex integrity and translational modification (123). The HAT and SAM domains of
ELP3 form the active site of the complex, which binds tRNA with specificity and not
histone peptides or nucleic acids, due to the spatial restriction imposed by the SAM
domain effectively blocking access to the HAT domain (138,144). The anticodon stem
loop is guided into the orientation for tRNA binding. tRNA ligation by ELP3 displaces an
acetyl CoA blocking loop to facilitate acetyl CoA binding. Acetyl CoA is subsequently
hydrolysed, and the acetyl group transferred to the SAM domain where the Fe-S cluster
generates a 5’ deoxyadenosine (5’dA) radical. This 5’ dA radical chemical modifies the C5

of uridine at the wobble base position to give a cm® modification (140).

Elongator-mediated cm> modifications facilitate other Uss-modifying enzymes to
chemically modify wobble bases. Cytosolic thiouridylase 1 and 2 (CTU1/CTU2), mediate
thiolation of the C2 position of Uss following Elongator-mediated cms modification (167).
Trm9 in yeast and ALKBH8 in mammals methylate tRNAs following Elongator
modifications, to generate ncm® or mem?® modifictaions, in addition to C2 thiolation, for

proper decoding of AA-ending codons (160,168) (Fig 1.7).

28



”\
R

Y CTU1/2 N
—

" Elongator N

A7 o LA

Fig 1.7 Elongator-dependent Uss modifications

Elongator mediates chemical modifications of Uridines at the C5 position with cm®. This
is subsequently methylated by TRM9 to give mcm?®. CTU1/CTU2 mediate thiolation of Uz
at C2, contingent on Elongator modifications being already present at C5, to generate
mcmPs?-modified Usa nucleotides. cm® can be further modified to give an ncm?
modification. R; ribose sugar
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1.5.9 Functional roles of Elongator

As previously mentioned, the initial implication of Elongator being involved in
transcription has given away to the understanding that it functions in the cytosol in tRNA
modification. Its purported functioning in yeast in the processes of transcription,
exocytosis, telomeric gene silencing and DNA damage can all be linked to tRNA
modification (121, 168). Elongator was shown to be essential for cell-cycle progression in
fission yeast. Elongator is required for translation and protein expression of the kinase
Cdr2, which is critical in coordinating mitosis and cytokinesis. Elongator mediates a
translational control over cell division (169, 170). Thus, all functional roles of Elongator

in yeast are likely mediated by tRNA modification.

In mammals and yeast, all evidence points to tRNA modification being the sole function
of the Elongator complex. However, in the plant kingdom, Elongator appears to regulate
disparate processes via transcriptional, epigenetic and translational mechanisms.
Elongator appears to function both in the nucleus and cytoplasm. Nuclear Elongator
regulates a variety of plant responses such as immune defence gene expression, auxin
signalling, mitosis, root development and photomorphogenesis (172—-175). Plant
Elongator also is involved in micro RNA biogenesis (176). Elongator-mediated tRNA
modifications are conserved in plants, with Elongator being required for tRNA
modification in Arabidopsis thaliana (151). There is a body of evidence implicating
Elongator in having a nuclear role potentially in transcription, suggesting that

functioning of Elongator differs in plants to other eukaryotes.

Elongator is also highly conserved and functional in Drosophila melanogaster and
Caenorhabditis elegans. Similar to other species, Elongator was implicated in a-tubulin
acetylation in C. elegans (162), however this function and subsequent
neurodevelopment observed in the absence of Elongator, were shown to be due to
impairments in tRNA modification (152). In D. melanogaster, Elongator has been
implicated in having a role in immunity, larval and neurodevelopment and

neurotransmitter release (149,150,177,178).
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1.5.10 Elongator in neurological disorders

A complex array of pathologies and diseases arise from defects in tRNA modifications
(179). Defects in tRNA modifications and subsequent mRNA decoding and translation,
oftentimes result in protein aggregation and accumulation. The brain is particularly
susceptible thus, to dysregulated tRNA modification and protein aggregation. Elongator
has been implicated in playing a vital role in neurodevelopment and neurodegeneration.
Mutations in various Elongator subunits are associated with a profound spectrum of

neurological conditions.

Elp1 mutations lead to development of the rare but fatal neuropathy, Familial
dysautonomia (FD). A non-coding mutation in Elp1 in the splice donor site of exon 20,
leading to exon skipping and reduction in ELP1 expression (179, 180). Reduced
Elongator-dependent modifications in peripheral neurons leads to serious reduction in
expression proteins enriched in AA-ending codons (182). Fibroblasts and cerebrum from
FD patients also have reduced Elongator-dependent modifications (183). Patients with
FD suffer from sensitivity to pain and temperature, Gl dysfunction, cardiovascular issues
and reduced life expectancy (184). Inherited missense mutations in E/p2 have been
implicated in intellectual disability in several cases (184, 185). Amyotrophic lateral
sclerosis (ALS), is commonly known as motor neuron disease, is a neurodegenerative
disease characterised by motor neuron degeneration and muscle atrophy. Allelic
variants of Elp3 are associated with development of ALS (187). Reduced Elp3 levels leads
to impaired tRNA modifications, and accumulation of superoxide dismutase 1 and
subsequent neuropathology (188). Mutations in Elp4 are implicated in the development
of rolandic epilepsy (141), as well as in autism and intellectual disability (142). Mutations
in Elp6 have defined as causative for the phenotype observed in the ‘wobbly’ mouse.
Mutations in Elp6 lead to dysregulated complex integrity and reduced translational
modification. This induces substantial death of purkinje neurons and neuroinflammation
mediated by the NLRP3 inflammasome (189). The ensuing neurodegeneration leads to

ataxic symptoms.

In summary, Elongator is critical to the development and homeostasis of the central

nervous system.
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1.5.11 Elongator in cancer

Aberrant activity of tRNA modifying-enzymes has the ability to induce the development
of cancer, or translationally reprogram cells to a malignant phenotype (190). Just as
impaired levels of different Elongator subunits can lead to the development of
neurological conditions, enhanced levels and activity of Elongator can lead to cancer and

tumourigenicity.

Germline loss-of-function in Elp1 leads to a high level of genetic predisposition (40%) for
paediatric medulloblastoma subgroup sonic hedgehog. Loss of ELP1 expression and
function in these patients leads to destabilisation and disbanding of Elongator. In line
with this, these paediatric patients had a drastic reduction in Elongator-dependent Usa
modifications, with downregulated proteins enriched in AA-ending codons, and
upregulated proteins abundant in the synonymous AG-ending lysine codon. Loss of ELP1
lead to a pronounced enhancement of the unfolded protein response, and strong

downregulation of neurogenesis and synaptic signalling (191).

Elp5 deficiency has been implicated in regulating responses to treatment in gallbladder
cancer. Gemcitabine is the front line treatment for patients with cancer of the
gallbladder. However, patients show poor responsiveness to gemcitabine and mortality
rates are high (191, 192). Mechanistically, Elp5 deficiency leads to dysregulated integrity
and functioning of Elongator. As a result, Elongator-mediated codon-dependent
translation of heterologous nuclear ribonucleoprotein Q (hnRNPQ) is impaired. hnRNPQ
enables translation of P53, thus loss of Elp3 leads to abrogation of p53 translation and
gemcitabine resistance. ELP5 and ELP6 have also both been found to be important for

the motility and invasive capabilities of melanoma cells (143).

Altered expression of ELP3, the enzymatic core of the complex, has been implicated in
several different malignant phenotypes. ELP3 was displayed to be upregulated in
hepatocellular carcinoma, correlating with increased AKT phosphorylation and
expression of the matrix metalloproteinases 2 and 9 and cancer metastasis (194). Elp3
plays a role in Wnt-dependent tumour development in the intestine. Wnt signalling
enhances ELP3 expression in differentiated intestinal tuft cells expressing Lgr5, denoting

their malignancy. ELP3 regulates translation of SOX9, which maintains the pool of these

32



cancerous stem cells (195). Elp3 is furthermore upregulated in breast cancer, where it
enables invasiveness by mediating translation of DEK. DEK mediates IRES-dependent
(internal ribosome entry site) translation of LEF1, which is a transcription cancer with
proinvasive functioning in breast cancer (196). ELP3 also is important for therapy
resistance in melanoma. Melanoma patients with the BRAFY®%%¢ mutation display
enhanced resistance to therapeutic treatment (197). Enhanced PI3K signalling leads to
enhanced ELP3 expression in an mTORC2-dependent manner. ELP3 subsequently
mediates translation of hypoxia inducible factor 1 alpha (HIF-1a) in a codon-dependent
manner, which leads to a metabolic reprogramming towards glycolysis and enhanced

resistance to treatment (198).

One aspect of Elongator biology that is insufficiently studied and understood, is the role
and functioning of the Elongator complex in the context of innate immunity. Concerted
study and basic research is required to establish an understanding of how Elongator

functions in innate immunity.
1.6 Aims

Elongator mediates modifications of tRNA to enable efficient decoding and translation of
MRNA codons. The regulation of immune gene expression in response to pathogen
infection has been extensively analysed at the level of transcription, translational
regulation of immune responses is less well understood. Since Elongator plays a critical
role in translational regulation the aim of this thesis was to appraise the function of

Elongator to innate immune responses in macrophages.
Specifically, the aims of this thesis are:

1. Examine the contribution of Elongator to innate immune protein expression via
quantitative proteomics.

2. Determine the mechanism by which Elongator regulates IFN-I induction and
signalling in macrophages

3. Assess the contribution of Elongator to different PRR-mediated signalling

pathways and to anti-viral immunity.
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Chapter 2 - Materials & Methods

2.1 Materials

2.1.1 Buffers and solutions

Buffer/solution Composition
1.5 M NadCl
10 X Tris-buffered saline (TBS) 200 mM Tris
Adjust to pH 7.5
250 mM Tris
10 X Running Buffer — Western blot 1.9 M Glycine
35 mM SDS
250 mM Tris
10 X transfer buffer - Western blot 1.9 M Glycine
Washing buffer - Western blot 1 XTBS/0.1 % (v/v) Tween
30 % (v/v) Glycerol
6 % (w/v) SDS
3X sample buffer - Western blot 0.3 % (w/v) Bromophenol blue

187.5 mM Tris pH 6.8
150 mM dithiothreitol (DTT) added fresh

Table 2.1 Buffers and solutions
2.1.2 Cell Culture

Adherent cells were cultured in vented, cell culture treated flasks (T25, T75, or T175
depending on the cell number) from Corning. Cells were cultured at 37 °C and 5 % CO,.
Sterile cell scrapers were from Fisher Scientific.

2.1.2.1 Cells

In order to evaluate the contribution of Elongator to innate immune responses, we
previously utilised CRISPR/Cas9 to knockout Elp3, the catalytic and enzymatic core of the
complex. iBMDMs stably expressing Cas9 endonuclease were transfected with a gRNA
targeting Elp3. Control WT iBMDMs utilised were transfected with a gRNA targeting
GFP.
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2.1.2.2 Cell culture reagents

Trypan blue

Lipofectamine™

Opti-MEM™

Fisher Scientific

Invivogen

Gibco

REAGENT COMPANY IDENTIFYING CODE
Dulbecco’s modified eagle
medium (DMEM) plus Gibco 61965059
GlutaMAX™
Foetal calf serum (FCS) Gibco 10500-064
el o/ ST ey Sigma-Aldrich P4333-100ML
(pen/strep)
Dulbecco’s phosphate . .
buffered saline (PBS) Sigma-Aldrich D8537-500ML
Dimethyl sulfoxide (DMSO) Sigma-Aldrich D8418-250ML

10593524

11668019

31985070

Table 2.2 Cell culture reagents
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https://www.thermofisher.com/order/catalog/product/31985070

2.1.2.3 Cell culture stimulants & viruses

IDENTIFYIN
STIMULANTS DESCRIPTION CONCENTRATION COMPANY CODE G
Lipopolysaccharide
LPS from E. coll Ol Enzo  ALX-581-010
serotype
EH100(ra)
CLO75 Thiazologuinoline 5 pg/ml InvivoGen tlrl-c75-5
compound
5’triphosphate .
3p-hpRNA hairpin RNA 100 ng/ml Invivogen Tirl-hprna
dsDNA motif
derived from
VACV-70mer Vaccinia Virus 2.5 pg/ml N/A N/A
genome
High
molecular Synthetic dsRNA . .
weight Poly analog 10 pg/ml Invivogen Tlrl pic
(I:C)
) Cyclic di-nucleotide .
2’-3" cGAMP second messenger 5 pg/ml Invivogen Tlrl-nacga23
Recombinant
IFNy murine IFNy 50 ng/mll Peprotech 315-05
Gifted by
. Dr.
Influenza A/P(l;;:;)- quz/sgem Bernadette
virus adapted HIN1 IAV MOI of 5 Van Den N/A
. Hoogen
strain
(Erasmus
MC)
Gifted by
Dr.
Respiratory Bernadette
syncytial RSV A2 strain MOI of 5 Van Den N/A
virus Hoogen
(Erasmus
MC)
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Gene Forward (5’- 3’) Reverse (5’- 3’)

Actin TCCAGCCTTCCTTCTTGGGT GCACTGTGTTGGCATAGAGGT
Ifnb ATGGTGGTCCGAGCAGAGAT CCACCACTCATTCTGAGGCA
i ACCCTCCTAGACTCATTCTG GTTTCTTCTCTCTCAGGTACAC
Irf7 TTGGATCTACTGTGGGCCCA CTTGCCAGAAATGATCCTGGG
Irf3 TGAGTTTGTGACTCCAGGGG GTAGGTTTTCCTGGGAGTGAG
If2 CTGGAGGAGCAGATAAATTCC GTATGGATCGCCCAGTTTC
Irfs GGCTTCAGTGGGTCAAC GTGTACTTCCCTGTCTCTTTAG
11-6 AAGAGTTGTGCAATGGCAATTCTG ATAGGCAAATTTCCTGATTATATCCAGT
I-1b GTGAAATGCCACCTTTTGACAGTGATGAG CTGCTGCGAGATTTGAAGCTGGATG

Cxcl10 TCTGAGTGGGACTCAAGGGAT TCGTGGCAATGATCTCAACACG
Ccl5 CTCACCATATGGCTCGGACA ACAAACACGACTGCAAGATTGG

1112p40 GTGTAACCAGAAAGGTGCGTTC TCGGACCCTGCAGGGAAC
Eif2ak2 CGTTTCTTGCCTCCTGCTTTG TCGGACCCTGCAGGGAAC

Statl TCACAGTGGTTCGAGCTTCAG GCAAACGAGACATCATAGGCA

Stat3 GGGCATTTTTATGGCTTTCAAT GTTAACCCAGGCACACAGACTTC
Argl CTCCAAGCCAAAGTCCTTAGA AGGAGCTGTCATTAGGGACATC

Socs3 GCAGGAGAGCGGATTCTACT ACGCTCAACGTGAAGAAGTG
Irf1 CCATTCACACAGGCCGATAC GCCCTTGTTCCTACTCTGATC

Isg15 CTAGAGCCTGCAGCAATG CACCAATCTTCTGGGCAATC
p205 GTATGAGTGAAGAAAAGACTGAC GGATATTGGTGACTGGCATG

,I)\;IZEZ)’; ATGAGYCTTYTAACCGAGGTCGAAACG TGGACAAANCGTCTACGCTGCAG

2.1.3 qRT-PCR primers

Table 2.4 List of gRT-PCR primers used
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2.1.4 Antibodies

Antibody Raised in Company Cat. # Dilution
B-Actin Mouse Sigma-Aldrich A5316 1:2000
ELP3 Rabbit Abcam ab190907 1:2000
IRF3 Rabbit Santa cruz sc-9082 1:1000
P-IRF3 Rabbit tei‘;'r'] :ligu(lgsgn 4947 1:500
STAT1 Rabbit CST 9172 1:1000
P-STAT1 Rabbit CST 9167 1:1000
STAT2 Mouse CST sc-514193 1:1000
P-STAT2 (Y689) Rabbit Millipore 07-224 1:1000
STAT3 Rabbit CST 49047 1:1000
P-STAT3 Rabbit CST 9145T 1:1000
NF-kB: P65 Mouse Santa cruz sc-8008 1:1000
NF-«kB: P-P65 Rabbit CST 3033S 1:1000
ASC Rabbit CST 67824S 1:500
TYK2 Rabbit Proteintech 16412-1-AP 1:1000
JAK1 Rabbit CST 33328 1:1000
IFNAR1 Rabbit Thermo Fisher PA5-79442 1:1000
PKR Rabbit Santa cruz sc-708 1:500

Generated by K.
P205 N/A Fitzgerald lab, N/A 1:500
described in (72)
) 8“33’2:55;’; Goat LICOR 926-68070 1:10,000
Rabbit IRDye
800CW Goat LICOR 926-32211 1:10,000
secondary

Table 2.5 List of Antibodies used for immunoblotting
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2.1.5 Method-specific materials

2.1.5.1 SDS-PAGE & western blot

SDS-PAGE & western blot Company Identifying code

Protogel (30% Acrylamide
(w/v), 0.8% Bisacrylamide National Diagnostics NAT1260

(w/v))

Tetramethylethylenediamine

i Aldrich T7024-50ML
(TEMED) Sigma Aldric 024-50
PageRuler plus protein ladder, . s e
10 to 250 kDa ThermoFisher scientific 26620
Amersham Protran 0.45 pum Cytiva GE10600007

Nitrocellulose membrane

Table 2.6 SDS-PAGE specific materials

2.1.5.2 qRT-PCR & RNA isolation

RNA isolation, reverse p -
.. Company Idenifying code
transcription and qPCR
High Pure tOtE:tRNA Isolation Roche 11828665001
Ultrapure DNase/RNase-free Invitrogen 10977035
water
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dATP, dCTP, dGTP, dTTP, each

[100 mM] Brennan & Co NO0446S
Random Hexamer IDT N/A
Moloney Murine Leukemia
Virus Reverse Transcriptase Promega M1701
(M-MLV RT)
M-MLV RT 5X Buffer Promega M531A
RNase ouT rec‘om‘b|.nant ThermoFisher Scientific 10777019
ribonuclease inhibitor
PowerUp SYI?;\I/l%iSreen Master ThermoFisher Scientific A25778
MicroAmp f ical 96-
icroAmp fast optical 96 Applied Biosystems N8010560
well plates
Table 2.7 qRT-PCR-specific materials
2.2 Methods

2.2.1 Cell culture

Immortalised Bone marrow derived macrophages (iBMDMs) were grown in DMEM with
GlutaMAX medium supplemented with 10% (v/v) FCS & penicillin/streptomycin (50
ug/mil). Cells were cultured at 37 °C and 5 % CO,. Cells were passaged/subcultured upon
reaching 80-85 % confluency. Cells were scraped using a sterile cell scraper, and
centrifuged at 180 g for 5 minutes. The supernatant was subsequently discarded and the
cell pellets were resuspended with pre-warmed media. Cells were either passaged into
75 cm? vented cell culture flasks, or counted for experiments. Cells were counted using a
TC20 automated cell counter (BioRad). Prior to counting, cells were diluted 1:1 with
trypan blue, to stain and account for dead cells. Cells were subsequently seeded at a
density of 5 x 10° cells/ml in appropriate cell culture plates, before being placed in an

incubator to allow adherence prior to stimulation or infection.
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2.2.2 Stimulation of cells

The TLR ligands, LPS and CLO75, were used to stimulate cells at the concentrations

indicated in Table 2.3.

3p-hpRNA, poly(l:C) and cGAMP were transfected into cells using lipofectamine 2000 for
stimulation. For transfection, lipofectamine was used at a concentration of 1 pg/ml.
Both lipofectamine and the nucleic acid were diluted to the appropriate concentration in
Opti-MEM medium and allowed to stand for 5 mins in microcentrifuge tubes. The two
tubes were then mixed to give a homogenous solution, and incubated for 20 mins at

room temperature before addition to cells seeded in cell culture plates.

VACV-70mer strands of DNA were annealed at 95 °C for 5 minutes, before being left at
room temperature to cool down. 70mer was transfected into cells utilising the same

method as with cGAMP and RNA ligands.

2.2.3 RSV & IAV PR8 infection

The volume of virus needed for an experiment was calculated using:
Vol. of virus = # cells per well*MOIl/viral titre

The Multiplicity of infection utilised in experiments is indicated in Table 2.3. The medium
was removed from adhered cells in cell culture plates, and cells were washed using 1 X
PBS. The inoculum, composed of virus and media, was subsequently added to cells.
Plates were placed in incubator at 37 °C and 5 % CO> with the inoculum for 1 h with IAV
and 2 h for RSV. The inoculum was then removed and cells washed with 1 X PBS, and
DMEM added to the wells. Cells were incubated for the times indicated in figure legends

at 37 °Cand 5 % CO..
2.2.4 RNA isolation

Cells were stimulated for times indicated in figure legends, and RNA was extracted from
cells in culture using the High Pure RNA isolation kit (Roche). Medium was removed from
stimulated cells, and Lysis/binding buffer added to wells at a ratio of 2:1 with PBS. Total

RNA was isolated according to manufacturer’s instructions.
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2.2.5 RNA analysis via gRT-PCR
2.2.5.1 Reverse transcription

Complementary DNA was synthesized from RNA samples using reverse transcription. A
reaction master mix, shown in Table 2.8, was made up on ice. 5 pl of RNA was mixed
with 5 ul of reaction master mix to give a homogenous solution. The solutions were
briefly centrifuged, and underwent the reverse transcription reaction in a Nexus
gradient thermocycler (Eppendorf), using the conditions shown in table 2.9. cDNA was
subsequently diluted 1:2 with RNA and DNA free ultrapure water, before being analysed

by qPCR immediately, or stored at -20 °C for future analysis.

RT reaction components Volume/reaction (ul)
M-MLV RT 0.25
M-MLV 5 X RT buffer 2
dNTPS 2
RNAse OUT 0.25
Random hexamer 0.5
Final volume 5

Table 2.8 Reverse transcription master mix

Time (mins) Temperature (°C)
10 25
50 42
3 95

Table 2.9 Reverse transcription thermocycling conditions
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2.2.5.2 gRT-PCR

2 ul of cDNA was combined with 8 ul of a master mix containing gene-specific primers
(table 2.4) and PowerUp SYBR green, shown in Table 2.10 . the cDNA being analysed was
initially added to MicroAmp fast plates, before 8 pul of master mix was added. Plates
were ealed and centrifuged for 5 mins to ensure homogenous mixing of cDNA and
master mix. The qRT-PCR reaction was performed using a QuantStudio 3 Real-Time PCR
machine (Apllied Biosystems). The conditions utilised are described in Table 2.11.
Results were analysed using the comparative Cr method. Samples were normalised to

the housekeeping gene B-actin, and calculated as relative expression to the WT

unstimulated control, set to 1.

gRT-PCR reaction Volume (pl)
Forward primer (5 uM) 0.5
Reverse primer (5 uM) 0.5
Ultrapure water 2
SYBR green 5

Table 2.10 qRT-PCR master mix

Time Temperature (°C) Cycles
2 mins 95 1
10 secs 95 40
30 secs 60 “u
hold 4 N/A

Table 2.11 qRT-PCR thermocycling conditions
2.2.6 SDS PAGE & Western blotting

2.2.6.1 Cell lysate preparation

Cells were harvested post stimulation on ice. Supernatants were removed and cells were
washed with 1 X ice-cold PBS. Sample buffer containing DTT was added into the wells
and cells were scraped and transferred to microcentrifuge tubes. Lysates were boiled for

5 mins at 95 °C. Lysates were subjected SDS-PAGE or stored at -20 °C for future analysis.
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2.2.6.2 SDS-Poly acrylamide gel electrophoresis (PAGE)

SDS-PAGE gels were composed a day or two prior to running given samples. Different
resolving gel percentages were utilised depending on the molecular weight of the
protein of interest, with gel compositions being shown in Table 2.12. 5 ul of prestained
protein marker was loaded to provide a molecular weight ladder against which the size
of protein of interest could be identified. 15 — 20 pl of sample were loaded into the
subsequent wells. Using a Minj-protean tetra cell system (BioRad), gels were run in 1 X
running buffer at 80 volts until they entered the resolving gel from the stacking gel. The

current was then raised to 120 volts until the dye reached the end of the resolving gel.

2x gels 8 % resolving 10 % resolving 15 % resolving Stacking gel
H20 9.3 ml 8.2 ml 4.6 ml 5.5ml

30 % acrylamide | 5.3 ml 6.6 ml 10 ml 1.3 ml

SDS (10 %) 200 pl 200 pl 200 pl 80 pl

1.5 M Tris pH 5ml 5ml 5ml -

8.8

1MTrispH6.8 |- - - 1

APS (10 %) 200 ul 200 pl 200 ul 80 ul
TEMED 12 pl 10 ul 8 ul 8 ul

Table 2.12 SDS-PAGE gel composition

2.2.6.3 Semi-dry transfer

Proteins were transferred from gels to 0.45 um nitrocellulose membrane. Gel,
nitrocellulose membrane and 6 X filter paper were soaked in cold 1 X transfer buffer. Air
bubbles were removed from the gel, membrane filter paper sandwich by rolling with a
25 ml pipette. Proteins were transferred using a semi-dry transfer method (Biometra),

ran at 75 mA per gel.
2.2.6.4 Immunoblotting

Following semi-dry transfer, membranes were blocked in 10 ml of 5 % BSA/TBS-Tween

0.1 % (v/v) for 1 h at room temperature, to prevent non-specific binding of antibodies.
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Membranes were then incubated with primary antibodies at the indicated
concentrations (Table 2.5) overnight at 4 °C. Following primary antibody incubation,
membranes were washed 4 times for 5 mins, in TBS-Tween 0.1 % (v/v). Washed
membranes were incubated with secondary for 1 h at room temperature. Membranes
were again washed 4 times for 5 mins and images using the Odyssey Imaging System (LI-

COR Biosciences).
2.2.7 Quantitative Proteomics
2.2.7.1 Sample preparation

WT and Elp37/- iBMDMs were seeded in quadruplicate in 6-well plates at 5 x 10° cells/ml.
Cells were stimulated with LPS (100 ng/ml) for 6 or 12 h. Cells were harvested on ice,
before being spun down at 180 g for 5 mins, and washed with ice-cold 1 X PBS. Cell
suspensions were centrifuged again before being snap-frozen in liquid nitrogen. Samples
were stored at -80 °C briefly before being sent for unbiased quantitative proteomics
analysis to collaborators in TU Munich (Darya Haas & Andreas Pichlmair). Workflow for

sample preparation is shown schematically in Fig 3.2.
2.2.7.2 Cell viability

The exact experimental setup for proteomics analysis was repeated. Harvested cells
were diluted 1:1 with trypan blue to identify and exclude dead cells, and counted using a

TCy0 automated cell counter (BioRad).
2.2.7.3 Profile Plots

Profile plots for proteins of interest were generated based off their Label-free

guantification intensity as detected by mass spectrometry
2.2.7.4 Ingenuity pathway (IPA) & upstream regulator analysis (URA)

Prior to proteomic analysis by mass spec, protein concentrations were equalised across
all WT and Elp37- samples. Initial differential expression of proteins in Elp37 relative to
WT cells, were based of a Log2 fold difference of 2 or greater. Differential protein
expression analysis was performed by Darya Haas (TU Munich). Proteins were estimated

as differential expressed in Elp37 cells relative to their expression in their WT stimulated
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counterpart. Ingenuity Pathway analysis (IPA) was performed to group differentially
expressed proteins in Elp37" into biological processes, based on pairwise comparison for
each timepoint. The enrichment cut-off was relaxed to —Log10 p-val<1.3, so as to
broaden the scope of analysis of over-represented pathways. IPA analysis was also
analysed by z-score, or highest degree of change. Upstream regulator analysis was

performed utilising IPA package with enrichment displayed as —Log10 p-val or z-score.

Initial IPA analysis was performed by Darya Haas, | selected the enrichment cutoffs
following discussion with D. Haas, and subsequently generated graphs shown in chapter

3 from the data files of differentially enriched pathways provided.
2.2.8 Cycloheximide chase assay

Cells were seeded at 5 X 10° cells/ml and left to adhere at 37 °C and 5 % CO. Cells were
treated with cycloheximide (50 pg/ml) for 8 h. Samples were washed and scraped in ice-
cold 1 X PBS. Cells were spun down at 180 g for 5 mins. Cell pellets were washed in 1 X
PBS and spun down again. Samples were lysed in sample buffer and prepped for SDS-

PAGE as described in 2.2.6.1.
2.2.9 Codon usage

Coding sequences of mRNA were taken from the NCBI Consensus coding sequence
(ccds) database. Codon content analysis was performed using Sequence Manipulation

Suite V2.
2.2.10 Statistical analysis

Graphpad prism 9 was used to analyse all data. Data are presented as mean + SEM of
three independent experiments. Significance compared to WT counterpart is
represented as *p<0.05. Statistical tests used are described in the appropriate figure

legends.
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Results

Chapter 3 — Quantitative proteomics analysis of mock and LPS-treated macrophages

deficient in Elp3
3.1 Introduction

The roles and functions regulated by the Elongator complex are multifaceted and
variable. Elongator is highly conserved across the animal kingdom, with homologs of
ELP3, its catalytic core, being functionally present in higher organisms like humans, all
the way back to bacterial Archaea that inhabit hydrothermal chimneys in the earth’s
crust 3000 metres below the sea (140). In mammals, Elongator chemically modifies tRNA
molecules at the wobble base position of the anticodon loop, to enable the fidelity and
proper efficiency of mRNA transcript translation. This impacts and regulates processes
ranging from CNS functioning and neuronal migration, to cell division and cancer
development (123,170,182). In lower organisms, Elongator appears to function in
translational regulation, and also in epigenetic regulation of gene expression. An
intriguing function of Elongator in lower organisms such as D. melanogaster and
A.thaliana, is its vital and necessary role in immune and defence responses. Genetic
deletion of Elp3 in Drosophila has potent consequences for immunity. Pupal stage larval
lethality occurs upon deletion of Elp3. Furthermore, melanotic nodules develop in
mutant larvae, which is a physiological consequence of impaired innate immunity (149).
The drosophila protein poly, which is a functional homolog of ELP6, was shown to
interact with the insulin receptor and regulate Insulin-TOR signalling (177). In the model
plant system of A. thaliana, Elongator has been uncovered as a critical and indispensable
regulator of immunity and defence responses. Elongator is a crucial mediator of both
basal and pathogen-triggered immunity. ELP2 interacts with and regulates the activation
of NPR1, a pivotal coactivator of Arabidopsis transcription and induction of immunity.
Elongator also directly activates immune defence genes, thus exerting control over
transcriptional reprogamming in response to infection (172,199). Elongator exerts
further influence over A. thaliana immunity by mediating processes like oxidative stress

resistance and NAD*-induced defence to pathogen infection (200,201).
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Though not as abundant as the literature pertaining to plants, there are data both
directly and indirectly implicating Elongator in the regulation of mammalian immune
systems and responses. The ELP2 subunit of the Elongator protein was initially termed,
STAT3 Interacting Protein 1, due to the fact that as its name suggests, it was found to
bind STAT3 and potentially regulate its stimulant-dependent activation (132). This ELP2-
STAT3 interaction has been implicated in the regulation of renal fibrosis and
inflammation (202). Elp1 has been found to potentially interact with IRF4, in an analysis
of networks regulating IFN-I production (203). Cellular oxidative stress responses appear
to be modulated by Elongator. ELP3 appears to inactivate G6PD, which carries out the
rate-limiting step of the pentose phosphate pathway (204). Dysfunction and
dysregulation of the Elongator complex in mammals can lead to aberrant activation of
immune responses. A single point mutation in ELP6 is sufficient to cause NLRP3
inflammasome-mediated neuroinflammation, leading to neurodegeneration and
ataxia(189). In familial dysautonomia, where mutations in ELP1 destabilize the Elongator
complex and cause neurodegeneration, there is potently enhanced mitochondrial
depolarization, oxidative stress and caspase-mediated neuronal apoptosis (205,206).
Intriguingly in a cancer setting, Elongator is required for the translation of HIF1a which
enables resistance to targeted therapy. HIF1a is a key regulator of metabolism and
immune gene expression during hypoxia and inflammation (198). In recent years data
has begun to emerge implicating Elongator in the regulation and orchestration of
adaptive and innate immunity. The loss of Elp3 from HSCs in mice led to a complete
abrogation and blockade of haematopoiesis and subsequent bone marrow failure (207).
In an adaptive context, ELP3 appears to be upregulated following T-cell activation. Loss
of ELP3 leads to impairment of Tfh cell functioning (208). The potential functioning and
contribution of the Elongator complex in mammalian innate immunity is poorly
understood and investigated. Macrophages are key orchestrators of innate immunity.
They sense, integrate and respond to a diverse and multifaceted array of signals and
stimuli. Macrophages perform critical functions in the shaping and coordinating of
innate responses to exogenous microbial stimulus and infection, to host intrinsic
processes like sterile inflammation, wound healing and resolution of inflammation (209).
We became interested by the juxtaposition of a highly conserved protein complex like

Elongator, which is necessary for the fundamental process of translation, and an under-
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assessed but potentially burgeoning function in mammalian innate immunity.
Accordingly, we sought to examine and assess the functioning of Elongator in mouse

macrophages to evaluate its contribution to innate immunity.
3.2 Results
3.2.1 Analysis of the proteome in Elp37- mouse macrophages

In order to evaluate the contribution of Elongator to innate immune responses, we
previously utilised CRISPR/Cas9 to knockout Elp3, the catalytic and enzymatic core of the
complex. iBMDMs stably expressing Cas9 endonuclease were transfected with a gRNA
targeting Elp3. Control WT iBMDMs utilised were transfected with a gRNA targeting GFP.

Figure 3.1 shows a western blot confirming the knockout of ELP3.

As a model of a canonical inflammatory stimulus, LPS-mediated TLR4 stimulation was
used to assess the role of ELP3 in the context of macrophage-mediated innate immune
response. In lower level organisms such as plants, Elongator has been shown on
occasion, to regulate protein expression at the level of gene expression by localizing to
the nucleus (172). In a mammalian setting however, all processes or roles mediated by
ELP3 appear to derive from its role in translation, via the modification of tRNA molecules
at the wobble base position. Due to this well understood role in translation, we utilised
an unbiased quantitative proteomics approach to analyse the proteome of Elp37-
iBMDMs both basally and following LPS stimulation. This experimental approach was
facilitated by a collaboration with Prof. Andreas Pichimair’s group at the Technical

University of Munich, where mass spectrometry was performed.

WT and Elp37 cells were seeded in 6-well plates and were untreated, or stimulated with
LPS for 6 or 12 hours in quadruplicate (Fig 3.2). Cells were subsequently harvested and
samples generated for proteomic analysis by Andreas Pichlmair’s group. Prior to samples
being sent for proteomic analysis by mass spectrometry, the experimental setup was
replicated identically. This was performed to assess the viability of the cells lacking ELP3
basally and following LPS stimulation. Trypan blue staining was used to assess cell
viability. Viability of Elp37 cells was only slightly diminished relative to their mock and

LPS-stimulated WT counterparts (Fig 3.3). This suggests that any potential effects on
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protein expression levels in the absence of ELP3 does not result from elevated levels of

cell death.

Label free quantification (LFQ) intensity of peptides detected by mass spectrometry was
used to generate protein expression plots for Elongator complex subunits and key
transcription factors. This confirmed the western blot analysis (Fig 3.1), since ELP3
peptides were not detected in the Elp3 CRISPR/Cas9 KO iBMDMs (Fig 3.4). Furthermore,
the absence of ELP3 affected the expression of other Elongator complex subunits, ELP2

and ELP4, which are key to the structural integrity of the complex (Fig 3.4).
3.2.2 Role for ELP3 in IRF7 and STAT1 transcription factor expression

IRF3 and IRF7 transcription factors are critical regulators of the innate immune response,
functioning as pivotal nodes for integrating intracellular and extracellular pathways. IRF3
protein expression was not impaired by the absence of ELP3. LPS-mediated IRF7
expression however, was ablated in Elp37- cells (Fig 3.5). Furthermore, expression of
antiviral effectors IFIT1 and IFIT3 were completely impaired both basally and following
LPS treatment in E/lp37- cells (Fig 3.5). STAT proteins function as key and integral
transducers of innate immune signalling, as well as functioning as transcription factors
to mediate the resulting immune gene expression and induction. Intriguingly STAT1
protein expression was diminished in cells lacking ELP3 (Fig 3.6). In contrast, STAT3 and
STAT6 expression appears to be unaffected in Elp37 cells, suggesting the effect is more
specific to STAT1, rather than a general effect on STAT family protein expression (Fig
3.6). The NF-kB family of transcription factors are fundamental to the co-ordination and
execution of innate immune signalling and responses. Expression of NFkB1 (p50) and

NFkB2 (p52) appears to be unaffected in cells lacking ELP3 (Fig 3.6).
3.2.3 Altered proteome in Elp3”/-macrophages compared to WT cells

Unbiased Quantitative proteomic analysis showed a number of differentially expressed
proteins in Elp37- cells compared to WT cells. Proteins were considered significantly up
or downregulated if there was a log2 fold difference of 2 or greater in KO cells relative to
their WT mock or LPS-stimulated counterpart. 330 proteins were found to be
upregulated in Elp37- cells compared to WT. A significant proportion of these

upregulated proteins were seen basally in mock stimulated samples (50 %, 190 proteins)
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rather than after LPS stimulation. In Elp37- cells stimulated with LPS for 6 & 12 h there
were 50 and 93 upregulated proteins respectively, relative to WT cells. 47 proteins were
found to be upregulated in both LPS-stimulated samples and not mock samples (Fig
3.7a). 380 proteins were found to be downregulated in Elp37~ iBMDMs. 167
downregulated proteins were basal differences occurring in mock stimulated samples in
the absence of ELP3. The remaining 163 proteins were downregulated in the absence of
ELP3 not basally but following LPS stimulation. 20 of these proteins were downregulated
in both 6 & 12 h stimulated samples, while 58 and 85 proteins were downregulated

solely after 6 and 12 h LPS respectively (Fig 3.7b).

Next we decided to analyse the distribution of differential protein expression in mock
and LPS-stimulated Elp37 cells relative to WT samples. The distribution of differentially
expressed proteins in mock, 6 & 12 h LPS samples are represented in volcano plots (Fig
3.8, 3.9 & 3.10 respectively). The right and left arms of the plots correspond to down

and upregulated proteins respectively.

3.2.4 The ELP3-dependent proteome is enriched with proteins involved in antigen

presentation and Interferon signalling

Differentially expressed proteins in Elp37 relative to WT cells were grouped using
Ingenuity pathway analysis (IPA). This enabled the assessment and analysis of biological
processes and functions most impacted by the absence of ELP3. In order to capture a
broader range of biological processes potentially influenced by loss of ELP3 an
enrichment cut-off of —log10 (p-value) < 1.3 was utilised. Basally and following 6 h LPS
treatment, there was strongest enrichment of downregulated proteins involved in the
process of antigen presentation in Elp37- cells (Fig 3.11a, b). Although not the most
highly impaired biological process after 12 h LPS stimulation, proteins involved in
antigen presentation were clearly strongly affected by the absence of ELP3. Intriguingly,
IPA analysis showed a distinct and potent impairment of IFN signalling in Elp37" cells. IFN
signalling was significantly diminished basally in Elp37- cells. Moreover, this effect
becomes even clearer following stimulation, with IFN signalling second only to antigen
presentation as the most downregulated process after 6 h LPS, and it being the most
impaired biological process following 12 h LPs stimulation (Fig 3.11a, b). Expression of

crucial regulators of IFN signalling such as STAT1, IRF7 & IRF9 were downregulated in
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Elp37-cells. Expression of IRF7 was suppressed following LPS treatment, while STAT1
protein levels appear to be diminished basally in mock samples as well as following LPS

stimulation. This was previously observed in Fig 3.6.

It also appears that in cells lacking ELP3, there was a strong suppression of proteins
involved in the recognition and sensing of bacteria and viruses. A number of these
proteins are involved in dsRNA binding and the inhibition of viral replication. Several
members of the 2’-5’ oligoadenylate synthetase family (OAS1-3), EIF2AK2 (PKR) and
DDX58 (RIG-I) were downregulated (Fig 3.11). The majority of these proteins, OAS2
being an exception, are downregulated basally as well as following LPS stimulation in the
absence of ELP3. Similar to OAS2, anti-viral effectors IFIT2, IFIT3 and ISG20 expression is
not impaired basally, whilst their LPS-induced expression significantly diminished. IRFs
play an imperative and fundamental role in co-ordinating signals from PRRs following
the detection of bacterial and viral pathogens. Conjointly with the sensing of microbes, a
clear and potent downregulation of proteins that mediate cytosolic PRR activation of
IRFs was observed in Elp37 cells. Expression of cytosolic PRRs ADAR, RIG-1 & DHX58
appear to be diminished basally and following stimulation, with other downregulated
proteins such as ISG15 and STAT1, also being involved in this process. Moreover, many
of these proteins also appear to be involved in systemic lupus erythematosus (SLE)
signalling, which appears to be impaired following 12 h LPS treatment. Furthermore, SLE
signalling appears to be strongly inhibited when the grouping of differentially expressed
proteins is represented based on activation z-score, or the processes with the highest
degree of change relative to WT samples (Fig 3.12). There appears to be a strong
interlink between the impairment of IFN signalling and processes related to pathogen
sensing and IRF activation. A strong majority of downregulated proteins mediating
pathogen sensing and IRF activation are ISGs (PKR, RIG-1, OAS1-3, ADAR, ISG15, ISG20,
IFIT2, IFIT3, STAT1, IRF7 & IRF9) (Fig 3.11 & 3.12). Simultaneously, a number of the
downregulated proteins involved in both antigen presentation and SLE signalling are also
involved processes related to signalling of and responses to IFN. Thus, ELP3 appears to
be required for the regulation and proper functioning of IFN production, subsequent
cellular responses to IFN and induction of anti-viral immunity via the expression of a

number of key ISGs.
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In addition to impaired type | interferon, a number of proteins involved in
Inflammasome and LPS signalling were impaired in Elp3” cells. LPS-induced expression
of both IL-1a and IL-1PB is impaired, whilst their basal expression was unaltered. In
accordance with this, CCL4 expression, which is induced in response to IL-1, was
downregulated following 6 h LPS stimulation in cells lacking Elp3. The inflammasome
protein NLRP3, was similarly downregulated in the absence of ELP3, although at a basal
level rather than as an LPS-induced effect. A number of proteins involved in death
receptor signalling such as caspase-6 and multiple PARP protein family members were

also downregulated in Elp37 cells.
3.2.5 Cholesterol biosynthesis is upregulated in Elp37- macrophages

In contrast to the plethora of biological processes impaired in cells lacking ELP3,
cholesterol biosynthesis was upregulated in Elp37". Basally, no enhancement is
observed, however, a strong LPS-mediated upregulation of proteins involved in several
pathways of cholesterol biosynthesis was observed in the Elp37 cells. This data suggests
that the absence of ELP3 may release some sort of repression on cellular metabolic
activity, or possibly that the cells are ramping up their metabolism in some sort of
compensatory manner to account for the loss of ELP3 and the dysregulated cellular

processes it controls following LPS stimulation.
3.2.6 Upstream regulator analysis of the proteome of Elp37- cells

Altered expression of functionally-related proteins in the absence of ELP3 could be due
to hierarchical regulation of sets of proteins by ELP3-depedent upstream regulators . To
explore this, differentially expressed proteins were further subjected to upstream
regulator analysis (URA) to try to determine which immune signalling molecules are
responsible for the observed changes in protein expression. Potential upstream
regulators are presented by —log (p-value) (Fig 3.13a) or by activation z-score (Fig 3.13b).
Corresponding to the IPA analysis where proteins involved in PRR-mediated activation of
IRFs were downregulated, IRF3 and IRF7 were the top hits for potential upstream
proteins regulating the expression of impaired proteins in Elp37, based on both p-value
and z-score(Fig 3.13a & 3.13b respectively). Moreover, in accordance with the

observation that IFN-signaling & IFN-mediated processes are impaired in the absence of
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Elp3 (Fig 3.10-3.12), STAT1, MAVS, IFNAR1, DDX58 and IFNB1 arose as potential key
upstream regulators responsible for the observed impairment of protein expression in
Elp37 cells (Fig 3.13a). With regards to z-score, degree of change relative to WT, STAT1,
MAVS & IFNAR1 once again arose as top hits as upstream regulators. TLR4 also appears,
unsurprisingly considering it functions as a receptor for LPS (Fig 3.13b). This URA data
further strengthens the observation that in Elp37- cells, there is a severe impairment in

IFN signalling and processes.

Thus, unbiased quantitative proteomics analysis of Elp37 cells has revealed potential
functions for the Elongator complex regulation of protein expression for proteins
involved in innate immunity. ELP3 appears to be necessary for the expression of proteins
required for IFN signalling. Furthermore, ELP3 regulates sensing of bacteria and viruses
by PRRs. Interestingly, in response to LPS, an extracellular TLR4 stimulus, ELP3 appears
to be responsible activation of IRFs via cytosolic PRRs. Overall, the data suggest ELP3 is
potentially important for IFN induction and signalling, as well as processes downstream
of IFN signalling pertaining to ISG expression and potentially subsequent antiviral

immunity.
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WT Elp3”

ELP3
55 kDa

ACTIN

Fig 3.1 CRISPR/Cas9-mediated knockout of Elongator complex catalytic subunit Elp3 in
immortalized bone marrow derived macrophages

WT and Elp3 CRISPR/Cas9 knockout (KO) iBMDMs were seeded at 5 x 10° cells/ml before
being harvested and assessed for Elp3 expression by immunoblot. Representative of
three independent experiments
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3.2 Workflow for unbiased quantitative proteomic analysis of iBMDMs lacking Elp3

WT & Elp3”/- iBMDMs were seeded at 5 x 10° cells/ml at a volume of 2 ml in 6-well plates
in quadruplicate and then stimulated mock or with LPS (100 ng/ml) for 6 & 12 h. Cell
proteins were subsequently isolated and concentrations equalised before being
processed by mass spectrometry for quantitative proteomic analysis.
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Fig 3.3 Cell Viability of WT & Elp37- iBMDMs following treatment with LPS

WT & Elp37- iBMDMs were seeded at 5 x 10° cells/ml in 6-well plates in quadruplicate
and then stimulated mock or with LPS (100 ng/ml) for 6 & 12 h. Cells were analysed for
viability via trypan blue staining prior to the experiment being repeated for quantitative
proteomic analysis by Mass Spectrometry. Data are mean + SEM of three experiments.
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WT Elp3”
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Elp3

Elp2

Elp4

Fig 3.4 Expression plots for Elongator complex subunits Elp2, Elp3 & Elp4 in WT & Elp3-
/~cells

Profile Plots showing the protein expression of ELP2, ELP3 & ELP4 based on their relative
Label free quantification (LFQ) intensity detected by mass spectrometry in WT & Elp37-
cells basally and following 6 or 12 h LPS treatment.



WT Elp3”

LPS: - 6h 12 h - 6h 12 h

Fig 3.5 Profile plots of transcription factors & IFIT proteins differentially expressed in
WT & Elp37 cells

Profile Plots showing the protein expression of IRF3, IRF7, IFIT1 & IFIT3 based on relative

LFQ intensity by mass spectrometry in WT & Elp37- iBMDM s basally & following 6 or 12 h
LPS treatment.
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Fig 3.6 Profile plots of STAT & Nf-kB family proteins in WT & Elp37 cells

Profile Plots showing the protein expression of STAT1, STAT3 & STAT6 based on relative
LFQ intensity by mass spectrometry in WT & Elp37- iBMDM s basally & following 6 or 12 h
LPS treatment.
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Fig 3.7 Distribution of differentially expressed proteins in Elp37/- iBMDMs

Venn diagrams presenting distribution of both down (A) and upregulated (B) proteins in
Elp37- cells compared to WT counterpart, based on a log2 fold difference of 2 or greater.
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Fig 3.8 Differential protein expression in mock treated E/p37- iBMDM:s relative to WT

cells
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Volcano plots showing differentially expressed proteins in mock E/lp37- samples vs wild-
type cells. Data is presented as —Log P value vs difference in Elp37" relative to WT.
Proteins were considered significantly up- or down-regulated if there was a log2 fold
difference of 2 or greater in KO cells relative to WT cells (shown in red). Positive
differences correspond to protein downregulation & negative differences to
upregulation in Elp37 cells compared to WT cells
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Fig 3.9 Differential protein expression in Elp3”- iBMDMs stimulated with LPS for 6 h
relative to WT cells

Volcano plots showing differentially expressed proteins in 6 h LPS-treated E/p37- samples
vs wild-type cells. Data is presented as —Log P value vs difference in Elp37 relative to
wild-type. Proteins were considered significantly up- or down-regulated if there was a
log2 fold difference of 2 or greater in KO cells relative to WT cells (shown in red).
Positive differences correspond to protein downregulation & negative differences to
upregulation in Elp37 cells compared to WT cells
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Fig 3.10 Differential protein expression in 12 h LPS-treated E/p37/- iBMDMs relative to
WT cells

Volcano plots showing differentially expressed proteins in mock Elp37- samples vs WT
cells. Data is presented as —Log P value vs difference in Elp3” relative to WT. Proteins
were considered significantly up- or down-regulated if there was a log2 fold difference
of 2 or greater in KO cells relative to WT cells (shown in red). Positive differences
correspond to protein downregulation & negative differences to upregulation
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Fig 3.11 Ingenuity pathway analysis of differentially expressed proteins in
unstimulated & LPS-treated Elp37- iBMDMs relative to WT cells

Differentially expressed proteins in mock and LPS-stimulated E/p37 iBMDMs relative to
WT cells were grouped into differing biological processes using Ingenuity Pathway
Analysis (IPA) based on —log10 (p-value). (A) Heatmap of different biological processes
mediated by differentially expressed proteins in Elp37 cells. (B) breakdown of IPA
analysis of mock and LPS-stimulated differential protein expression, with red
corresponding to biological processes mediated by upregulated proteins and blue to
downregulated proteins in Elp37- cells relative to their WT stimulated counterparts. P-
value was calculated using a right-tailed fisher’s exact test with an enrichment cut-off of
—log10 p-value<1.3.
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Fig 3.12 Differentially regulated biological processes in Elp3”- iBMDMs relative to WT
cells based on activation z-score

IPA analysis-mediated grouping of differentially expressed proteins into biological
processes in mock and LPS-treated E/p3”" iBMDMs relative to WT cells based on
activation z-score (highest degree of change)
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Fig 3.13 Identification of upstream regulator networks associated with changes in
protein expression in the absence of ELP3

IPA was used to subject differentially expressed proteins in Elp37- iBMDMs to upstream
regulator analysis. Differentially expressed proteins were grouped into upstream
regulator networks by either (A) —log p-value or (B) activation z-score where orange
corresponds to activated pathways and blue to suppressed
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3.3 Discussion

We resolved to appraise the role of Elongator in innate immunity via its functioning in
macrophages. As an initial step towards this appraisal, we stimulated both WT and
iBMDMs with a CRISPR/Cas9 KO of Elp3, the enzymatic core of the complex, with the
TLR4 activator LPS and subjected them to unbiased quantitative proteomic analysis. This
proteomic interrogation demonstrated that macrophages lacking ELP3 show a potent
abrogation of proteins involved IFN signalling and processes such as microbial sensing
and IRF activation following LPS treatment. Our data indicate that Elongator is a key
regulator of proteins involved in LPS-induced IFN signalling and processes in

macrophages.

Elongator plays a key role in regulating the proper and efficient translation of mRNA
transcripts. We demonstrate that loss of ELP3 expression alters the proteomic landscape
of macrophages. Expression of numerous proteins were altered, and trend toward
upregulation or downregulation in cells lacking ELP3. A significant proportion of DEPs
occur basally in unstimulated cells. ELP3 appears to be required for basal protein
expression in and functioning of macrophages. Proteomic analysis did reveal a small
proportion of proteins were only differentially expressed in Elp37 cells following LPS
treatment (IL-1a and IL-1PB), suggesting that in addition to regulating basal protein
expression, ELP3 can regulate stimulus-dependent protein expression in macrophages.
Proper stoichiometry and presence of each of the six Elongator subunits is required for
proper integrity and functioning of the complex since genetic deletion of any given
subunit of Elongator leads to defective complex stability and activity across species
(150-152). CRISPR/Cas9-mediated deletion of Elp3 leads to impaired expression of the
Elongator subunits, ELP2 and ELP4. This data suggests that in murine macrophages,
sufficient expression of a complex subunit regulates and influences protein levels of
related subunits. Accordingly, faithful complex stoichiometry is necessary for sufficient

stability and cohesiveness of Elongator in macrophages.

LPS-mediated TLR4 activation catalyses downstream activation of IRF and NFkB family
memebers, enabling the induction of IFNs and proinflammatory cytokines. I[FN-I
subsequently signals in a feedback loop to induce expression of ISGs which mediate

sensing or direct restriction of viruses. Organisation of differentially expressed proteins
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in Elp37- cells into biological processes demonstrates that ELP3 was necessary for
expression of proteins involved in IFN signalling and processes. Consistent with the
observation that loss of ELP3 affects basal protein expression, IFN signalling was
predicted to be impaired in unstimulated macrophages and to become highly
pronounced following stimulation, with IFN signalling arising as the most compromised
biological process following LPS treatment. This prediction will be tested in the next
chapter. Processes such as antigen presentation and signalling in SLE are also predicted
to be defective in Elp37 cells. A significant proportion of downregulated proteins
involved in these pathways (TAP1, IFIT2, IFIT3, ISG15 etc), are interferon-inducible. SLE is
known to be an interferonopathy, and antigen presentation to be upregulated by IFN
(92,210). Therefore it is likely that these processes would be strongly downregulated in
Elp37 cells not as a result of a direct regulation by ELP3, but as a collateral effect of
impaired IFN signalling. This further strengthens the notion that restrained and

diminished IFN processes arise in the absence of ELP3.

This data strongly suggests IFN signalling pathways will be affected by loss of ELP3 and
thus puts forward the question as to which point in the IFN pathway is ELP3 exerting an
influence. Proteins and processes related to IFN induction, IFN signalling and IFN-
mediated gene induction were affected by the absence of ELP3. Therefore, regulation of
ELP3 on IFN —related processes may potentially be varied and multifaceted. STAT1 is a
key mediator of IFN signalling and subsequent induction of ISG expression (61). STAT1
protein expression was strongly abrogated in Elp37 cells, suggesting that ELP3 is
required for IFN-mediated signalling. Many ISGs that mediate viral restriction and
sensing were downregulated in the absence of Elp3. This data proposes several
possibilities. Absence of ELP3 may affect ISG expression via defective STAT1 expression,
and subsequent impairment of IFN signalling and ISG induction. URA analysis of Elp37-
iBMDMs suggests that proteins involved in IFN signalling like IFNAR1 and STAT1 may be
the key regulators of proteins whose expression are suppressed in cells lacking ELP3.
Alternatively, it is possible that ELP3 may directly regulate ISG expression directly

following LPS treatment, independently of regulating upstream IFN signalling.

A further intriguing possibility to assess is whether ELP3 regulates TLR4-mediated IFN-I

expression, at the level of gene induction or direct translation of IFN-I mRNA. IRFs are

74



key regulators of PRR signalling and pivotal mediators of subsequent gene induction and
expression. Proteomics analysis showed that ELP3 is required for PRR-mediated IRF
activation. URA analysis of the proteomic landscape of Elp37-macrophages suggested
that IRF3 and IRF7 are potentially the crucial effectors that mediate induction of proteins
who are dysregulated in the absence of ELP3. LPS-mediated IRF7 expression was ablated
in Elp37 cells. IRF3 expression however, was unaffected in cells lacking Elp3, raising the
possibility that ELP3 is required not for IRF3 protein expression, but for TLR4-mediated

IRF3 phosphorylation and activation.

As mentioned TLR4 activation leads to downstream NF-kB activation and
proinflammatory cytokine induction. Expression of NFkB subunits was unaffected in
Elp37 cells. Although IPA analysis suggests that processes related to NFkB signalling are

not impaired, whether ELP3 regulates NFkB activation remains to be analysed.

The most strongly predicted upregulated process that arose in cells lacking ELP3 is
related to cholesterol biosynthesis. Expression of several enzymes involved in the
cholesterol synthesis pathway were enhanced in Elp37-. This may represent a
compensation mechanism engaged by the cells to respond to defective translation that
occurs in the absence of ELP3. Potentially ELP3 could regulate the expression of a
protein which restricts cholesterol synthesis in macrophages, leading to a de-repression
of the enzymatic flux through the pathway. Alternatively, enhanced cholesterol
synthesis could derive from reduced IFN induction following LPS treatment. IFN has
been shown to induce reduced cholesterol synthesis in macrophages to enable
antimicrobial resistance (211), and therefore reduced IFN in the absence of ELP3 may

enable enhanced flux throught the cholesterol biosynthesis pathway.

In summary unbiased quantitative proteomics analysis of Elp37- cells revealed intriguing
roles for the Elongator complex in regulation of proteins involved in innate immunity.
ELP3 was necessary for the expression of proteins required for IFN signalling. ELP3 was
necessary for activation of IRFs by cytosolic PRRs. Therefore ELP3 possess’ a varied and
multifaceted role in the orchestration of IFN induction and signalling, in addition to
shaping processes downstream of IFN signalling in the form of ISG expression and
potentially subsequent antiviral immunity. In the next chapter will we assess the

mechanism by which ELP3 contributes to IFN-I signalling in macrophages.
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Chapter 4 — Regulation of IFN-I signalling by the Elongator complex

4.1 Introduction

The Interferon family of cytokines are divided into three separate groups. The IFN-I
group are composed of IFNB and 13 different genetic subtypes of IFNa (58). IFN-Il has a
sole member, IFNy predominantly derived from T and NK cells (59). The IFN-III family is

composed if IFNA1-4 which mediate antiviral defence at epithelial surfaces (60).

IFN-I are pivotal coordinators and shapers of innate immune responses. IFN-I execute
and facilitate a diverse array of functions across the spectrum of innate immunity. IFN-I
induction occurs in response to an array of microbial stimuli. IFN-I signalling has been
covered in the main introduction (section 1.3.1 & Fig 1.4). Briefly, IFNB signals in an
autocrine manner or to neighbouring cells, to activate IFNAR, which leads to ISGF3
complex formation and ISG induction (Fig 4.1). A number of ISGs either directly restrict
viruses, or enhance and amplify the IFN-I signalling pathway itself. As chronic or
aberrant IFN-I production can be pathological and deleterious to the host, IFN-I
signalling contains a number of built-in regulatory mechanisms. IFN-I can also activate
STAT3 homodimers downstream of IFNAR, which possess the ability to restrain STAT1
responses (65,66). IFN-I signalling also induces transcription of SOCS1 and SOCS3, which
block IFNAR-mediated JAK-STAT activation to regulate the strength and temporal nature
of IFN-I signalling (67,68).

IFN-I execute a plethora of crucial roles to coordinate innate immune responses in the
realms of microbial infection, antigen presentation and NK cell function. IFN-I regulate
innate immune-mediated antigen presentation. DC’s function as cardinal APCs to
facilitate antigen-specific immune responses. IFN-I mediate and shape DC development,
differentiation, whilst upregulating proteins involved in antigen presentation, to
facilitate innate-mediated initiation of adaptive immune responses (90,91). IFN-I induces
NK cell mediated IFNy production and effector functions in the context of viral infections
(94,95). Coupled with their facility to link innate and adaptive responses via APC
regulation, IFN-I also directly regulate adaptive immunity. IFN-I shaping of adaptive

responses is impacted at multiple levels. IFN-I can either directly inhibit or augment T-
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cell differentiation and proliferation depending on IFN-I levels and signal strength, STAT

expression or type of microbial infection (96—98).

Foremost among its plethora of crucial functions, IFN-I enable and execute antiviral
innate immunity. Secreted IFN-I signals in an autocrine and manner to induce a
transcriptional programme in infected and uninfected neighbouring cells that restrains
viral infection and replication. The cardinal output of IFN-I signalling that enforces
antiviral innate immunity is the induction of hundreds of ISGs. Antiviral immunity
enabled and shaped by ISGs is complex and multivectoral. ISGs implement immune
responses that mediate viral sensing, inhibit viral replication and enhance IFN signalling.
IRF7 is strongly induced following IFN-I signalling, and as previously mentioned enables
amplification of IFN-I induction by mediating IFNa transcription (69). STAT1 and IRF9,
key mediators of IFN-I signalling, are ISGs themselves, facilitating positive feedback
activation of IFN-I signalling (70). RIG-1 and MDAGS are IFN-inducible cytosolic PRRs that
bind viral dsRNA. They initiate downstream signalling that also induce IFN-I and ISG
expression in an amplification feedback loop. PKR is also a key cytosolic receptor for viral
dsRNA. PKR activates elF2a causing translation inhibition and antiviral immunity (74).
MxA is a GTPase that is potently induced following IFN-I signalling. MxA binds and blocks
activity of viral polymerase following its oligomerization (74). Oligoadenylate synthase
(OAS) family of proteins are also highly induced upon IFN-I signalling. They bind viral
dsRNA, and catalyse the production of 2’-‘5’ oligoadenylates which mediate RNaselL
activation, an endoribonclease which degrades viral RNA (78). The PYHIN family of
proteins are upregulated following IFN-I signalling. The PYHINS play key role in nucleic
acid sensing in the context of infection, and can mediate a plethora of processes, from
proinflammatiory cytokine production, inflammasome activation and IFN-I induction
(71). Thus, ISGs coordinate antiviral immunity in a complex & multifactorial manner

following induction by IFN-I.

IFN-I engage multifaceted and counterbalancing responses and signals. Due to their
fundamental importance in immunity, IFN-I are finely modulated and regulated. As such,
alterations to or breakdowns in regulation of IFN-I responses can be deleterious to a
host. Acute IFN-I induction generally facilitates host protection and antimicrobial

immunity in the realm of infection. Chronic IFN-I induction can often have pathogenic

77



consequences. In the context of autoimmunity, IFN-I are chronically and aberrantly
induced, with autoimmune conditions such as SLE, rheumatoid arthritis and Sjogren’s
syndrome possessing a strong IFN-I signature (61). IFN-I can also be immunosuppressive
during chronic microbial infection (99). In the context of TB infection, IFN-I induce IL-10
and ll-1ra expression, which block inflammasome and IL-1 function, which are critical for

antibacterial immunity (85).

IFN-I are integral mediators of innate immunity in a variety of contexts. They orchestrate
and regulate a multitude of facets of innate immune responses and as such are highly
regulated, with aberrant IFN-I responses being detrimental to the host in a myriad of

settings.

In the previous chapter | showed that ELP3 was required for protein expression of
components of the signalling pathways eliciting IFN-I production and controlling IFN-I
signalling. Therefore here | examined the impact of loss of ELP3 on these signal

transduction pathways.
4.2 Results
4.2.1 LPS-mediated IFN-I and Irf7 gene induction is impaired in the absence of Elp3

Proteomic analysis of Elp37-cells in the last chapter revealed a strongly impaired IFN
signature in the absence of ELP3. As previously mentioned, in mammalian systems,
cellular processes regulated by the Elongator complex are dependent on its function in
modifying tRNA molecules to enable efficient translation of mRNA transcripts. Based on
unbiased quantitative proteomics data, we wanted to assess if ELP3 regulates IFN
production at a translational level, or whether ELP3 is exerting influence further
upstream by regulating another protein required for IFN gene induction. LPS induces
IFNB and IFNa through a well-defined signalling cascade and in a sequential manner (Fig.
4.1A). LPS-induced IFN-I gene expression is impaired in Elp37" cells. TLR4-mediated Ifna
and Ifnb mRNA induction were strongly diminished in cells lacking ELP3 (Fig 4.1B & C).

IRF7 expression gets upregulated via autocrine IFN-I signalling following LPS stimulation,
and consistent with the impaired IFN-I gene induction, mRNA expression of Irf7 was

abolished following treatment with LPS (Fig 4.1C). As well as the role of IRF7 in Ifna
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induction, IRFs play a fundamental role in regulating PRR-mediated Ifnb gene induction,
and so a general effect of ELP3 on IRF mRNA induction could contribute to the impaired
LPS-stimulated IFNB mRNA in Elp37-cells (Fig. 4.1A). Therefore, we decided to assess
whether this effect on Irf7 mRNA induction was a specific effect, or a general effect on
IRF gene expression. However, gene expression levels of Irf3, Irf2 and Irf5 were
unaffected in Elp37 cells (Fig 4.2A-C). Thus, ELP3 absence affects Irf7 gene expression,

but does not have a global effect on IRF mRNA expression.

Hence, although the proteomics data suggested that ELP3 is required for IFN signalling
and responses, the data suggests ELP3 is not directly regulating translation of IFN-I at the
protein level, but rather is functioning further upstream by exerting control of gene

induction of IFN-I following LPS stimulation.
4.2.2 ELP3 is required for IFN-I-mediated ISG induction and STAT activation

Our cellular based gene induction experiments and unbiased proteomics approach
suggests a role for the Elongator complex in the regulation of the IFN-I signalling
pathway. Therefore, we sought to determine at which point in the IFN-I signalling
pathway ELP3 is exerting its effect. IFN-I signalling cascade is shown in Fig 4.1A. STAT1
expression was downregulated in Elp3” cells in our quantitative proteomics. Thus, we
assessed whether this autocrine feedback loop arm of IFN-I is dysregulated in cells
lacking ELP3, which could explain the observed defect in IFN processes (Proteomics data,
Fig 3.11-3.13) and IFN-I mRNA induction (Fig 4.1). To eliminate TLR4-mediated IFN-I gene
induction, and activate IFNAR signalling directly, WT and Elp3” cells were stimulated
directly with IFNB and mRNA induction of several ISGs was assessed. Mirroring LPS-
induced gene expression, IFNB-mediated /rf7 mRNA induction was abolished in Elp37
cells relative to WT cells (Fig 4.3B). Similarly, IFNB-mediated gene induction of /sg15,
Statl & Stat3 were severely diminished in Elp37- cells (Fig 4.3C-E). This data intriguingly
raises the possibility that, dysregulation of the IFN feedback arm of the pathway may be
responsible for impaired Irf7, ISG and IFN-I gene induction in the absence of ELP3 as

opposed to upstream regulators.

Based on this impaired gene induction, and to confirm the data from our quantitative

proteomics, we assessed STAT1 protein expression by western blot. Total STAT1 protein
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expression was strongly diminished in cells lacking ELP3 relative to WT cells. This is in
line with our proteomics data. As a result, total abolishment of STAT1 phosphorylation
and hence activation was observed in Elp37 cells following IFN-I stimulation. STAT3
activation and phosphorylation was similarly impaired, though in accordance with our
proteomics data, total STAT3 expression is unaffected in Elp37 cells, suggesting ELP3

absence does not affect expression of all STATs (Fig 4.4).

4.2.3 LPS and IFN-I, but not IFNy-mediated STAT activation and gene induction are

impaired in Elp37- cells

Next we sought to ascertain the mechanism by which ELP3 affects STAT activation and
subsequent gene induction following IFN-I stimulation. As we observed, total STAT1
levels were diminished in Elp37- cells. This raises the possibility that there is insufficient
total STAT1 protein to enable proper phosphorylation, activation and signal transduction
in cells lacking ELP3. We hypothesized that if total STAT1 protein levels were the
restrictive and rate-limiting factor for dysregulated LPS and IFN-I responses, then other
signalling pathways mediated by STAT1 should be similarly impaired in Elp37-cells. IFN-|
signals through the IFNAR complex, which via its receptor associated kinases, JAK1 and
TYK2, activates STAT1 and STAT2 phosphorylaton and heterodimerisation. Comparably
to IFN-I, IFNy, also induces STAT1 activation (Fig 4.5A). A number of differences exist
however, between IFN-I and IFNy signalling pathways. Analogous to IFNAR signalling, the
IFNyYR utilizes JAK1 as a receptor associated kinase, but whereas IFNAR binds TYK2, the
IFNyYR binds JAK2. In contrast to the STAT1-STAT2 heterodimer formed during IFN-I
signalling, IFNy stimulation leads to the formation and activation of a STAT1 homodimer,
which translocates to the nucleus and enables transcription of ISGs such as Irf1 (Fig
4.5a). To evaluate the possibility that total STAT1 protein levels are the restrictive factor
for signalling in the absence of ELP3, STAT1 activation and subsequent gene induction
was examined following stimulation with IFNy. Interestingly, contrary to stimulation
with IFN-I, IFNy-mediated STAT1 activation and phosphorylation was unaffected in Elp3-
/- cells (Fig 4.5B). Correspondingly, IFNy-mediated IRF1 mRNA induction is unimpaired in
cells lacking Elp3. Thus, as IFNy-mediated STAT1 activation and downstream gene

induction is not dysregulated, this indicates that not all STAT1 regulated processes are
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impaired in Elp37 cells and that a requirement for ELP3 for normal STAT1 total protein
expression is not the main mechanism by which the absence of ELP3 is affecting IFN-I
expression and signalling. This was further illustrated in Figure 4.6, where STAT
activation and IRF1 induction was assessed following LPS, IFNB & IFNy stimulation
performed in parallel. LPS and IFNB-mediated STAT1 phosphorylation was ablated in
Elp37 cells relative to WT cells. Also, LPS and IFNB-mediated STAT2 phosphorylation was
similarly defective in Elp37 cells, even though total STAT2 protein expression levels were
similar in WT and KO cells, further suggesting impaired formation of a functional ISGF3
complex in the absence of ELP3. In contrast, IFNy-mediated STAT1 phosphorylation was
unaffected in Elp37 cells, with no STAT2 activation occurring (Fig 4.6A). LPS, IFNB &
IFNy-mediated IRF1 gene induction was also assessed in parallel, with IrfI mRNA levels
in WT cells set to 100 %, and Elp3”" relative mRNA levels of IRF1 expressed as a
percentage of their WT stimulated counterpart (Fig 4.6b). LPS and IFNB Irf1 gene
induction was severely diminished in Elp37 cells, with IFNy-stimulated IrfI mRNA
induction unaffected. Absence of ELP3 dysregulates LPS and IFN signalling and exerts
no effect on IFNy-mediated processes. This suggests that the diminished STAT1 total
protein expression in Elp37- cells, is not the reason for impaired IFN expression and

signalling.
4.2.4 TYK2-mediated signalling pathways are abrogated in cells lacking Elp3

As STAT1 activation but not expression is impaired following LPS & IFN stimulation, we
decided to evaluate the expression of the IFNAR complex and its associated proteins.
The expression of IFNAR1, JAK1 and TYK2 were unaffected by the absence of ELP3 (Fig
4.7). This data raises the possibility that LPS and IFN-I-mediated activation of JAK1 or
TYK2 is defective in cells lacking ELP3. As mentioned, both IFNAR and IFNyR both bind
JAK1 for intracellular signal transduction. However, due to the observation that IFNy
signalling and responses are unaffected in Elp37 cells, precluding JAK1 activation as the
dysregulated factor restricting LPS & IFN-I signalling in the absence of Elp3.
Consequently, we decided to examine whether signalling pathways regulated by the
other tyrosine kinase used by IFNAR, TYK2, were dysregulated in Elp3” cells. IL-4
signalling induces alternative ‘M2’ macrophage activation, leading to upregulation of

proteins such as arginase-1, Ym1 and Fizz (212). IL-4 signals through a receptor complex
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that utilizes TYK2, and interestingly, it has been shown that conversion of murine
macrophages to an M2-like phenotype and expression of M2 markers following IL-4
stimulation is defective in the absence of ELP3 (213). Supporting this observation, we
found that IL-4-mediated upregulation of M2 marker expression, Arg1, in Elp37/-iBMDMs
was completely abolished (Fig 4.8a). IL-10 similarly signals through a receptor complex
which utilizes TYK2 for intracellular signal transduction. The IL-10-mediated gene
induction responses, as measured by Socs3 mRNA expression, was also severely
impaired in Elp37 cells (Fig 4.8B). Thus, multiple signalling pathways, namely IFN-I, IL-4
and IL-10, all utilizing TYK2 to enable signal transduction, are dysregulated in cells
lacking ELP3. Tyk2 total protein expression was unaffected in Elp37 cells (Fig 4.7),
indicating that aberrant TYK2 activation may be culpable in the observed restriction of
IFN-I signalling, STAT1 activation and ISG and IFN-I mRNA induction in the absence of
ELP3.

4.2.5 PKR protein expression is unaffected in Elp3”- cells

Having established a mechanism for the requirement for ELP3 for IFN-I signalling,
namely a requirement for LEP3 for TYK2-depednent responses, we turned to examine
other aspects of the IFN response that might be regulated by ELP3. PKR plays a pivotal
role in RNA sensing and antiviral innate immunity. Quantitative proteomics data suggest
that PKR expression was downregulated in Elp37 cells. PKR is also enriched in codons
requiring Elongator for their proper translation (13.2 %). Thus, we decided to evaluate
PKR expression as an ISG whose expression is potentially EIP3-dependent. As previously
observed with IRF1, mRNA induction of PKR was severely impaired following LPS and
IFN-1, but not IFNy stimulation (Fig 4.9A). As PKR gene induction was unaffected for IFNy
stimulation, and is enriched for ELP3-dependent mRNA codons, we examined PKR
protein expression to assess whether ELP3 is required for IFNy-mediated PKR
translation. However, Fig 4.9B shows that PKR protein expression was unaffected in
Elp37 cells, in the presence of absence of stimulation. This data suggest that although
PKR is enriched with Elongator-dependent mRNA codons, that potentially PKR protein
expression is sufficiently stable to overcome the translational restriction, or that in the
absence of ELP3 cells engage a compensatory mechanism to enable sufficient PKR

expression.
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4.2.6 ELP3 is required for protein expression, but not gene induction of PHYIN protein

p205 following IFNy stimulation

The PYHIN family of proteins are IFN-inducible genes that play a myriad of roles in innate
immunity, ranging from nucleic acid sensing and viral restriction, to inflammasome
activation and regulation of gene expression (39,71). Previous work from the lab has
focused on a range of PYHIN proteins and their functions in innate immunity.
Intriguingly, murine PYHIN family members are highly enriched with mRNA codons that
are Elongator-dependent (Fig 4.10). Expression of murine PYHINs at the protein level are
often difficult to detect. Consequently, we decided to evaluate expression of the PYHIN
protein p205 in Elp37-, due to its potential high level of Elongator-dependency and the
availability of an antibody capable of detecting p205 expression by immunoblot
(Antibody generated and gifted by Kate Fitzgerald lab in UMASS). Mirroring trends
previously observed, LPS and IFN-I but not IFNy-mediated p205 mRNA induction was
dysregulated in Elp37 cells (Fig 4.11A). In accordance with this impairment of gene
expression, LPS and IFN-I induction of p205 protein expression was similarly abolished in
cells lacking ELP3. However for IFNy stimulation, even though p205 mRNA expression,
IFNy-induced p205 protein expression was strongly impaired in Elp37 cells (Fig 4.11B).
As evident from the gene induction analysis, IFNy signalling is fully functional in Elp37-
cells. Consequently, the impaired p205 protein expression following IFNy stimulation
suggests ELP3 is necessary for regulating protein expression, but not gene induction, of
p205. This is the first instance whereby Elongator has been shown to be required for the
protein, but not mRNA expression of an innate immune protein, and strongly suggest a
direct role for ELP3 in translation of p205. P205 has been implicated in regulating
transcription and subsequent expression of the inflammasome adaptor protein ASC in
BMDMs (72). Therefore, we decided to assess ASC expression to the impaired induction
of p205 in the absence of ELP3. However, ASC expression was not reduced in Elp37-cells,
but was actually enhanced in the absence of ELP3 (Fig 4.12). Thus, reduced expression of
p205 protein had no restrictive effect on ASC. It may be possible that ELP3 regulates
expression of a protein that restricts ASC expression, and Elp3”~ leads to a de-repression

on ASC which overcomes p205 deficiency.

4.2.7 ELP3 does not regulate ACLY expression and stability in macrophages
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ATP-citrate lyase (ACLY) catalyses the production of acetyl CoA, which is critical for
epigenetic regulation of gene promoters. It has been shown to be required for LPS-
induced acetylation and subsequent gene induction of IL-6 and IL-12 (214). Across
multiple animal models, Elongator was observed to interact with ACLY and regulate
microtubule-dependent transport in neurons (215). It appears to do this not be
mediating ACLY translation, but by regulating ACLY protein stability. Due to the ready
availability of a an antibody for ACLY, and its purported role in innate immunity, we
decided to mirror the technique used to assess this in neurons, by performing a
cycloheximide chase assay, which determines protein stability and degradation kinetics.
WT and Elp37 iBMDMs were treated with cycloheximide for 8 hours before being
harvested and assessed for ACLY expression and stability by immunoblot. In murine
macrophages, ELP3 deficiency had no discernible effect on ACLY stability following
cycloheximide treatment (Fig 4.13). This data suggest that possibly Elongator-mediated
stabilization of ACLY may be limited to a neuronal setting, and may not effect ACLYs

purported role in innate immunity.

Overall, the results show that ELP3 is required for IFN-I signalling. IFN-I signalling was
impaired in Elp37 cells due to abrogated TYK2 activation. Other TYK2-mediated
pathways were impaired in the absence of ELP3, suggesting TYK2 activation is restrictive
for IFN-I signalling in cells lacking ELP3. We found that the PYHIN family of proteins were
enriched in Elongator-dependent codons, and that ELP3 was required for IFNy-mediated
p205 protein expression, but not p205 mRNA induction. ELP3 was shown to not be

required for PKR and ACLY protein expression.

84



Rel. expression

150

100+

10

STAT1 M STAT2 /_. 1

© RF3 @ o
© RF3
QOSSN VODNEG Mm W
IFNPB IRF7 IFNo -
Ifnb Irf7 Ifna
64 150
- WT - wr
c c
= KO © - KO ©
& 4 & 100
e o
a a
X x
@ o @ 504
© ©
m * 0:
0 e 0
20 30 0 10 20 30 0 10 20 30
h h h

Fig 4.1 TLR4-mediated IFN-I induction is ELP3-dependent

Schematic of LPS-mediated IFN-I induction and subsequent signalling (A). Wild-type (WT)
and Elp3”7 iBMDMs were seeded at 5 x 10° cells/ml and stimulated with 100 ng/ml LPS.
RNA was isolated following 3, 6 and 24 h LPS stimulation and gene expression of Ifnb (B),
Irf7 (C) & Ifna (D) was measured by gRT-PCR. mRNA levels are presented relative to
MRNA levels of B-actin. Data are mean + SEM and is average of three independent
experiments. *P < 0.05, ***P < 0.001 compared to WT, based on students t-test
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Fig 4.2 Gene expression of IRF2, IRF3 & IRF5 is unimpaired in Elp37- iBMDMs following
LPS stimulation

Wild-type (WT) and Elp37 iBMDMs were seeded at 5 x 10° cells/ml and stimulated with
100 ng/ml LPS. RNA was isolated following 3, 6 and 24 h LPS stimulation and gene
expression of (A) Irf3, (B) Irf2 and (C) Irf5 was measured by gRT-PCR. mRNA levels are
presented relative to mRNA levels of B-actin. Data are mean + SEM of 3 experiments.
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Fig 4.3 IFNB-mediated ISG expression is impaired in the absence of ELP3

(A) IFNB-mediated signalling. (B-E)WT and Elp37- iBMDMs were seeded at 5 x 10°
cells/ml and stimulated with IFNB (1000 U/ml). RNA was isolated following 3, 6 and 24 h
and gene expression of Irf7, Isg15, Statl and Stat3 was measured by qRT-PCR. mRNA
levels are presented relative to B-actin. Data are mean + SEM. *p<0.05 compared to WT,
based on students t-test
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Fig 4.4 IFNB-mediated STAT activation is impaired in the absence of ELP3

WT & Elp37- iBMDMs were seeded at 5 x 10° cells/ml and stimulated with IFN (1000
U/ml) for the indicated times. Cells were harvested and total & phosphorylated STAT1 &
STAT3 was assessed by immunoblot. Representative of three independent experiments
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Fig 4.5 IFNy-mediated STAT activation & ISG induction is unimpaired in iBMDMs
lacking ELP3

(A)IFN-I and IFNy-mediated signalling pathways. (B) WT & Elp3”- iBMDMs were seeded
at 5 x 10° cells/ml and stimulated with IFNy (50 ng/ml) for the indicated times . Cells
were harvested and total & phosphorylated STAT1 was assessed by western blot.
Representative of N=3. (C) Irf1 gene expression was assessed by qRT-PCR following 3 h
stimulation with with IFNy (50 ng/ml). mRNA levels are represented relative to B-actin.
Data are mean + SEM and is average of 3 experiments.
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Fig 4.6 LPS and IFNB, but not IFNy-mediated STAT activation and downstream gene
induction are suppressed in cells lacking ELP3

WT & Elp37- iBMDMs were seeded at 5 x 10° cells/ml and stimulated with either LPS
(100 ng /ml), IFNB (1000 U/ml) or IFNy (50 ng/ml) for 90 mins. Cells were harvested and
total & phosphorylated STAT1 & STAT2 was assessed by immunoblot. Representative of
3 independent experiments. (B) Irf1 gene expression was assessed by qRT-PCR following
3 h stimulation with with LPS (100 ng /ml), IFNB (1000 U/ml) or IFNy (50 ng/ml). mRNA
levels are represented relative to B-actin, with each WT sample set to 100% and KO
levels expressed as a percentage of their WT stimulated counterpart. Data are mean +
SEM and is average of 3 experiments. *p<0.001 compared to WT, based on students t-
test
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Fig 4.7 IFN-I receptor complex expression is unaffected by the absence of ELP3

WT & Elp37- iBMDMs were seeded at 5 x 10° cells/ml and stimulated with either LPS
(100 ng /ml), IFNB (1000 U/ml) or IFNy (50 ng/ml) for 90 minutes. Cells were harvested
and expression of JAK1, IFNAR1 & TYK2 was assessed by immunoblot. Representative of
three independent experiments
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Fig 4.8 IL-4 & IL-10-mediated signalling pathways are dysregulated in Elp37- iBMDMs

WT and Elp37- iBMDMs were seeded at 5 x 10° cells/ml and stimulated with IL-4 (10
ng/ml) (A) or IL-10 (10 ng/ml) (B). RNA was isolated following 3 h and gene expression of
Arg1 and Socs3 was measured by qRT-PCR. mRNA levels are presented relative to B-
actin. ***p<0.001 compared to WT based on students t-test
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Fig 4.9 Effect of Elp3”~ on PKR gene induction & protein expression

WT & Elp3”7 iBMDMs were seeded at 5 x 10° cells/ml and stimulated with either LPS
(100 ng /ml), IFNB (1000 U/ml) or IFNy (50 ng/ml). RNA was isolated after (A) 3 h and
Eif2ak2 gene expression was analysed by qRT-PCR. mRNA levels are represented relative
to B-actin. Data are mean * SEM and of 3 experiments. ** p<0.01(B) Cells were
harvested 3 h post stimulation and PKR protein expression was assessed by immunoblot.
Representative of three independent experiments
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Fig 4.10 Mouse Pyhin mRNA transcripts are enriched with Elongator-dependent
codons

Mouse pyhin mRNA coding sequences were obtained and analysed for the presence of
CAA, GAA & AAA codons. The proportion of these codons are shown as a % of total
codons in each mRNA transcript
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Fig 4.11 IFNy-mediated p205 protein but not mRNA expression is affected in Elp37-
iBMDMs

WT & Elp37- iBMDMs were seeded at 5 x 10° cells/ml and stimulated with either LPS
(100 ng /ml), IFNB (1000 U/ml) or IFNy (50 ng/ml). RNA was isolated after (A) 3 h and
p205 gene expression was analysed by qRT-PCR. mRNA levels are represented relative to
B-actin. Data are mean + SEM and is average of 3 experiments. *p<0.0.5 compared to
WT, based on students t-test (B) Cells were harvested 16 h post stimulation and p205
protein expression was assessed by immunoblot. Data are representative of 3
independent experiments.
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Fig 4.12 ASC expression is unimpaired in the absence of ELP3

WT & Elp3”7- iBMDMs were seeded at 5 x 10° cells/ml and stimulated with either LPS
(100 ng /ml), IFNB (1000 U/ml) or IFNy (50 ng/ml). Cells were harvested 3 h post
stimulation and ASC protein expression was assessed by immunoblot. Representative of
three independent experiments.
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Fig 4.13 ACLY stability is unaffected by the absence of ELP3

WT & Elp3”7 iBMDMs were seeded at 5 x 10° cells/ml before being treated with
cyclohexamide (50 pg/ml) for 8 h. Cells were subsequently harvested and ACLY
expression assessed by immunoblot. Representative of three independent experiments
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4.3 Discussion

Proteomic analysis of Elp37- macrophages revealed an impaired IFN-I signature in the
absence of ELP3. We sought to appraise how ELP3 influences and regulates IFN-I. LPS-
mediated IFN-I gene induction was impaired in Elp37-. We demonstrate that IFN-|
signalling is strongly abrogated, with STAT activation and ISG induction ablated in Elp3”
cells. IFNy signalling and responses were unaffected. IFNAR complex protein expression
is unaffected. However, other Tyk2-mediated pathways like IL-4 and IL-10, are
abrogated, suggesting ELP3 is necessary for Tyk2 activation in macrophages. Thus
overall, the data indicate that ELP3 is crucial for IFN-I-mediated feedback signalling and

gene induction, likely due to a requirement for ELP3 for TYK2 activation.

Proteomic analysis of Elp37- cells illustrated that the most abrogated process in cells
lacking ELP3 was IFN-mediated signalling and processes. URA analysis also revealed IFNB
as a potential regulator that is required for expression of downregulated proteins in
Elp37 cells. Intriguingly, we discovered that following LPS treatment IFN-I gene induction
is ablated in the absence of ELP3. Following IFN-I gene induction, IFN signals in a
feedback loop to activate Irf7 expression, which mediates subsequent transcription of
Ifna, and generally amplifies IFN-I expression (69). Impaired Ifna induction is likely due to
abrogated expression of Irf7. Irf7 expression likely derives from impaired Ifnb gene
induction following LPS stimulation. This data suggests that the effect of ELP3 on LPS-

induced IFN-I is not a translational regulation of IFN-I expression.

In plants and yeast, Elongator can directly regulate gene expression via epigenetic
mechanisms (172). In mammalian systems however, initially purported roles for
Elongator in transcription appear to result indirectly from its translational role in
decoding of mRNA. As mentioned, IFN-I signals in an autocrine manner to induce both
ISG and further IFN-I expression, to amplify IFN-I responses. Proteomics analysis of Elp3
/- cells showed that expression of a number of proteins involved in IFN signalling (eg
STAT1) was impaired. Based on this data we decided to examine and analyse IFN-I
signalling pathway in Elp37 cells. We showed that IFN-I mediated ISG induction and
STAT1 activation was ablated in the absence of ELP3. Reduction of STAT1 expression
occured at the level of both protein and mRNA. Tonic IFN-I expression, induced by
commensal microbes, is required to maintain steady state levels of STAT1 and other IFN
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signalling proteins (62). As STAT1 is down at the mRNA level, this suggests that rather
than ELP3 regulating STAT1 translation, basal and tonic IFN-I signalling requires ELP3.

We resolved to investigate whether diminished total protein expression, is the rate-
limiting factor for abrogated activation of STAT1 in Elp37" cells. Where IFN-I signals
predominantly through STAT1-STAT2 heterodimers, IFNy induces activation of STAT1
homodimers. We displayed that LPS and IFNB-mediated STAT1 & STAT2 phosphorylation
is abrogated, but in contrast, IFNy-mediated STAT1 activation was unaffected.
Conjointly, IFNy-mediated induction of IRF1 gene expression was unaffected in E/p3”".
We concluded that as IFNy retains the ability to activate STAT1 and activate ISG
induction in Elp37- cells, total STAT1 protein expression is not rate-limiting for STAT1
phosphorylation and IFN-I signalling and responses in cells lacking ELP3. This data also
exhibit that ELP3 does not globally affect all aspects of IFN in macrophages, but rather

that the influence exerted by ELP3 is specific to the IFN-I family and its responses.

STAT1 expression does not appear to be prohibitive for IFN-I signalling. This proposes
that the restrictive influence enforced by the absence of ELP3 occurs upstream at the
level of receptor-mediated signalling. IFN-I stimulates IFNAR1-IFNAR2
heterodimerization, which bind and activate receptor-associated kinases TYK2 and JAK1
respectively, to facilitate STAT activation for signal transduction. Expression levels of
IFNAR1, JAK1 and TYK2 are unaffected, suggesting JAK1 or TYK2 activation is impaired in
Elp37- cells. IFNy signals through JAK1 and JAK2 to activate STAT1. IFNy signalling is
unimpaired in Elp37" cells, indicating that JAK1 activation is unaffected and unlikely to
explain abrogated IFN-I signalling. In addition to IFN-I signalling, other TYK2-mediated
signalling pathways, IL-4 and IL-10, are abrogated in Elp3” cells. This data suggests that
ELP3 is required for TYK2 activation in murine macrophages. The impairment in IL-4
induced gene expression in macrophages lacking Elp3 has previously been observed,
further enforcing the hypothesis that ELP3 regulates TYK2 activation (213). The
mechanism by which ELP3 regulates TYK2 activation is unclear. An inbuilt regulatory
mechanism to restrain IFN signalling is the induction of SOCS proteins. SOCS1 and SOCS3
have been shown to block TYK2 activity via the binding of conserved tyrosines through
their SH2 domains (216). IFNa can induce TYK2 degradation in a SOCS1-dependent

manner, with a SOCS1 mimetic peptide also being shown to inhibit TYK2 (217). Whether
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enhanced SOCS expression is the causative restrictive factor in Elp37- cells is hard to
know, as SOSC1 and SOCS3 can inhibit other JAKs (JAK1-3), aswell as blocking IFNy
signalling, which is unaffected in Elp37- cells (218). Potentially, ELP3 may regulate the

translation of an unknown protein which is required for IFN-I-mediated TYK2 activation.

PKR was shown to be downregulated in our proteomic analysis of Elp37 cells. We found
this intriguing as PKR is a sensor for viral dsRNA, regulates cellular translation like
Elongator and appears to be enriched in Elongator-dependent codons (~13 %). LPS and
IFN-I-mediated PKR gene induction was impaired, but no effect on PKR protein
expression was observed in Elp37 cells. This was surprising due to the high level of
Elongator-dependent codons it possess’. PKR is constitutively expressed in cells and is
present as an inactive monomer, before ligation of viral dsRNA induces its
phosphorylation, activation and oligomerization (74). Potentially, basal levels of inactive
PKR protein expression can overcome and compensate for defects in PKR gene induction
following LPS and IFNB stimulation. Based on its high level of Elongator-dependency, it
could be hypothesized that lack of ELP3 would lead to ribosomal stalling along PKR
mRNA transcripts, causing defective PKR translation and protein expression. Potentially
the stability of basal PKR expression overcomes slower translational kinetics, or perhaps
a compensation mechanism is engaged upon absence of ELP3, which stabilizes
translation of some mRNA transcripts which possess a high level of Elongator-
dependency. PKR phosphorylation and activation was not assessed, and though ELP3
does not appear to regulate PKR translation, perhaps absence of ELP3 abrogates PKR

activation following sensing of viral RNA.

The PYHIN family of proteins are enriched in codons requiring Elongator for translation.
We resolved to ascertain whether ELP3 is required for gene induction and/or translation
of the mouse PYHIN p205. As observed with other innate immune genes, LPS and IFN-I-
mediated p205 gene induction is impaired in cells lacking ELP3, perhaps unsurprising
given the discovered abrogation of IFN-I signalling. Similar to IRF1, IFNy-mediated p205
gene induction is unaffected in Elp37 cells. Compellingly however, IFNy-mediated p205
protein expression is potently diminished in Elp37 macrophages. This data suggests that
ELP3 is required for proper protein expression of p205. P205 has been shown to regulate

ASC expression in macrophages, however lack of ELP3 appears to lead to strongly
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enhanced ASC expression. The impairment of p205 expression in the absence of ELP3
may possibly induce a compensation mechanism to enable sufficient ASC expression. It
is unclear as to why ELP3 is necessary for translation of p205 but not PKR when they
share similar levels of Elongator-dependent codons. It has been proposed that
Elongator-dependent codons are required but not sufficient to predict the translational
fate of a protein. It was proposed that following Elongator-dependent codon-specific
translational defects, that the presence of a specific hydrophilic motif mediates protein
aggregation and aberrant expression (219). Neither PKR nor p205 possess the supposed
hydrophilic motif, yet one is properly translated and the other not. Contrastingly, Elp3
has been shown to regulate the translation of a guanine nucleotide exchange factor,
Ric8b, in a codon specific manner in macrophages following IL-4 treatment (213). Ric8b
does not possess the proposed hydrophilic motif, and also possess’ a much lower levels
of Elp-dependent codons (9.45%) when compared to PKR or p205. This suggests that
possibly mRNA codon content/hydrophilic motif presence is not sufficient to predict
protein fate in the absence of ELP3. Possibly some other motif or mechanism as yet
undiscovered is necessary to delineate with specificity as to whether a protein will or
will not be properly translated in the absence of ELP3. Protein and situation-specific
compensatory mechanisms may also be engaged by the cell to account for the absence

of a functional Elongator Complex.

Elongator has been to interact with and be required for stability and expression of ACLY
in d. melanogaster and in neurons in mammals (163). Loss of Elp3 does not appear to
affect ACLY stability or regulation in murine macrophages following cycloheximide pulse-
chase assay. This suggests that influence of Elongator on ACLY functioning may be

restricted to a neuronal setting and not extend to immune cells.

In summary, ELP3 is required for IFN-I feedback signalling in macrophages. LPS and IFN-I-
mediated STAT activation and gene induction is potently abrogated in the absence of
ELP3. This specific to IFN-I, as IFNy-mediated signalling and gene induction responses are
fully functional in Elp37- cells. Expression of IFNAR complex and its associated kinases is
stable in cells lacking ELP3. Interestingly, multiple TYK2-mediated signalling pathways
are suppressed in Elp3”7-macrophages, suggesting that ELP3 is required for proper TYK2

activation. ELP3 appears to be necessary for translation, but not gene induction of the
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mouse PYHIN protein p205 following IFNy treatment. In the context of murine

macrophages, ELP3 does not appear to regulate stability or expression of ACLY.

We have analysed the role ELP3 plays in multiple extracellular signalling pathwyas in
innate immunity. In the next chapter, we will assess the role ELP3 plays in intracellular
signalling and gene induction-mediated by cytosolic PRRs, in conjunction with whether

ELP3 is necessary for antiviral immunity in the context of viral infection.
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Chapter 5: Regulation of cytosolic PRR signalling by ELP3

5.1 Introduction

IFN-Is and inflammatory cytokines perform various roles across multiple facets of innate
immunity. IFN-I and proinflammatory cytokine induction occurs in response to an array
of microbial and host intrinsic stimuli. The varied nature of innate immune gene
induction requires diverse PRRs, which function throughout the cell spatially and

temporally to sense and respond to diverse stimuli.

Spatially distinct TLRs enable recognition of a variety of microbial stimuli, transducing
signals to execute induction of IFN-Is and proinflammatory cytokines. TLR4 functions at
the cell surface, and in response to ligation of bacterial LPS or the F protein of
Respiratory syncytial virus, is internalised which enables transcription of IFN-Is and
cytokines (220). Multiple TLRs function intracellularly at endosomes to facilitate sensing
of microbial nucleic acids. TLR3, TLR7 and TLR8 sense viral RNA, and TLR9 senses
hypomethylated CpG DNA (11). TLR3 signals through TRIF to activate IRF3 and enable
IFNB transcription, or activate NF-kB and AP-1 to facilitate proinflammatory cytokine
induction (12). pDCs are professional IFN-I producing cells. pDCs utilise TLR7 and TLR9
which signal through MyD88 to activate IRF7 and induce IFN-I transcription (11). The
compartmentalization of TLRs to the endosome enables discrimination of self from non-
self nucleic acids, since host nucleic acid material is normally localised to nuclei and
mitochondria. However, when this spatial dissociation of self-nucleic acid from
endosomal TLRs breaks down, autoimmunity and disease can emerge. TLR7 and TLR9
sensing of self-nucleic acid leaked into the cytosol, contributes to autoantibody
production inn SLE (221). Insufficient nucleic acid degradation leads to aberrant nucleic
acid sensor activation and autoimmunity, such as in the case of mutations in TREX1
endonuclease, which is related to SLE, myocarditis and other autoimmune conditions

(222,223).

Cytosolic PRRs derive from a variety of protein families, and are critical and cardinal
orchestrators of innate immunity in response to nucleic acid and intracellular pathogen
sensing. A multitude of cytosolic PRRs induce IFN-Is and innate immune genes upon

sensing of nucleic acids. cGAS, ZBP1 and PYHINs mediate innate immune responses to a
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plethora of diverse DNA motifs. In response to DNA binding, cGAS generates the
nucleotide second messenger cGAMP, which activates STING, leading to IRF3-dependent
IFN-1 induction and NF-kB-dependent proinflammatory cytokine induction (23). cGAS
functions as a central node for sensing of DNA from a diverse array of sources. cGAS
enables sensing of microbial DNA, extranuclear chromatin and mitochondrial DNA which
leaks into the cytosol following DNA/RNA virus infection (224). This multifaceted sensing
by cGAS, enables IFN-I and cytokine induction in a variety of contexts, ranging from
infection to cases of genotoxic stress (23). The PYHIN family proteins, IFI16 and AIM2,
mediate intracellular DNA sensing, leading to a multitude of responses, ranging from
IFN-1 production to inflammasome activation (71). A wide array of other DNA sensors
function in the cytosol, such as ZBP1 which can both form inflammasomes and induce

IFN-Is and cytokines in response to virus infection (225).

The RLRs are the cardinal PRRs that facilitate sensing of cytosolic RNA upon RNA virus
infection. The RLRs are made up of RIG-I, MDAS5 and LGP2, with RIG-l and MDA5
mediating antiviral signalling in response to RNA, whereas LGP2 functions by enhancing
MDAS signalling (23). RIG-1 and MDAGS recognize RNA derived from RNA virus infection.
However, in contrast to DNA sensing, where self-DNA is spatially compartmentalised to
prevent its recognition by DNA sensors, cellular RNA is abundant in the cytosol in many
forms. To prevent aberrant sensing of cellular RNA, RIG-I and MDAGS sense duplex RNA
structures, with RIG-I sensing viral RNAs which all contain a 5’'ppp group (17). MDA5
does not recognize the 5’ppp motif, but rather dsRNA length is important for RNA
recognition by MDAS (226). Upon RNA binding, both RIG-1 and MDAS enagage MAVS at
mitochondria, leading to TBK1 activation and subsequent stimulation of IRF3 and NF-kB
and induction of IFN-Is and proinflammatory cytokines (17). RLR sensing of viral RNA in
the cytosol, is critical for IFN-I induction, subsequent ISG expression and suppression of
viral replication. Due to this integral function in innate immunity, RLR signalling is tightly
regulated and fine-tuned at the level of the RNA ligand, its interacting partners and at

the level of the sensor itself via a plethora of regulatory mechanisms.

In chapter 4 we demonstrated that ELP3 is indispensable for IFN-I signalling in
macrophages. IFN-I feedback signalling was potently impaired in the absence of ELP3.

We observed that gene induction of IFN-I ablated in response to activation of the
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extracellular PRR TLR4. Unbiased quantitative proteomic analysis showed that
expression of proteins involved in cytosolic PRR signalling was abrogated in Elp37 cells.
Based on these observations, we decided to assess the relative contribution of ELP3 to
TLR, DNA and RNA sensing pathways in macrophages and their gene induction outputs,
as well as assessing whether ELP3 is required for innate immunity in the context of RNA

virus infection.
5.2 Results
5.2.1 Loss of ELP3 abrogates TLR4-mediated IRF3 phosphorylation and activation

We previously demonstrated that ELP3 is necessary for functional IFN-I signalling and
gene induction responses. We further determined that LPS-mediated IFN-I and IRF7
gene induction is ablated in cells lacking ELP3. Impaired induction of Ifna is likely due to
defective Irf7 expression. IFN-I feedback signalling induces ISG expression, but also
amplifies and potentiates IFN-Is expression itself, so the requirement of ELP3 for LPS-
stimulated IFN-I could be solely due to an effect on the IFN-I signalling pathway.
However, aberrant initial /fnb induction following LPS stimulation due to a direct role for
ELP3 in TLR4 signalling could also contribute to impaired /rf7 induction. Therefore, we
decided to examine whether ELP3 is exerting influence solely on LPS-induced IFN-I
signalling and potentiated induction, or whether ELP3 also regulates TLR4 signal
transduction and initial induction of IFN-I expression. Supporting previous data, LPS-
induced STAT1 and STAT3 activation were ablated in Elp3” cells (Fig 5.1, panels 5 & 7).
p65, also known as RelA, is a key component of the NFkB complex, which gets
phosphorylated following TLR4 stimulation, leading to nuclear translocation and
induction of proinflammatory cytokines. p65 following LPS treatment was unaffected by
the absence of ELP3 (Fig 5.1, panel 3). IRF3 phosphorylation and activation downstream
of TLR4 stimulation mediates an initial wave of /fnb gene induction. IRF3 protein
expression was unimpaired in cells lacking Elp3 (Fig 5.1, panel 2). Intriguingly, LPS-
mediated IRF3 phosphorylation was potently abrogated in Elp37 cells. This data suggests

that ELP3 is required for proper activation of IRF3 downstream of TLR4 signaling.

This data indicates a two-step requirement for ELP3 in TLR4-mediated IFN-I processes.

Firstly, ELP3 is necessary for proper TLR4-mediated IRF3 activation and initial IFNB gene
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induction. Secondly, ELP3 coordinates IFN-I feedback signalling, STAT activation and

gene induction responses via regulation of TYK2 activation.

5.2.2 ELP3 is required for intracellular TLR-mediated gene induction

We established that ELP3 is necessary for TLR4-mediated gene induction and IRF3
activation. We next determined to analyse whether this influence is restricted to the cell
surface TLR4, or whether ELP3 also regulates intracellular TLR responses. The
thiazoloquinone derivative CLO75 is an agonist for murine TLR7, which functions
intracellularly at endosomes, normally sensing ssRNA (11). We stimulated WT and E/p37
cells with CLO75 to investigate whether ELP3 regulates intracellular TLR responses. TLR7-
mediated gene induction of il1b and il12p40 was strongly impaired in ELP37 cells
following CLO75 treatment (Fig 5.2A & B).

This data suggest that ELP3 is required not solely for TLR4 signalling, but also plays an

essential role in intracellular TLR7-dependent gene induction responses.
5.2.3 ELP3 is not required for STING-mediated gene induction.

We have demonstrated that extracellular TLR4-mediated IFN-I induction is ablated in
cells which lack ELP3, and that ELP3 regulates LPS-induced IFN-I processes in a twofold
manner, by regulating both IFN-I signalling, and IRF3 activation leading to IFNP gene
induction. Interestingly, unbiased quantitative proteomics analysis of LPS-stimulated
cells (Chapter 3) demonstrate that expression of proteins predicted to be involved in
signalling downstream of cytosolic PRRs was impaired in Elp37". Deriving from this, we
decided to evaluate whether ELP3 exerts influence over cytosolic PRR-mediated
signalling processes. In response to sensing of cytosolic dsDNA, cGAS generates cGAMP,
a nucleotide second messenger, which activates STING leading to IRF3/NF-kB
phosphorylation and subsequent induction of IFNB and proinflammatory cytokines
(224). STING uses the same kinase as TLR4, TBK1, to phosphorylate IRF3 so it was of
interest to assess whether STING responses were also ELP3-dependent. To evaluate
STING-mediated responses, we transfected WT and Elp37 cells directly with 2’-3’ cGAMP

and examined gene induction responses. cGAMP-mediated induction of the key ISG
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Cxcl10 was unaffected in Elp37-cells (Fig 5.3A). Accompanying this, gene induction of the
chemokine Ccl5, and the proinflammatory cytokine //-6 were unimpaired in the absence
of ELP3 (Fig 5.3B & C). This data indicates that ELP3 does not globally regulate innate

immune signalling, and is not necessary for STING-mediated gene induction responses.
5.2.4 ELP3 is not necessary for dsDNA VACV 70mer-mediated gene induction

STING-mediated gene induction responses function independent of ELP3. We sought to
appraise whether this finding translates to innate immune sensing of dsDNA in general,
which can involve STING-dependent and —independent pathways. The 70-bp long
double-stranded DNA motif, derived from the poxvirus vaccinia virus, is recognized
multiple DNA sensors leading to IRF3 and NF-k activation and IFN, ISG and
inflammatory cytokine gene induction (2, 3). We transfected WT and Elp37" cells with
VACV 70mer to mimic a DNA virus infection and assess whether ELP3 contributes to
cytosolic DNA sensing. Following 70mer transfection, gene induction of Ifnb and the
chemokine Ccl/5 were unaltered by the absence of ELP3 (Fig 5.4A & B). This data suggest

that ELP3 is not required for dsDNA-mediated responses in macrophages.

The confluence of data derived from both cGAMP and VACV 70mer transfection indicate

that ELP3 does not play a role in regulating STING and cytosolic DNA-sensing pathways.

5.2.5 ELP3 is required for RLR and cytosolic RNA-sensing pathway-mediated gene

induction responses.

Cytosolic nucleic acid sensing is facilitated by an array of intracellular receptors that bind
and recognise cytosolic DNA or RNA. Upon RNA virus infection or RNA transfection
multiple receptors such as endosomal TLR3, and cytosolic PKR and the RIG-like receptors
(RLRs) RIG-I/MDAGS are engaged. Cytosolic pathways that mediate DNA-sensing are
unimpacted by the absence of ELP3. This data in conjunction with the fact our proteomic
analysis of Elp37- cells suggests that proteins involved cytosolic PRR signalling are
impaired, led us to appraise whether cytosolic sensing of RNA and subsequent responses

are impacted by the absence of ELP3.

Poly(l:C) is a synthetic dsRNA analog that mimics an RNA virus infection. Poly(l:C)

transfection leads to sensing via multiple cytosolic pathways, such as by TLR3, PKR and
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RIG-I/MDAS (15, 16). We transfected WT and Elp37 cells with poly(l:C) for 3, 6 and 24
hours to simulate a RNA viral infection. Gene induction of Ifnb and Ccl5 was completely
ablated in cells lacking ELP3 (Fig 5.5A & B). This data indicate that whilst cytosolic DNA
sensing pathways do not require ELP3, RNA-sensing pathway stimulated IFN-I and Cc/5

induction, was regulated by ELP3.

RLRs are pivotal mediators of RNA virus sensing and innate immunity. MDAS induce IFN-
| and proinflammatory cytokine induction in response to dsRNA ligation, but poly(l:C)
may also activate RIG-I. We decided to evaluate whether ELP3 is required specifically for
the RIG-I pathway of RNA sensing. To exclude other RNA sensing pathways, we
transfected WT and Elp37-cells with the RIG-I specific ligand 3p-hpRNA, which is a
double stranded hairpin RNA derived from influenza (H1IN1) (230). hpRNA-mediated
induction of Ifnb, Cxcl10 and II-6 was potently diminished in cells lacking ELP3 (Fig 5.6).

The data thus far suggests that ELP3 regulates nucleic acid sensing pathways of cytos olic
RNA, but not of DNA. This appraisal was further supported when we compare TLR4, RIG-
| and STING-mediated responses simultaneously. LPS and hpRNA-mediated induction of
Ifnb, Cxcl10 and Ccl5 was strongly impaired in Elp37 cells, while contrastingly cGAMP-
mediated activation of STING and subsequent gene induction was unimpaired (Fig 5.7A-

C).

Overall the data clearly shows that ELP3 regulates signalling and downstream gene
induction of TLR and RLR pathways, whilst ELP3 was not necessary for DNA sensing

STING-mediated responses.

5.2.6 ELP3 is necessary for innate immune gene induction following RNA virus infection

of macrophages

Since we found that ELP3, whereas ELP3 is required for examined RNA sensing pathways
when utilising PAMPs, we decided to analyse innate immune gene induction in Elp37

macrophages following RNA virus infection.

We infected WT and Elp37-macrophages with the mouse-adapted PR8 H1N1 strain of
influenza A virus (IAV), which is a negative sense ssRNA virus. Upon IAV infection, innate

immune cells upregulate IFN-Is which induce expression of ISGs, which enable restriction
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of viral replication and proliferation. Upon PR8 infection, Elp3”- cell-mediated IFN-I
expression was completely ablated relative to WT cells (Fig 5.8.A & B). IRF7 is an ISG
strongly upregulated following IAV infection, which subsequently enables a second wave
of IFN-I expression in a feedback loop to combat infectious virus (231). Irf7 gene
induction was potently impaired in Elp37" cells following IAV infection, suggesting the
impaired IFN-I induction leads to subsequent abrogation of ISG expression (Fig 5.8C).
The chemokine CCL5 has been show to play a protective role in the context of IAV
infection via the recruitment of leukocytes and subsequent antiviral immunity (232).
Intriguingly, gene induction of Ccl5 following IAV infection was not ELP3-dependent.
Elp37 cells upregulated Ccl5 to levels comparable with WT cells following viral infection
(Fig 5.8D). This data suggests that ELP3 is required for macrophage-mediated induction

of IFN-I and Irf7, but not the inflammatory chemokine Ccl5 in response to IAV infection.

Due to the impaired levels of IFN-Is and IRF7, which are important for restricting viral
infection, we decided to assess viral replication indirectly via assessing gene expression
of IAV Matrix protein (a key structural protein) following infection of WT and Elp3” cells.
Interestingly, expression of Matrix protein was abrogated in cells lacking ELP3, indicating
reduced viral replication in the absence of ELP3 (Fig 5.9). This data was surprising as
ELP37 cells have diminished IFN-I gene induction following IAV infection, which are
important for restricting viral replication. This data indicates that in macrophages ELP3 is

required for proper replication of IAV.

We decided to determine whether ELP3 was required for innate immune gene induction
with other RNA viruses, or whether it is an effect specific to IAV. We infected WT and
Elp37 cells with RSV, as it is sensed by both RLRs and extracellular TLR4 (220), and
assessed gene induction responses. RSV-mediated induction of IFN-Is was undetectable
following infection in both WT and Elp37 cells (data not shown), likely due to immune
evasion strategies employed by the virus. However, other genes such as Irf7 and Cxcl10
were inducible by RSV infection. ELP3 was necessary for RSV-mediated Irf7 gene
induction following virus infection (Fig 5.10A). The chemokine CXCL10 has been shown
to mediate antiviral immunity in the context of RSV infection (233). Gene induction of
Cxcl10 following RSV infection was strongly impaired in cells lacking ELP3 (Fig 5.10B).

These data indicate that ELP3 is required for induction innate immune genes that are

110



important in coordinating antiviral immunity to RSV, aswell as to other RNA viruses like

IAV.

In summary, we have shown that ELP3 is necessary for multiple PRR-mediated signalling
pathways. We demonstrated that TLR4-mediated activation of IRF3 was abrogated in
cells lacking ELP3. This delineates a twofold role for ELP3 in TLR4-mediated processes, in
IRF3 activation and IFN-I feedback signalling. Intracellular TLR-mediated gene induction
was abrogated in Elp37 cells, with TLR7-enabled cytokine induction impaired in cells
lacking ELP3. We showed that ELP3 was not required for STING and cytosolic DNA
sensing pathways in macrophages. However, we established that ELP3 was in fact
necessary for intracellular RNA sensing pathways and subsequent gene induction in
response to poly(l:C) and the RIG-I ligand 3p-hpRNA. Finally, ELP3 was necessary for
innate immune gene induction in response to infection of macrophages with RNA
viruses, and interestingly was also required for optimal expression of IAV matrix protein

in infected cells.
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Fig 5.1 TLR4-mediated IRF3 & STAT activation is abrogated in the absence of ELP3

WT and Elp37/- iBMDMs were seeded at 5 x 10° cells/ml and stimulated with LPS (100
ng/ml) for the indicated times. Cells were harvested and total and phosphorylated IRF3,
STAT1, STAT3 & p65 was assessed by immunoblot. Representative of three independent
experiments
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Fig 5.2 ELP3 is required for TLR7-mediated gene induction

WT and Elp37/- iBMDMs were seeded at 5 x 10° cells/ml and stimulated withCLO75 (5
ug/ml). RNA was isolated following 3, 6 and 24 h stimulation and gene expression of (A)
I11b and (B) //12p40 was measured by gRT-PCR. mRNA levels are presented relative to
mMRNA levels of B-actin. Data are mean + SEM and is average of 3 experiments. *P < 0.05,
***P < 0.001 compared to WT, based on student’s t-test
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Fig 5.3 cGAMP-mediated gene induction is unimpaired in Elp3”/- iBMDMs

WT and Elp37- iBMDMs were seeded at 5 x 10° cells/ml and transfected with 2’-3’
CGAMP (5 pg/ml). RNA was isolated following 3, 6 and 24 h and gene expression of (A)
Cxcl10, (B) Ccl5, (C) Il6 was measured by qRT-PCR. mRNA levels are presented relative to
B-actin. Data are mean + SEM of three independent experiments
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Fig 5.4 Double-stranded VACV-70mer DNA mediated gene induction does not require
ELP3

WT and Elp37- iBMDMs were seeded at 5 x 10° cells/ml and transfected with double-
stranded VACV-70mer DNA (2.5 pg/ml). RNA was isolated following 3, 6 and 24 h and
gene expression of (A) Ifnb & (B) Ccl5 was measured by gRT-PCR. mRNA levels are
presented relative to B-actin. Data are mean + SEM of three independent experiments
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Fig 5.5 poly(l:C)-mediated gene induction is ELP3-dependent

WT and Elp37- iBMDMs were seeded at 5 x 10° cells/ml and transfected with HMW
poly(I:C) (10 pug/ml). RNA was isolated following 3, 6 and 24 h and gene expression of (A)
Cxcl10 & (B) Ccl5 was measured by qRT-PCR. mRNA levels are presented relative to B-
actin. Data are mean + SEM and is average of 3 experiments. *p<0.05, **p<0.01,
***p<0.001 compared to WT, based on students t-test
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Fig 5.6 3p-hpRNA-mediated gene induction is ELP3-dependent

WT and Elp37- iBMDMs were seeded at 5 x 10° cells/ml and transfected with 3p-hpRNA
(100 ng/ml). RNA was isolated following 3, 6 and 24 h and gene expression of (A) Ifnb,
(B) Cxcl10, (C) il6 was measured by gRT-PCR. mRNA levels are presented relative to B-
actin. Data are + SEM and is average of 3 experiments. *p<0.05, **p<0.01, ***p<0.001
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Fig 5.7 TLR4 and RIG-1 but not STING-mediated gene induction is suppressed in Elp37-
cells.

WT and Elp37- iBMDMs were seeded at 5 x 10° cells/ml and stimulated with 2’-3’ cGAMP
(5 ug/ml). RNA was isolated following 3, 6 and 24 h and gene expression of (A) Ifnb (B)
Cxcl10, (C) Ccl5 was measured by qRT-PCR. mRNA levels are presented relative to B-
actin. Data are mean * SEM and is average of 3 experiments. *p<0.05, **p0.01,
**%*p<0.001 compared to WT, based on students t-test
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Fig 5.8 IAV-mediated gene induction is ELP3-dependent.

WT and Elp37- iBMDMs were seeded at 5 x 10° cells/ml and infected with the PR8 strain
of IAV (MOI of 5). RNA was isolated following 6, 12 and 24 h PR8 infection and gene
expression of (A) Ifna, (B) Ifnb, (C) Irf7 & (D) Ccl5 was measured by gRT-PCR. mRNA
levels are presented relative to mRNA levels of B-actin. Data are mean + SEM and is
average of 3 experiments. *P < 0.05, ***P < 0.001 compared to WT, based on students t-
test
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Fig 5.9 ELP3 is necessary for IAV replication in macrophages

WT and Elp37- iBMDMs were seeded at 5 x 10° cells/ml and infected with the PR8 strain
of IAV (MOI of 5). RNA was isolated following 24 h PR8 infection. Gene expression of |IAV
Matrix protein was measured by gRT-PCR. mRNA levels are presented relative to mRNA
levels of B-actin. Data are mean + SEM and is average of 3 experiments. ***P < 0.001
compared to WT, based on students t-test
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Fig 5.10 RSV-mediated gene induction is ELP3-dependent.

WT and Elp37- iBMDMs were seeded at 5 x 10° cells/ml and infected with the RSV (MOI
of 5). RNA was isolated following 6, 12 and 24 h of infection and gene expression of (A)
Irf7 and (B) Cxc/10 was measured by gRT-PCR. mRNA levels are presented relative to
MRNA levels of B-actin. Data are mean + SEM and is average of 3 experiments. *P < 0.05,
***P < 0.001 compared to WT, based on students t-test
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5.3 Discussion

We previously demonstrated that ELP3 is crucial for IFN-I feedback signalling, likely due
to regulation of TYK2 activation. In this chapter, we sought to appraise whether ELP3
was required for cytosolic PRR signalling in response to nucleic acids, and whether ELP3
is require for innate immunity to RNA virus infection. We demonstrated that there is a
two-fold requirement for ELP3 in TLR4 signalling, via IRF3 activation and IFN-I gene
induction as well as IFN-I feedback signalling. We illustrated that ELP3 is not necessary
for gene induction in response to cytosolic sensing of DNA or activation of STING.
However, ELP3 is required for innate immune gene induction in response to sensing of
RNA in the cytosol. ELP3 is furthermore essential for immune gene activation in
response to RNA virus infection. Overall, the data indicate that ELP3 is required for TLR

and RIG-I, but not DNA and STING signalling and responses.

We previously showed that LPS-mediated induction of IFN-I gene expression was
impaired in the absence of ELP3. We demonstrated that IFN-I signalling was abrogate by
the absence of ELP3 due to aberrant TYK2 activation. As IFN-I feedback signalling can
enhance and amplify IFN-I expression itself, it was possible that impaired LPS-mediated
IFN-I induction was due to aberrant feedback signalling. However, we illustrated that in
addition to impaired IFN-I signalling, LPS-mediated IRF3 activation and phosphorylation
was abrogated in the absence of ELP3. This data proposes a two-step requirement for
ELP3 in TLR4-mediated IFN-I responses: firstly in IFN-I gene induction via IRF3 activation,
and secondly in IFN-I feedback signalling via TYK2 activation. IRF3 total protein
expression was unaffected in cells lacking ELP3, suggesting that ELP3 possibly regulates
the expression of an interacting partner of IRF3, which is necessary for its proper
phosphorylation and activation. Numerous interacting proteins regulate IRF3 activation,
via a variety of mechanisms (234). Thus, it also possible that ELP3 deficiency leads to a
repression on the expression of a protein, which is able to interact with IRF3 and prevent

its activation, via a multitude of possible mechanisms.

In addition to extracellular expression at the plasma membrane, TLRs are also expressed
intracellularly at endosomal surfaces to facilitate antimicrobial immunity. We

established that TLR7-mediated gene induction responses in macrophages lacking ELP3
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were abrogated. This data implies that ELP3 is necessary for gene induction downstream

of both extracellular and intracellular TLRs in macrophages.

Proteomic analysis of Elp37- cells suggested that proteins involved in cytosolic PRR-
mediated signalling and responses were abrogated in cells lacking ELP3. This data was
supported by the fact that gene induction downstream of the intracellular PRR, TLR7
were abrogated. We sought to appraise whether ELP3 was required for cytosolic PRR-
mediated nucleic acid sensing pathways. Following transfection with a dsDNA motif
derived from vaccinia virus, mRNA induction of /fnb and the chemokine Cc/5 was
unaffected by the absence of ELP3. Conjointly, gene induction of Ifnb and
proinflammatory cytokines in response to STING activation with cGAMP were
unimpaired in cells lacking ELP3. VACV 70mer can by multiple DNA sensors (48,227).
These data suggest that ELP3 is not required for induction of IFN-Is or cytokines

mediated by STING or cytosolic DNA sensing pathways.

As ELP3 is not required for DNA sensing pathways in macrophages, we assessed whether
ELP3 plays a functional role in gene induction downstream of RNA-sensing pathways.
Upon its transfection, poly(l:C) activates multiple RNA sensing pathways such as TLR3,
RIG-I and MDAS5 (228,229). poly(l:C)-mediated gene induction of Ifnb and Ccl5 were
ablated in ELP37 cells. 3p-hpRNA specifically activates the RIG-l pathway. hpRNA-
mediated /fnb and proinflammatory cytokine mRNA induction were abolished in cells
lacking ELP3. This data suggests that IFN-I and cytokine gene induction responses-
mediated by RNA sensing pathways require ELP3. Poly(l:C) activates both intracellular
TLRs and RLRs, so it is difficult to determine whether ELP3 regulates responses
downstream of all PRRs poly(l:C) activates or whether its influence is restricted to a
specific pathway. ELP3 does specifically regulate RIG-I-mediated gene induction in
response to hpRNA stimulation. Overall these data establish that ELP3 regulates gene
induction in response to activation of RNA-sensing, but not STING and DNA-sensing
pathways. As to why ELP3 is not required for DNA and STING responses, but is for TLR
and RLR-mediated gene induction, is intriguing. TLRs, RIG-I and STING mediate IRF3
activation via TBK1, suggesting TBK1 is not the restrictive factor. Potentially DNA and
STING responses do not engage, and put less stress on the host translational machinery.

Possibly RNA sensing pathways place a higher demand on translation and translational
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efficiency for the proper functioning and signalling, compared to DNA and STING
pathways. As such, if the energetic and kinetic demand of translation increases, possibly
the requirement for ELP3 is enhanced, to facilitate efficient decoding of mRNA so a cell

enhance protein expression in response to an RNA stimulus.

In accordance with this data, we demonstrated that ELP3 was necessary for innate
immune gene induction in response to RNA virus infection. IAV-mediated induction of
IFN-1 and Irf7 gene expression was impaired in Elp37- cells. Ccl5 gene expression
however was unaffected, demonstrating that not all innate immune gene induction is
impaired in Elp37- following IAV infection. In response to RSV infection, gene induction
of Irf7 and Cxcl10 was abrogated in Elp37- macrophages. This data showed that in the
context of viral infection ELP3 is necessary for innate immune gene induction. Sensing
and gene induction in response to IAV is mediated by RLRs, whereas RLRs and TLR4
mediate innate responses to RSV infection (233). This data corresponds to our
observations that TLR4 and RLR-mediated IFN-I gene induction requires ELP3. However,
replication of IAV was abrogated in E/lp37- cells, which contrasts with the observed
impairment of IFN-I, which mediates ISG induction to block viral replication. This
indicates that ELP3 may function in a bidirectional manner in the context of infection,
regulating both host innate immune responses and viral replication. Intriguingly, it has
been observed that RNA viruses reprogram the translational machinery of the host to
favour their translation in a codon-specific manner. A number of RNA viruses,
chikungunya (CHIKV), SARS CoV-2, dengue, Zika, are enriched in —AA ending codons,
which require Elongator-mediated tRNA modifications for their translation. CHIKV and
dengue virus have been shown to upregulate pathways which enhance and enable
translation of their own —AA ending codons (235). Thus, it is possible that the Elongator
complex can be co-opted by RNA viruses, to enable translation of —AA ending codons in
which they are enriched. There is a dynamic interplay ensuing, where ELP3 is require for
innate immune responses to viral infection, yet is also required for proper viral

replication.

Collectively the data signify an essential requirement for ELP3 in the regulation of TLR
and RLR, but not DNA and STING-mediated responses in macrophages. Critically, we

have shown that IFN-I induction in response to TLR4 and RLR activation with PAMPs,
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aswell as with IAV infection is dependent on ELP3. These data indicate that ELP3 is
crucial in orchestrating and regulating IFN-I induction, in response to an array of stimuli
sensed by multifaceted signalling pathways. Intriguingly, ELP3 is not necessary for STING
or DNA-mediated IFN-I and cytokine induction. Thus, ELP3’s influence is specific and
restricted to TLR and RNA-sensing pathways, as further supported by its role in IFN-I
induction in response to RNA virus infection. Cumulatively the data implies a central and
pivotal role for the Elongator complex in regulating IFN-I in innate immune responses. As
such, as research into mechanisms regulating and coordinating innate immunity
progress, there is strong evidence to suggest Elongator will be implicated as being an
important regulator of IFN-I responses across a multitude of facets of innate immunity,

possibly ranging from infectious disease to autoimmunity.
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Chapter 6 — Discussion

Elongator influences and regulates a range of disparate processes, from the control of
cancer and malignancy, to ensuring the proper functioning and development of the
central nervous system. In recent years, the data has begun to hint at a potential
immunological function for Elongator, regulating processes such as haematopoiesis and
adaptive immunity via Tfh development (207,208). The structure and function of
Elongator is highly conserved across eukaryotes, with bacteria and archaea even
possessing functional similar homologs of ELP3, the catalytic subunit of the complex
(139,140,145,151). Although mammals possess adaptive immune systems, innate
immune systems are found across the animal kingdom, all the way from invertebrates to
humans (236). However, very little is understood about how Elongator functions in the
context of innate immunity. We became intrigued by the concept of a highly conserved
protein complex like Elongator, which is necessary for the ubiquitous process of
translation, and an under-assessed but potentially compelling role in innate immunity.
Therefore to contribute to the understanding of how Elongator functions in innate
immunity, | sought to elucidate how Elongator regulates innate immune responses in
macrophages. The data in this thesis begin with unbiased quantitative proteomic
analysis of Elp37-murine macrophages firstly demonstrating expression of proteins
involved in IFN-I signalling and processes were impaired in cells deficient in ELP3. 2, LPS-
mediated gene induction of IFN-I is impaired in the absence of ELP3. 3, IFN-I feedback
signalling and gene induction responses are impaired in cells lacking ELP3. This occurs
likely due to impaired TYK2 activation, as other TYK2-mediated signalling pathways are
abrogated in Elp3” cells. 4, ELP3 is required for the translation of the murine PYHIN
protein p205. 5, There is a two-step requirement for ELP3 in IFN-I responses, with ELP3
being necessary for LPS-mediated IRF3 phosphorylation and activation as well as IFN-I
feedback signalling. 6, ELP3 is required for cellular responses to RNA but not DNA, with

RNA virus-mediated gene induction also requiring ELP3.
6.1 Initial observations

Utilising Elp37- iBMDMs developed by CRISPR/Cas9, | sought to appraise the contribution
of ELP3 to innate immune responses. | treated WT and Elp3” cells with the commonly

utilised PAMP, LPS, to activate TLR4 as a common inducer of innate immunity. Due to
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the well-established role for Elongator in regulating translation, we subjected mock and
LPS-stimulated cells to unbiased quantitative proteomics analysis with help from
collaborators at TU Munich (D. Haas & A. Pichlmair). Ingenuity pathway analysis was
performed on differentially expressed proteins in Elp37 cells relative to WT cells, to
illuminate innate immune processes that are ELP3-dependent. Compellingly, pathway
analysis of processes downregulated in the absence of ELP3 showed a strong
impairment in the expression of proteins involved in IFN-I signalling and responses.
Following stimulation, IFN signalling arose as the most compromised biological process
following LPS treatment. URA analysis suggested that key innate immune mediators
such as IRF3, STAT1 and IFNB were potentially responsible for the observed

downregulation of gene expression observed in Elp37- cells.
6.2 Requirement for ELP3 in TYK2-mediated signalling

We demonstrated that the requirement for ELP3 in LPS-induced IFN-I processes was
two-fold: firstly ELP3 was required for TLR4-mediated IRF3 activation and IFN-I gene
induction, whilst secondly, ELP3 was necessary for TYK2 activation in response to IFN-I
signalling, and subsequent ISG induction (Fig 6.1). Thus in murine macrophages, ELP3
exerts influence over LPS-mediated IFN-I processes in a bi-fold manner, at the level of
gene induction and signalling. STAT1 protein levels were clearly diminished in the
absence of ELP3, but were not the rate-limiting factor for signalling as IFNy-mediated
STAT1 activation was unimpaired in Elp3” cells. Expression levels of IFNAR, JAK1 and
TYK2 were unaffected in cells lacking ELP3. As IFNy also signals through a receptor
associated with JAK1, this leaves TYK2 activation as the restrictive factor for IFN-I
signalling in Elp37" cells. This hypothesis was supported by the fact that, two other
distinct signalling pathways that utilise TYK2, IL-4 and IL-10, were abrogated in the
absence of ELP3. IL-4 is important for polarization of macrophages to an M2-like
phenotype (212). Intriguingly, ELP3 was shown in one recent study to be required for M2
polarisation of macrophages following IL-4/IL-13 treatment (213). TYK2 activation was
similarly impaired in ELP3 deficient macrophages, although this was likely due to
impaired IL-13Ra expression. [I-13Ra expression was not assessed in this thesis, but
TYK2 activation is the likely causative factor in this setting, as both IFN-I and IL-10

pathways are also abrogated. LPS-induced IFN-I has previously shown to be impaired in
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Tyk27- macrophages (237). These data suggest that ELP3 is necessary for receptor-
mediated signalling via TYK2. IL-12 and IL-23 induce Th1 and Th17 responses
respectively, and both cytokine receptors signal through TYK2 (238). It would be
compelling to assess whether T-cells deficient in ELP3 would be able to differentiate to
Th1 and Th17 phenotypes in response to IL-12 or IL-23 treatment. Tyk2”" mice are
resistant to EAE and colitis, with TYK2 being a susceptibility gene for psoriasis, due to
reduced IL-23 and Th17 differentiation (239). The potential contribution of Elongator to
these disease states is an interesting and an unanalysed concept. IL-4 plays a key role in
Th2 responses in antiparasitic immunity and allergy. In response to parasitic larvae
infection, basophils release IL-4 which induces Th2 differentiation and B-cell IgE class
switching (240). Asthma is driven by eosinophilc airway infiltration-induced
inflammation. IL-4 released by eosinophils is associated with macrophage-mediated
pathology of allergic asthma (241,242). M2 polarisation which is regulated by ELP3, is
involved in the pathology of allergic asthma (243). M2 macrophages are also associated
with mucosal repair in colitis (244). In the context of the gut, ELP3 has been shown to
regulate intestinal tumour initiation by mediating tuft cell differentiation (195). Parasites
trigger tuft cells to activate ILC2s, which are key in immunity to Nippostrongylus
brasiliensis (245). STAT6, which was shown to enhance ELP3 expression (213), promotes
tuft cell expansion, intestinal epithelial remodelling and Th2 immunity to helminths
(246). Influenza virus has also been shown to induce tuft cell expansion in the small
intestine (247). Thus, ELP3 may function as a key node in different T-cell mediated
pathologies and antimicrobial immunity, by regulating TYK2-mediated cell
differentiation in response to cytokines. It remains to be seen whether ELP3 plays a
definitive functional role in these responses, but the present study suggests that
analysing the contribution of Elongator to these TYK2-mediated processes and

pathologies would make for a compelling future line of enquiry.
6.3 Elongator and mTORC2

The axis of reciprocal regulation between Elongator and mTORC2 was not analysed in
this thesis, but generates interesting questions regarding functioning of Elongator in
immune responses. In the context of M2 macrophage polarisation, ELP3 expression was

shown to be elevated in an mTORC2 and STAT6-dependent manner, with STAT6
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localising to the promoter of the Elp3 gene (213). Elongator was illustrated previously to
be required for translation of the mTORC2 complex protein RICTOR in the setting of
melanoma, and thus regulate mTORC2 activity, and mTORC2-dependent upregulation of
Elongator complex subunits (198). STAT6 and mTORC2 are required for Th2
differentiation (248-250), giving an additional layer of support to the hypothesis that
ELP3 may be upregulated during, and play a crucial role, in Th2 differentiation and
functioning. Rictor”- and subsequent mTORC2 deficiency have been related to impeded
STAT1 and STAT2 activation (251). RICTOR knockdown in the U937 monocytic cell line
also led to abrogated TYK2 activation, reduced ISG expression and IFN-I-mediated Akt
phosphorylation (252). Thus there is an interplay between mTORC2 and the IFN-I
pathway, with Elongator possibly functioning as a focal point between the two. mTORC2
also functions in a variety of other manners. mTORC2 mediates neuronal cell survival
following primary HSV-1 infection, preventing systemic infection (253). Chemotaxis of
mast cells (254) and neutrophils (255) has been demonstrated to be mTORC2-
dependent. mTORC2 also regulates differentiation of different cell types such as
cardiomyocytes (256), and pancreatic beta cells (257). mTORC2 also regulates insulin
sensitivity in the liver (258). Thus, there appears to be an insulin-mTORC2 axis,

suggesting a possible role for Elongator in insulin generation and sensitivity in diabetes.
6.4 Elongator-mediated regulation of PYHINs

The PYHIN family of proteins execute myriad functions in innate immunity. Here it was
demonstrated that ELP3 was necessary for expression of the murine PYHIN p205
independent of transcriptional induction. mRNA induction of p205 was abrogated
following LPS and IFN-I treatment due to impaired TYK2 activation and downstream
signalling. IFNy-mediated gene induction of p205 was not ELP3-dependent, but its
protein expression was, establishing that ELP3 was required for p205 protein expression.
The PYHIN family carry out an array of roles in the immune system, from cell cycle
regulation, to cytokine induction and DNA sensing (39,40,48). An intriguing aspect
discovered in this project was that, as a family, the PYHINs are enriched in Elongator-
dependent codons. Due to the well-established role of the PYHINs in innate immunity,
this implicates Elongator as being required for functioning of innate immunity. As

discussed in section 1.4.3, the human transcriptome is enriched in synonymous codons
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that do not require Elongator-mediated wobble modifications, as this necessitates the
diversion of cellular resource towards the decoding of non-optimal codons. Thus, it is
fascinating that a whole family of innate immune proteins are enriched in codons which
require Elongator for their efficient translation. p205 was previously shown to be
required for ASC expression and NLRP3 inflammasome activation in BMDMs (72).
Functionally p205 translational deficiency in the absence of ELP3 did not reduce ASC
expression but significantly enhanced it. Elongator may mediate translation of a
repressor on ASC expression to regulate inflammasome activation, which potentially was
expressed at a higher level in Elp37- cells, overcoming the observed p205 deficiency. The
‘wobbly’ mouse phenotype was shown to derive from a mutation in Elp6, which
destabilised the complex and compromised its functioning (189). This lead to neuronal
death induced by NLRP3 inflammasome-dependent microgliosis and neuroinflammation.
Intriguingly, expression of the key inflammasome effectors, ASC and cleaved caspase-1,
were significantly enhanced in the CNS of wobbly mice lacking a functional Elongator
complex. ASC nucleation and speck formation was also enhanced in the Elp6 mutant
mice. In the CNS, NLRP3 inflammasome is activated in pathologies related to protein
aggregation (259). Therefore it is possible that destabilisation of the Elongator complex
can either lead to protein aggregation which enhances inflammasome activation, or
Elongator is required for translation of a cellular repressor of inflammasome. It remains
to be seen whether inflammasome activation and IL-1B & IL-1a release is enhanced in
Elp3”- iBMDMs. This would be an intriguing process to examine, as ASC expression is
enhanced, but both IL-1B & IL-1a are enriched in Elongator-dependent codons (both
~9.6%). Proteins with similar Elongator-dependent codon content to this have been
shown to have impaired expression in the absence of ELP3 (213), so it would be
interesting to assess whether there is enhanced NLRP3 activity in Elp37 cells, or whether
IL-1B & IL-1a secretion is abrogated due to a translational requirement for ELP3.
Elongator has been clearly demonstrated to regulate CNS development and
neurodegeneration (123,188). As neuroinflammation is a key causative factor for
neurodegeneration, it would be intriguing to analyse whether Elongator plays a

homeostatic role in microglia, the resident immune cells of the CNS.
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6.5 Elongator-mediated regulation of IRF3 activation

We demonstrated that ELP3 was required for TLR and RIG-I, but not STING mediated
signalling and gene induction. In the context of TLR4, this study illustrated that ELP3
deficiency leads to abrogated IRF3 phosphorylation and activation, impairing IFN-I mRNA
induction (Fig 6.1). However, RIG-I and STING both signal through IRF3 for IFN-|
induction in response to RNA and cGAMP respectively. IRF3 total protein expression was
unaffected by ELP3 deficiency. This suggests that ELP3 is regulating the expression of a
protein which is required for IRF3 phosphorylation and activation downstream of TLRs
and RIG-I, but not STING. This is possibly via impaired translation of a factor which helps
enable IRF3 phosphorylation, dimerization and nuclear translocation. Alternatively, the
presence of a dysregulated Elongator complex may lead to enhanced expression of a
negative regulator of IRF3 in response to TLR and RLR, but not STING activation. A
variety of proteins mediate inhibition of IRF3 activation via a variety of mechanisms,
such as ubiquitination (234), dephosphorylation (260-262), blockade of dimerization
(263) and of nuclear translocation (264). Further work is needed to identify a factor,
restricted to TLR and RLR but not STING pathway, that is required for IRF3 activation and

is Elongator-dependent.
6.6 Consequence of Elongator-mediated regulation of IFN-I

The effect of ELP3 deficiency on innate immune gene induction were restricted to LPS
and RNA, not DNA-mediated pathways. cGAMP and VACV 70mer-mediated gene
induction was unaffected by the absence of ELP3, whilst poly (I:C) and hpRNA-enabled
gene induction was abrogated in Elp37". These data pertaining to IFN-I raise questions
relating to the functional consequence of Elongator-mediated regulation of IFN-I
induction and signalling. As has been discussed in chapter 1 of this thesis, IFN-I, whilst
being critical regulators of processes relating to innate immune function and antiviral
immunity, can be deleterious in the context of autoimmunity. IFN-I are amongst the
causative agents of pathology in diseases such as SLE, Sjogren’s and rheumatoid
arthritis. The understanding of the role of Elongator in IFN-I-dependent disease
processes would be advanced by utilising samples derived from say SLE patients, and
assessing the expression pattern of Elongator, and whether its elevated, as well as

analysing whether RNA interference of Elongator expression abrogates the enhanced
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IFN-I signature observed in these autoimmune conditions. IFN-I expression also
correlates poorly with outcome in the context of bacterial infection with M. tuberculosis
(29, 30). Thus it would be intriguing to assess whether the absence of Elongator in
immune cells leads to reduced IFN-I and enhanced bacterial clearance. Hence, there are
a myriad of avenues of discovery and inquiry to be made in the future, with the regard

to Elongator functioning at the interface of IFN-I signalling and processes.
6.7 Elongator and Viral infection

This requirement for Elongator in RNA sensing pathways was further illustrated by the
fact that gene induction of IFN-I and ISGs was impaired following RNA virus infection.
The RLR-dependent virus IAV, and TLR and RLR-dependent RSV, failed to activate innate
immune gene induction in infected E/lp37- macrophages (Fig 6.1). An intriguing prospect
not assessed in this study would be a comparative analysis between DNA and RNA virus
infection of immune cells deficient in ELP3, as DNA sensing pathways were exhibited not
to require ELP3. However, the RLRs have been shown to function in the context of DNA
virus infection, via the recognition DNA virus encoded RNA, RNAPIII-mediated
transcription of AT rich viral DNA to immunostimulatory RNA, and sensing of aberrant
host RNA released by infection (265). Due to this crosstalk of RNA & DNA sensing
pathways during infection, future work will need to be performed to assess whether
Elongator regulates innate immune gene induction to solely RNA viruses, or to DNA
viruses via a similar mechanism also. Compellingly, although induction of antiviral genes
such as Ifna and Ifnb was abrogated in response to IAV infection, it was exhibited that
IAV replication was abrogated in Elp37-. This suggests a fascinating scenario, where
Elongator functions as a node for both innate immune gene induction to viruses, but
also as a host factor required for viral replication. RNA viruses hijack the host
translational machinery to enable translation of their own viral RNA, such as by
enriching the tRNA pool of the host cells for decoding of codons that the viruses are
enriched in (266). Chikungunya virus was recently illustrated to reprogram host cell
translational machinery to facilitate translation of its rare codons (235). CHIKV is
enriched in rare codons ending in AA, which require tRNA modification for their efficient
decoding. CHIKV and dengue virus (DENV) upregulated the expression of a protein,

KIAA1456, which is required for the methylation of mcm® modified wobble Uridines at
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position 34. CHIKV infection led to enhancement of these modifications and favoured
translation of viral RNA, or host mRNAs enriched in AA-ending codons, such as those
involved in DNA damage or cell cycle. Compellingly, Elongator mediates cm®
modifications of wobble position Uridines, and this Elongator-dependent modification is
rate-limiting and a prerequisite for additional methylation to give mcm?® modifications.
Hepatitis C virus, which is not enriched in these codons, did not induce enhancement of
this tRNA modification pathway. DENV has also been illustrated to activate mTORC2 to
prevent cell death and provide a reservoir for infection (267). This suggests that RNA
viruses co-opt this evolutionarily conserved mechanism of tRNA modification, to favour
viral replication. Additionally, other RNA viruses such as Zika virus and SARS CoV-2 are
enriched in Elongator-dependent codons. Thus functional analysis of the role of
Elongator in SARS CoV-2 infection, would be an intriguing new line of analysis into the
immunology of the pandemic. A compelling pathway of inquiry is thus opened, into
assessing the relative contribution of Elongator during viral infection, both to host innate
immune responses, and co-opting by viruses by replication. These data thus place

Elongator at the interface of innate immunity and viral infection.

How Elongator is regulated during immune responses remains an open question.
Expression of Elongator subunits were shown to be enhanced in the context of cancer,
and in M2 macrophage polarisation (198,213). In response to mTORC2 activation,
Elongator activity has also been shown to be enhanced, as measured by ELP1
phosphorylation, which is known to enhance its tRNA modification capabilities (198).
Whether Elongator enzymatic activity gets enhanced via post translational modification,
or Elongator expression upregulated in the context of an immune response needs to
parsed out and analysed in the future. It could be highly context and location specific,
with enhanced expression or activation of Elongator occurring in specificimmune cells,
or in a specific immune setting or tissue. In the context of IFN-I-mediated pathological
disease, Elongator expression may potentially be enhanced in an aberrant manner,
supporting enhanced and deleterious IFN-I production. Elongator may be co-opted
following RNA virus infection, to support decoding of viral codons and viral replication.
Thus, Elongator expression or enzymatic activity may be modulated in a variety of

immune contexts and settings.
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The objective of this project was to assess the relative contribution of the Elongator
complex to innate immune responses in macrophages. Unbiased quantitative
proteomics analysis of macrophages deficient in Elp3 illustrated a drastic impairment in
the expression proteins involved in IFN-I signalling and responses following LPS
treatment. | exhibited a two-step requirement for ELP3 in TLR4-mediated IFN-I, both at
the level of IFN-I signalling via TYK2 activation, and at the level of IFN-I gene induction
via a requirement for ELP3 in IRF3 activation. | illustrated that the PYHIN family of
proteins are enriched in Elongator-dependent codons, and that ELP3 was required for
translation of p205 following IFNy treatment. Upon further examination of the role of
Elongator in innate immunity, | discovered that ELP3 is necessary for RNA, but not DNA
sensing pathways in macrophages. Furthermore, ELP3 is required for innate immune
gene induction following RNA virus infection. However, there is bi-directional role for
ELP3 in viral infection, with ELP3 also being necessary for IAV replication in

macrophages.

In summary, this work illustrates that the Elongator complex plays a role in innate
immune processes, being necessary for induction and signalling of IFN-I in macrophages,

as well as regulating antiviral immune gene induction and IAV replication.
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Fig 6.1 Overview of ELP3-mediated regulation of innate immune responses in

macrophages

We demonstrated that ELP3 is required for IFN-I signalling, likely via regulation of TYK2
activation. ELP3 was required for IRF3 activation downstream of TLR4 activation, and
thus regulated TLR4-mediated IFN-I gene induction. ELP3 was also necessary for RIG-I-

mediated RNA sensing and subsequent IFN-I gene induction.

135



References

1.

10.

11.
12.

13.

14.

15.

16.

Mogensen TH. Pathogen recognition and inflammatory signaling in innate
immune defenses. Clinical Microbiology Reviews. 2009.

Cooper MD, Alder MN. The Evolution of Adaptive Immune Systems. Cell
[Internet]. 2006;124(4):815-22. Available from:
https://www.sciencedirect.com/science/article/pii/S0092867406001528

Li D, Wu M. Pattern recognition receptors in health and diseases. Signal Transduct
Target Ther [Internet]. 2021;6(1):291. Available from:
https://doi.org/10.1038/s41392-021-00687-0

Janeway CA. Approaching the asymptote? Evolution and revolution in
immunology. In: Cold Spring Harbor Symposia on Quantitative Biology. 1989.

Janeway CA, Medzhitov R. Innate Immune Recognition. Annu Rev Immunol
[Internet]. 2002 Apr 1;20(1):197-216. Available from:
https://doi.org/10.1146/annurev.immunol.20.083001.084359

Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. Cell.
2006.

Takeuchi O, Akira S. Pattern Recognition Receptors and Inflammation. Cell. 2010.

De Nardo D. Toll-like receptors: Activation, signalling and transcriptional
modulation. Vol. 74, Cytokine. 2015. p. 181-9.

Chuang TH, Ulevitch RJ. Identification of hTLR10: A novel human Toll-like receptor
preferentially expressed in immune cells. Biochim Biophys Acta - Gene Struct
Expr. 2001;

Newton K, Dixit VM. Signaling in innate immunity and inflammation. Cold Spring
Harb Perspect Biol. 2012;

Blasius AL, Beutler B. Intracellular Toll-like Receptors. Immunity. 2010.

Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Frontiers in
Immunology. 2014.

Lu Y-C, Yeh W-C, Ohashi PS. LPS/TLR4 signal transduction pathway. Cytokine
[Internet]. 2008;42(2):145-51. Available from:
https://www.sciencedirect.com/science/article/pii/S1043466608000070

Moynagh PN. TLR signalling and activation of IRFs: Revisiting old friends from the
NF-kB pathway. Trends in Immunology. 2005.

Rodriguez KR, Bruns AM, Horvath CM. MDAS5 and LGP2: Accomplices and
Antagonists of Antiviral Signal Transduction. J Virol. 2014,

Quicke KM, Kim KY, Horvath CM, Suthar MS. RNA Helicase LGP2 Negatively
Regulates RIG-I Signaling by Preventing TRIM25-Mediated Caspase Activation and
Recruitment Domain Ubiquitination. J Interf Cytokine Res. 2019;

136



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Rehwinkel J, Gack MU. RIG-I-like receptors: their regulation and roles in RNA
sensing. Nature Reviews Immunology. 2020.

Schmidt A, Schwerd T, Hamm W, Hellmuth JC, Cui S, Wenzel M, et al. 5'-
triphosphate RNA requires base-paired structures to activate antiviral signaling
via RIG-I. Proc Natl Acad Sci U S A. 2009;

Schlee M, Roth A, Hornung V, Hagmann CA, Wimmenauer V, Barchet W, et al.
Recognition of 5’ Triphosphate by RIG-I Helicase Requires Short Blunt Double-
Stranded RNA as Contained in Panhandle of Negative-Strand Virus. Immunity.
2009;

Goubau D, Schlee M, Deddouche S, Pruijssers AJ, Zillinger T, Goldeck M, et al.
Antiviral immunity via RIG-I-mediated recognition of RNA bearing 59-
diphosphates. Nature. 2014;

Schuberth-Wagner C, Ludwig J, Bruder AK, Herzner AM, Zillinger T, Goldeck M, et
al. A Conserved Histidine in the RNA Sensor RIG-I Controls Immune Tolerance to
N1-2’0-Methylated Self RNA. Immunity. 2015;

Kato H, Takeuchi O, Mikamo-Satoh E, Hirai R, Kawai T, Matsushita K, et al. Length-
dependent recognition of double-stranded ribonucleic acids by retinoic acid-
inducible gene-l and melanoma differentiation-associated gene 5. J Exp Med.
2008;

Ablasser A, Hur S. Regulation of cGAS- and RLR-mediated immunity to nucleic
acids. Nature Immunology. 2020.

Brisse M, Ly H. Comparative structure and function analysis of the RIG-I-like
receptors: RIG-1 and MDAS. Frontiers in Immunology. 2019.

Isaacs A, Cox RA, Rotem Z. FOREIGN NUCLEIC ACIDS AS THE STIMULUS TO MAKE
INTERFERON. Lancet. 1963;

Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP synthase is a cytosolic DNA
sensor that activates the type | interferon pathway. Science (80- ). 2013;

Motwani M, Pesiridis S, Fitzgerald KA. DNA sensing by the cGAS—STING pathway in
health and disease. Nature Reviews Genetics. 2019.

Ishikawa H, Barber GN. STING is an endoplasmic reticulum adaptor that facilitates
innate immune signalling. Nature. 2008;

Ishikawa H, Ma Z, Barber GN. STING regulates intracellular DNA-mediated, type i
interferon-dependent innate immunity. Nature. 2009;

Abe T, Barber GN. Cytosolic-DNA-Mediated, STING-Dependent Proinflammatory
Gene Induction Necessitates Canonical NF-kB Activation through TBK1. J Virol.
2014;

Fang R, Wang C, Jiang Q, Lv M, Gao P, Yu X, et al. NEMO-IKKPB Are Essential for
IRF3 and NF-kB Activation in the cGAS—STING Pathway. J Immunol. 2017,

Tan X, Sun L, Chen J, Chen ZJ. Detection of Microbial Infections Through Innate

137



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45,

46.

Immune Sensing of Nucleic Acids. Annual Review of Microbiology. 2018.

West AP, Khoury-Hanold W, Staron M, Tal MC, Pineda CM, Lang SM, et al.
Mitochondrial DNA stress primes the antiviral innate immune response. Nature.
2015;

Harding SM, Benci JL, Irianto J, Discher DE, Minn AJ, Greenberg RA. Mitotic
progression following DNA damage enables pattern recognition within
micronuclei. Nature. 2017;

Glick S, Guey B, Gulen MF, Wolter K, Kang TW, Schmacke NA, et al. Innate
immune sensing of cytosolic chromatin fragments through cGAS promotes
senescence. Nat Cell Biol. 2017,

Gray EE, Treuting PM, Woodward JJ, Stetson DB. Cutting Edge: cGAS Is Required
for Lethal Autoimmune Disease in the Trex1-Deficient Mouse Model of Aicardi—
Goutiéres Syndrome. J Immunol. 2015;

Liu Y, Jesus AA, Marrero B, Yang D, Ramsey SE, Montealegre Sanchez GA, et al.
Activated STING in a Vascular and Pulmonary Syndrome. N Engl J Med. 2014;

Kerur N, Fukuda S, Banerjee D, Kim Y, Fu D, Apicella |, et al. CGAS drives
noncanonical-inflammasome activation in age-related macular degeneration. Nat
Med. 2018;

Connolly DJ, Bowie AG. The emerging role of human PYHIN proteins in innate
immunity: Implications for health and disease. Biochemical Pharmacology. 2014.

Hornung V, Ablasser A, Charrel-Dennis M, Bauernfeind F, Horvath G, Caffrey DR,
et al. AIM2 recognizes cytosolic dsDNA and forms a caspase-1-activating
inflammasome with ASC. Nature. 2009;

Fernandes-Alnemri T, Yu JW, Datta P, Wu J, Alnemri ES. AIM2 activates the
inflammasome and cell death in response to cytoplasmic DNA. Nature. 2009;

Jones JW, Kayagaki N, Broz P, Henry T, Newton K, O’Rourke K, et al. Absent in
melanoma 2 is required for innate immune recognition of Francisella tularensis.
Proc Natl Acad Sci U S A. 2010;

Kim S, Bauernfeind F, Ablasser A, Hartmann G, Fitzgerald KA, Latz E, et al. Listeria
monocytogenes is sensed by the NLRP3 and AIM2 inflammasome. Eur J Immunol.
2010;

Man SM, Karki R, Kanneganti TD. AIM2 inflammasome in infection, cancer, and
autoimmunity: Role in DNA sensing, inflammation, and innate immunity.
European Journal of Immunology. 2016.

Dihimann S, Tao S, Echterdiek F, Herpel E, Jansen L, Chang-Claude J, et al. Lack of
absent in melanoma 2 (AIM2) expression in tumor cells is closely associated with
poor survival in colorectal cancer patients. Int J Cancer. 2014;

Dombrowski Y, Peric M, Koglin S, Kammerbauer C, G6R C, Anz D, et al. Cytosolic
DNA triggers inflammasome activation in keratinocytes in psoriatic lesions. Sci

138



47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

Transl Med. 2011;

Yang CA, Huang ST, Chiang BL. Sex-dependent differential activation of NLRP3 and
AIM2 inflammasomes in SLE macrophages. Rheumatol (United Kingdom). 2015;

Unterholzner L, Keating SE, Baran M, Horan KA, Jensen SB, Sharma S, et al. IFI16 is
an innate immune sensor for intracellular DNA. Nat Immunol [Internet]. 2010 Nov
3;11(11):997-1004. Available from:
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3142795/

Jakobsen MR, Bak RO, Andersen A, Berg RK, Jensen SB, Jin T, et al. IFI16 senses
DNA forms of the lentiviral replication cycle and controls HIV-1 replication. Proc
Natl Acad Sci U S A. 2013;

Horan KA, Hansen K, Jakobsen MR, Holm CK, Sgby S, Unterholzner L, et al.
Proteasomal Degradation of Herpes Simplex Virus Capsids in Macrophages
Releases DNA to the Cytosol for Recognition by DNA Sensors. J Immunol. 2013;

Morrone SR, Wang T, Constantoulakis LM, Hooy RM, Delannoy MJ, Sohn J.
Cooperative assembly of IFI16 filaments on dsDNA provides insights into host
defense strategy. Proc Natl Acad Sci U S A. 2014;

Kerur N, Veettil MV, Sharma-Walia N, Bottero V, Sadagopan S, Otageri P, et al.
IFI16 acts as a nuclear pathogen sensor to induce the inflammasome in response
to Kaposi Sarcoma-associated herpesvirus infection. Cell Host Microbe. 2011;

Jiang Z, Wei F, Zhang Y, Wang T, Gao W, Yu S, et al. IFI16 directly senses viral RNA
and enhances RIG-I transcription and activation to restrict influenza virus
infection. Nat Microbiol. 2021;

Ka NL, Lim GY, Hwang S, Kim SS, Lee MO. IFI16 inhibits DNA repair that
potentiates type-l interferon-induced antitumor effects in triple negative breast
cancer. Cell Rep. 2021;

Antiochos B, Trejo-Zambrano D, Fenaroli P, Rosenberg A, Baer A, Garg A, et al. The
DNA sensors AIM2 and IFI16 are SLE autoantigens that bind neutrophil
extracellular traps. Vance RE, Diamond B, Fitzgerald Ph D K, editors. Elife
[Internet]. 2022;11:€72103. Available from: https://doi.org/10.7554/elife.72103

Alunno A, Caneparo V, Bistoni O, Caterbi S, Terenzi R, Gariglio M, et al. Circulating
Interferon-Inducible Protein IFI16 Correlates with Clinical and Serological Features
in Rheumatoid Arthritis. Arthritis Care Res. 2016;

Alunno A, Caneparo V, Carubbi F, Bistoni O, Caterbi S, Gariglio M, et al. Interferon
gamma-inducible protein 16 (IF116) and anti-IFI116 antibodies in primary Sjogren’s
syndrome: Findings in serum and minor salivary glands. Reumatismo. 2015;

Pestka S, Krause CD, Walter MR. Interferons, interferon-like cytokines, and their
receptors. Immunological Reviews. 2004.

Schoenborn JR, Wilson CB. Regulation of Interferon-y During Innate and Adaptive
Immune Responses. Advances in Immunology. 2007.

139



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Manivasagam S, Klein RS. Type Il Interferons: Emerging Roles in Autoimmunity.
Frontiers in Immunology. 2021.

Ivashkiv LB, Donlin LT. Regulation of type i interferon responses. Nature Reviews
Immunology. 2014.

Abt MC, Osborne LC, Monticelli LA, Doering TA, Alenghat T, Sonnenberg GF, et al.
Commensal Bacteria Calibrate the Activation Threshold of Innate Antiviral
Immunity. Immunity. 2012;

Kawashima T, Kosaka A, Yan H, Guo Z, Uchiyama R, Fukui R, et al. Double-
Stranded RNA of Intestinal Commensal but Not Pathogenic Bacteria Triggers
Production of Protective Interferon-B. Immunity. 2013;

Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-y: an overview of signals,
mechanisms and functions. J Leukoc Biol. 2004;

Ho HH, Ivashkiv LB. Role of STAT3 in type | interferon responses: Negative
regulation of STAT1-dependent inflammatory gene activation. J Biol Chem. 2006;

Wang W-B, Levy DE, Lee C-K. STAT3 Negatively Regulates Type | IFN-Mediated
Antiviral Response. J Immunol. 2011;

Liau NPD, Laktyushin A, Lucet IS, Murphy JM, Yao S, Whitlock E, et al. The
molecular basis of JAK/STAT inhibition by SOCS1. Nat Commun. 2018;

Babon JJ, Kershaw NJ, Murphy JM, Varghese LN, Laktyushin A, Young SN, et al.
Suppression of Cytokine Signaling by SOCS3: Characterization of the Mode of
Inhibition and the Basis of Its Specificity. Immunity. 2012;

Honda K, Yanai H, Negishi H, Asagiri M, Sato M, Mizutani T, et al. IRF-7 is the
master regulator of type-| interferon-dependent immune responses. Nature.
2005;

Levy DE, Lew DJ, Decker T, Kessler DS, Darnell JE. Synergistic interaction between
interferon-a and interferon-y through induced synthesis of one subunit of the
transcription factor ISGF3. EMBO J. 1990;

Fan X, Jiao L, Jin T. Activation and Immune Regulation Mechanisms of PYHIN
Family During Microbial Infection. Frontiers in Microbiology. 2022.

Ghosh S, Wallerath C, Covarrubias S, Hornung V, Carpenter S, Fitzgerald KA. The
PYHIN Protein p205 Regulates the Inflammasome by Controlling Asc Expression. J
Immunol. 2017;

Ank N, West H, Bartholdy C, Eriksson K, Thomsen AR, Paludan SR. Lambda
Interferon (IFN-A), a Type Il IFN, Is Induced by Viruses and IFNs and Displays
Potent Antiviral Activity against Select Virus Infections In Vivo. J Virol. 2006;

Sadler AJ, Williams BRG. Interferon-inducible antiviral effectors. Nature Reviews
Immunology. 2008.

Knapp S, Yee LJ, Frodsham AJ, Hennig BJW, Hellier S, Zhang L, et al.
Polymorphisms in interferon-induced genes and the outcome of hepatitis C virus

140



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

infection: Roles of MxA, OAS-1 and PKR. Genes Immun. 2003;

Huang IC, Bailey CC, Weyer JL, Radoshitzky SR, Becker MM, Chiang JJ, et al.
Distinct patterns of IFITM-mediated restriction of filoviruses, SARS coronavirus,
and influenza A virus. PLoS Pathog. 2011;

Lu J, Pan Q, Rong L, Liu S-L, Liang C. The IFITM Proteins Inhibit HIV-1 Infection. J
Virol. 2011;

Kristiansen H, Gad HH, Eskildsen-Larsen S, Despres P, Hartmann R. The
oligoadenylate synthetase family: An ancient protein family with multiple antiviral
activities. Journal of Interferon and Cytokine Research. 2011.

Pichlmair A, Lassnig C, Eberle CA, Gérna MW, Baumann CL, Burkard TR, et al. IFIT1
is an antiviral protein that recognizes 5'-triphosphate RNA. Nat Immunol. 2011;

Abbas YM, Pichlmair A, Gérna MW, Superti-Furga G, Nagar B. Structural basis for
viral 5’-PPP-RNA recognition by human IFIT proteins. Nature. 2013;

Vladimer Gl, Gérna MW, Superti-Furga G. IFITs: Emerging roles as key anti-viral
proteins. Frontiers in Immunology. 2014.

Ishihara T, Aga M, Hino K, Ushio C, Taniguchi M, lwaki K, et al. Inhibition of
chlamydia trachomatis growth by human interferon-a: Mechanisms and
synergistic effect with interferon-y and tumor necrosis factor-a. Biomed Res.
2005;

Plumlee CR, Lee C, Beg AA, Decker T, Shuman HA, Schindler C. Interferons direct
an effective innate response to Legionella pneumophila infection. J Biol Chem.
2009;

Parker D, Martin FJ, Soong G, Harfenist BS, Aguilar JL, Ratner AJ, et al.
Streptococcus pneumoniae DNA initiates type | interferon signaling in the
respiratory tract. MBio. 2011,

O’Garra A, Redford PS, McNab FW, Bloom Cl, Wilkinson RJ, Berry MPR. The
immune response in tuberculosis. Annual Review of Immunology. 2013.

Berry MPR, Graham CM, McNab FW, Xu Z, Bloch SAA, Oni T, et al. An interferon-
inducible neutrophil-driven blood transcriptional signature in human tuberculosis.
Nature. 2010;

Teles RMB, Graeber TG, Krutzik SR, Montoya D, Schenk M, Lee DJ, et al. Type |
interferon suppresses type Il interferon-triggered human anti-mycobacterial
responses. Science (80- ). 2013;

Carrero JA, Calderon B, Unanue ER. Lymphocytes are detrimental during the early
innate immune response against Listeria monocytogenes. J Exp Med. 2006;

Rayamajhi M, Humann J, Penheiter K, Andreasen K, Lenz LL. Induction of IFN-af3
enables Listeria monocytogenes to suppress macrophage activation by IFN-y. J
Exp Med [Internet]. 2010 Feb 1;207(2):327-37. Available from:
https://doi.org/10.1084/jem.20091746

141



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Montoya M, Schiavoni G, Mattei F, Gresser |, Belardelli F, Borrow P, et al. Type |
interferons produced by dendritic cells promote their phenotypic and functional
activation. Blood. 2002;

Santini SM, Lapenta C, Logozzi M, Parlato S, Spada M, Di Pucchio T, et al. Type |
interferon as a powerful adjuvant for monocyte-derived dendritic cell
development and activity in vitro and in Hu-PBL-SCID mice. J Exp Med. 2000;

Gessani S, Conti L, Del Corno M, Belardelli F. Type | interferons as regulators of
human antigen presenting cell functions. Toxins. 2014.

Gautier G, Humbert M, Deauvieau F, Scuiller M, Hiscott J, Bates EEM, et al. A type
| interferon autocrine-paracrine loop is involved in Toll-like receptor-induced
interleukin-12p70 secretion by dendritic cells. J Exp Med. 2005;

Hunter CA, Gabriel KE, Radzanowski T, Neyer LE, Remington JS. Type | interferons
enhance production of IFN-y by NK cells. Immunol Lett. 1997;

Martinez J, Huang X, Yang Y. Direct Action of Type | IFN on NK Cells Is Required for
Their Activation in Response to Vaccinia Viral Infection In Vivo. J Immunol. 2008;

Thompson LJ, Kolumam GA, Thomas S, Murali-Krishna K. Innate Inflammatory
Signals Induced by Various Pathogens Differentially Dictate the IFN-I Dependence
of CD8 T Cells for Clonal Expansion and Memory Formation. J Immunol. 2006;

Marrack P, Kappler J, Mitchell T. Type | interferons keep activated T cells alive. J
Exp Med. 1999;

Lee C-K, Smith E, Gimeno R, Gertner R, Levy DE. STAT1 Affects Lymphocyte
Survival and Proliferation Partially Independent of Its Role Downstream of IFN-y. J
Immunol. 2000;

Wilson EB, Yamada DH, Elsaesser H, Herskovitz J, Deng J, Cheng G, et al. Blockade
of chronic type | interferon signaling to control persistent LCMV infection. Science
(80-).2013;

Hershey JWB, Sonenberg N, Mathews MB. Principles of Translational Control: An
Overview. Cold Spring Harb Perspect Biol. 2012;

Blanchet S, Ranjan N. Translation Phases in Eukaryotes BT - Ribosome Biogenesis:
Methods and Protocols. In: Entian K-D, editor. New York, NY: Springer US; 2022. p.
217-28.

Brule CE, Grayhack EJ. Synonymous Codons: Choose Wisely for Expression. Trends
in Genetics. 2017.

Chaney JL, Clark PL. Roles for Synonymous Codon Usage in Protein Biogenesis.
Annu Rev Biophys. 2015;

Presnyak V, Alhusaini N, Chen Y-H, Martin S, Morris N, Kline N, et al. Codon
Optimality Is a Major Determinant of mRNA Stability.

Plotkin JB, Kudla G. Synonymous but not the same: The causes and consequences
of codon bias. Nature Reviews Genetics. 2011.

142



106.

107.

108.

1009.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Hussmann JA, Patchett S, Johnson A, Sawyer S, Press WH. Understanding Biases in
Ribosome Profiling Experiments Reveals Signatures of Translation Dynamics in
Yeast. PLoS Genet. 2015;

Gardin J, Yeasmin R, Yurovsky A, Cai Y, Skiena S, Futcher B. Measurement of
average decoding rates of the 61 sense codons in vivo. Elife. 2014;

Sharp PM, Li WH. An evolutionary perspective on synonymous codon usage in
unicellular organisms. J Mol Evol. 1986;

Urrutia AO, Hurst LD. Codon usage bias covaries with expression breadth and the
rate of synonymous evolution in humans, but this is not evidence for selection.
Genetics. 2001;

Powell JR, Moriyama EN. Evolution of codon usage bias in Drosophila. Proc Natl
Acad Sci U S A. 1997;

Chu D, Barnes DJ, Von Der Haar T. The role of tRNA and ribosome competition in
coupling the expression of different mRNAs in Saccharomyces cerevisiae. Nucleic
Acids Res. 2011;

Tuller T, Carmi A, Vestsigian K, Navon S, Dorfan Y, Zaborske J, et al. An
evolutionarily conserved mechanism for controlling the efficiency of protein
translation. Cell. 2010;

Drummond DA, Wilke CO. Mistranslation-Induced Protein Misfolding as a
Dominant Constraint on Coding-Sequence Evolution. Cell. 2008;

Stein KC, Frydman J. The stop-and-go traffic regulating protein biogenesis: How
translation kinetics controls proteostasis. Journal of Biological Chemistry. 2019.

Hanson G, Coller J. Codon optimality, bias and usage in translation and mRNA
decay. Nat Rev Mol Cell Biol. 2018;

Sierzputowska-Gracz H, Agris PF, Sochacka E, Malkiewiez A, Kuo K, Gehrke CW.
Chemistry and Structure of Modified Uridines in the Anticodon, Wobble Position
of Transfer RNA Are Determined by Thiolation. ] Am Chem Soc. 1987;

Kurata S, Weixlbaumer A, Ohtsuki T, Shimazaki T, Wada T, Kirino Y, et al. Modified
Uridines with C5-methylene Substituents at the First Position of the tRNA
Anticodon Stabilize U-G Wobble Pairing during Decoding*. J Biol Chem

Schaffrath R, Leidel SA. Wobble uridine modifications—a reason to live, a reason to
die?! RNA Biol

Otero G, Fellows J, Yang L, De Bizemont T, Dirac AMG, Gustafsson CM, et al.
Elongator, a multisubunit component of a novel RNA polymerase Il holoenzyme
for transcriptional elongation. Mol Cell. 1999;

Wittschieben B, Otero G, De Bizemont T, Fellows J, Erdjument-Bromage H, Ohba
R, et al. A novel histone acetyltransferase is an integral subunit of elongating RNA
polymerase Il holoenzyme. Mol Cell. 1999;

Rahl PB, Chen CZ, Collins RN. Elp1p, the yeast homolog of the FD disease

143



122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

syndrome protein, negatively regulates exocytosis independently of
transcriptional elongation. Mol Cell. 2005;

Esberg A, Huang B, Johansson MJO, Bystrom AS. Elevated Levels of Two tRNA
Species Bypass the Requirement for Elongator Complex in Transcription and
Exocytosis. Mol Cell. 2006;

Hawer H, Hommermeister A, Ravichandran KE, Glatt S, Schaffrath R, Klassen R.
Roles of elongator dependent tRNA modification pathways in neurodegeneration
and cancer. Genes. 2019.

Cohen L, Henzel WJ, Baeuerle PA. IKAP is a scaffold protein of the IkB kinase
complex. Nature. 1998;

Krappmann D, Hatada EN, Tegethoff S, Li J, Klippel A, Giese K, et al. The IkB kinase
(IKK) complex is tripartite and contains IKKy but not IKAP as a regular component.
J Biol Chem. 2000;

Glatt S, Muller CW. Structural insights into Elongator function. Current Opinion in
Structural Biology. 2013.

Xu H, Lin Z, Li F, Diao W, Dong C, Zhou H, et al. Dimerization of elongator protein 1
is essential for Elongator complex assembly. Proc Natl Acad Sci U S A. 2015;

Johansen LD, Naumanen T, Knudsen A, Westerlund N, Gromova |, Junttila M, et al.
IKAP localizes to membrane ruffles with filamin A and regulates actin cytoskeleton
organization and cell migration. J Cell Sci. 2008;

Mehlgarten C, Jablonowski D, Breunig KD, Stark MJR, Schaffrath R. Elongator
function depends on antagonistic regulation by casein kinase Hrr25 and protein
phosphatase Sit4. Mol Microbiol. 2009;

Holmberg C, Katz S, Lerdrup M, Herdegen T, Jaattela M, Aronheim A, et al. A novel
specific role for IkB kinase complex-associated protein in cytosolic stress signaling.
J Biol Chem. 2002;

Abdel-Fattah W, Jablonowski D, Di Santo R, Thiiring KL, Scheidt V, Hammermeister
A, et al. Phosphorylation of Elp1 by Hrr25 Is Required for Elongator-Dependent
tRNA Modification in Yeast. PLoS Genet. 2015;

Collum RG, Brutsaert S, Lee G, Schindler C. A Stat3-interacting protein (StIP1)
regulates cytokine signal transduction. Proc Natl Acad Sci U S A. 2000;

Fellows J, Erdjument-Bromage H, Tempst P, Svejstrup JQ. The Elp2 subunit of
elongator and elongating RNA polymerase Il holoenzyme is a WD40 repeat
protein. J Biol Chem. 2000;

Stirnimann CU, Petsalaki E, Russell RB, Miller CW. WD40 proteins propel cellular
networks. Trends in Biochemical Sciences. 2010.

Dong C, Lin Z, Diao W, Li D, Chu X, Wang Z, et al. The Elp2 Subunit Is Essential for
Elongator Complex Assembly and Functional Regulation. Structure. 2015;

Dauden M, Kosinski J, Kolaj-Robin O, Desfosses A, Ori A, Faux C, et al.

144



137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Architecture of the yeast Elongator complex. EMBO Rep. 2017;

Setiaputra DT, Cheng DT, Lu S, Hansen JM, Dalwadi U, Lam CH, et al. Molecular
architecture of the yeast Elongator complex reveals an unexpected asymmetric
subunit arrangement. EMBO Rep. 2017;

Paraskevopoulou C, Fairhurst SA, Lowe DJ, Brick P, Onesti S. The Elongator subunit
Elp3 contains a Fe4S4 cluster and binds S-adenosylmethionine. Mol Microbiol.
2006;

Glatt S, Zabel R, Kolaj-Robin O, Onuma OF, Baudin F, Graziadei A, et al. Structural
basis for tRNA modification by Elp3 from Dehalococcoides mccartyi. Nat Struct
Mol Biol. 2016;

Lin TY, Abbassi NEH, Zakrzewski K, Chramiec-Gtabik A, Jemiota-Rzeminska M,
Rdézycki J, et al. The Elongator subunit Elp3 is a non-canonical tRNA
acetyltransferase. Nat Commun. 2019;

Strug LJ, Clarke T, Chiang T, Chien M, Baskurt Z, Li W, et al. Centrotemporal sharp
wave EEG trait in rolandic epilepsy maps to Elongator Protein Complex 4 (ELP4).
Eur J Hum Genet. 2009;

Addis L, Ahn JW, Dobson R, Dixit A, Ogilvie CM, Pinto D, et al. Microdeletions of
ELP4 Are Associated with Language Impairment, Autism Spectrum Disorder, and
Mental Retardation. Hum Mutat. 2015;

Close P, Gillard M, Ladang A, Jiang Z, Papuga J, Hawkes N, et al. DERP6 (ELP5) and
C30RF75 (ELP6) regulate tumorigenicity and migration of melanoma cells as
subunits of elongator. J Biol Chem. 2012;

Xu S, Zhan M, Jiang C, He M, Yang L, Shen H, et al. Genome-wide CRISPR screen
identifies ELP5 as a determinant of gemcitabine sensitivity in gallbladder cancer.
Nat Commun. 2019;

Jaciuk M, Scherf D, Kaszuba K, Gaik M, Rau A, Koscielniak A, et al. Cryo-EM
structure of the fully assembled Elongator complex. Nucleic Acids Res [Internet].
2023 Jan 9;gkac1232.

Li F, Lu J, Han Q, Zhang G, Huang B. The Elp3 subunit of human Elongator complex
is functionally similar to its counterpart in yeast. Mol Genet Genomics. 2005;

Chen Y-T, Hims MM, Shetty RS, Mull J, Liu L, Leyne M, et al. Loss of Mouse lkbkap,
a Subunit of Elongator, Leads to Transcriptional Deficits and Embryonic Lethality
That Can Be Rescued by Human IKBKAP. Mol Cell Biol. 2009;

Frohloff F, Fichtner L, Jablonowski D, Breunig KD, Schaffrath R. Saccharomyces
cerevisiae Elongator mutations confer resistance to the Kluyveromyces lactis
zymocin. EMBO J. 2001;

Walker J, Kwon SY, Badenhorst P, East P, McNeill H, Svejstrup JQ. Role of
elongator subunit Elp3 in Drosophila melanogaster larval development and
immunity. Genetics. 2011,

145



150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Singh N, Lorbeck MT, Zervos A, Zimmerman J, Elefant F. The histone
acetyltransferase Elp3 plays in active role in the control of synaptic bouton
expansion and sleep in Drosophila. ] Neurochem. 2010;

Mehlgarten C, Jablonowski D, Wrackmeyer U, Tschitschmann S, Sondermann D,
Jager G, et al. Elongator function in tRNA wobble uridine modification is
conserved between yeast and plants. Mol Microbiol. 2010;

Chen C, Tuck S, Bystrom AS. Defects in tRNA modification associated with
neurological and developmental dysfunctions in Caenorhabditis elegans elongator
mutants. PLoS Genet. 2009;

Selvadurai K, Wang P, Seimetz J, Huang RH. Archaeal Elp3 catalyzes tRNA wobble
uridine modification at C5 via a radical mechanism. Nat Chem Biol. 2014;

Winkler GS, Kristjuhan A, Erdjument-Bromage H, Tempst P, Svejstrup JQ.
Elongator is a histone H3 and H4 acetyltransferase important for normal histone
acetylation levels in vivo. Proc Natl Acad Sci U S A. 2002;

Gilbert C, Kristjuhan A, Winkler GS, Svejstrup JQ. Elongator interactions with
nascent mRNA revealed by RNA immunoprecipitation. Mol Cell. 2004;

Close P, Hawkes N, Cornez I, Creppe C, Lambert CA, Rogister B, et al. Transcription
Impairment and Cell Migration Defects in Elongator-Depleted Cells: Implication
for Familial Dysautonomia. Mol Cell. 2006;

Pokholok DK, Hannett NM, Young RA. Exchange of RNA polymerase Il initiation
and elongation factors during gene expression in vivo. Mol Cell. 2002;

Krogan NJ, Greenblatt JF. Characterization of a Six-Subunit Holo-Elongator
Complex Required for the Regulated Expression of a Group of Genes in
Saccharomyces cerevisiae. Mol Cell Biol. 2001;

Kim JH, Lane WS, Reinberg D. Human elongator facilitates RNA polymerase |l
transcription through chromatin. Proc Natl Acad Sci U S A. 2002;

Karlsborn T, Tikenmez H, Mahmud AKMF, Xu F, Xu H, Bystrom AS. Elongator, a
conserved complex required for wobble uridine modifications in eukaryotes. RNA
Biol. 2014

Creppe C, Malinouskaya L, Volvert M-L, Gillard M, Close P, Malaise O, et al.
Elongator controls the migration and differentiation of cortical neurons through
acetylation of alpha-tubulin. Cell 2009

Solinger JA, Paolinelli R, Kl6ss H, Scorza FB, Marchesi S, Sauder U, et al. The
Caenorhabditis elegans Elongator complex regulates neuronal alpha-tubulin
acetylation. PLoS Genet. 2010

Even A, Morelli G, Turchetto S, Shilian M, Bail R Le, Laguesse S, et al. ATP-citrate
lyase promotes axonal transport across species. Nat Commun

Murphy F V., Ramakrishnan V, Malkiewicz A, Agris PF. The role of modifications in
codon discrimination by tRNALysUUU. Nat Struct Mol Biol. 2004;

146



165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Yarian C, Marszalek M, Sochacka E, Malkiewicz A, Guenther R, Miskiewicz A, et al.
Modified nucleoside dependent Watson - Crick and wobble codon binding by
tRNA(Lys)(UUU) species. Biochemistry. 2000;

Huang B, Johansson MJO, Bystrom AS. An early step in wobble uridine tRNA
modification requires the Elongator complex. RNA. 2005;

Dewez M, Bauer F, Dieu M, Raes M, Vandenhaute J, Hermand D. The conserved
Wobble uridine tRNA thiolase Ctul—-Ctu?2 is required to maintain genome
integrity. Proc Natl Acad Sci. 2008

Songe-Mgller L, van den Born E, Leihne V, Vagbg CB, Kristoffersen T, Krokan HE, et
al. Mammalian ALKBH8 possesses tRNA methyltransferase activity required for
the biogenesis of multiple wobble uridine modifications implicated in
translational decoding. Mol Cell Biol 2010.

Chen C, Huang B, Eliasson M, Rydén P, Bystrom AS. Elongator complex influences
telomeric gene silencing and DNA damage response by its role in wobble uridine
tRNA modification. PLoS Genet. 2011;

Bauer F, Matsuyama A, Candiracci J, Dieu M, Scheliga J, Wolf DA, et al.
Translational Control of Cell Division by Elongator. Cell Rep. 2012;

Bauer F. A coordinated codon dependent regulation of translation by the
Elongator complex. Thesis. 2011;

JiaY, Tian H, Li H, Yu Q, Wang L, Friml J, et al. The Arabidopsis thaliana elongator
complex subunit 2 epigenetically affects root development. J Exp Bot. 2015;

Nelissen H, De Groeve S, Fleury D, Neyt P, Bruno L, Bitonti MB, et al. Plant
Elongator regulates auxin-related genes during RNA polymerase Il transcription
elongation. Proc Natl Acad Sci 2010

Xu D, Huang W, Li Y, Wang H, Huang H, Cui X. Elongator complex is critical for cell
cycle progression and leaf patterning in Arabidopsis. Plant J. 2012;

Woloszynska M, Gagliardi O, Vandenbussche F, Groeve S De, Baez LA, Neyt P, et
al. The Elongator complex regulates hypocotyl growth in darkness and during
photomorphogenesis. J Cell Sci. 2018;

Fang X, Cui Y, Li Y, Qi Y. Transcription and processing of primary microRNAs are
coupled by Elongator complex in Arabidopsis. Nat Plants. 2015

Bolukbasi E, Vass S, Cobbe N, Nelson B, Simossis V, Dunbar DR, et al. Drosophila
poly suggests a novel role for the Elongator complex in insulin receptor-target of
rapamycin signalling. Open Biol. 2012;

Miskiewicz K, Jose LE, Bento-Abreu A, Fislage M, Taes |, Kasprowicz J, et al. ELP3
controls active zone morphology by acetylating the ELKS family member
bruchpilot. Neuron. 2011;

Duechler M, Leszczyriska G, Sochacka E, Nawrot B. Nucleoside modifications in
the regulation of gene expression: focus on tRNA. Cell Mol Life Sci 2016

147



180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Cuajungco MP, Leyne M, Mull J, Gill SP, Lu W, Zagzag D, et al. Tissue-specific
reduction in splicing efficiency of IKBKAP due to the major mutation associated
with familial dysautonomia. Am J Hum Genet. 2003;

Slaugenhaupt SA, Blumenfeld A, Gill SP, Leyne M, Mull J, Cuajungco MP, et al.
Tissue-specific expression of a splicing mutation in the IKBKAP gene causes
familial dysautonomia. Am J Hum Genet. 2001;

Goffena J, Lefcort F, Zhang Y, Lehrmann E, Chaverra M, Felig J, et al. Elongator and
codon bias regulate protein levels in mammalian peripheral neurons. Nat
Commun. 2018;

Karlsborn T, Tikenmez H, Chen C, Bystrom AS. Familial dysautonomia (FD)
patients have reduced levels of the modified wobble nucleoside mecm5s2U in
tRNA. Biochem Biophys Res Commun. 2014;

Rubin BY, Anderson SL. The Molecular Basis of Familial Dysautonomia: Overview,
New Discoveries and Implications for Directed Therapies. NeuroMolecular Med
2008

Najmabadi H, Hu H, Garshasbi M, Zemoijtel T, Abedini SS, Chen W, et al. Deep
sequencing reveals 50 novel genes for recessive cognitive disorders. Nature. 2011;

Cohen JS, Srivastava S, Farwell KD, Lu HM, Zeng W, Lu H, et al. ELP2 is a novel
gene implicated in neurodevelopmental disabilities. Am J Med Genet Part A.
2015;

Simpson CL, Lemmens R, Miskiewicz K, Broom WJ, Hansen VK, van Vught PWJ, et
al. Variants of the elongator protein 3 (ELP3) gene are associated with motor
neuron degeneration. Hum Mol Genet. 2009;

Bento-Abreu A, Jager G, Swinnen B, Rué L, Hendrickx S, Jones A, et al. Elongator
subunit 3 (ELP3) modifies ALS through tRNA modification. Hum Mol Genet. 2018;

Kojic M, Gaik M, Kiska B, Salerno-Kochan A, Hunt S, Tedoldi A, et al. Elongator
mutation in mice induces neurodegeneration and ataxia-like behavior. Nat
Commun. 2018;

Endres L, Fasullo M, Rose R. tRNA modification and cancer: potential for
therapeutic prevention and intervention. Futur Med Chem 2019

Waszak SM, Robinson GW, Gudenas BL, Smith KS, Forget A, Kojic M, et al.
Germline Elongator mutations in Sonic Hedgehog medulloblastoma. Nature. 2020;

Weigt J, Malfertheiner P. Cisplatin plus gemcitabine versus gemcitabine for biliary
tract cancer. Expert Review of Gastroenterology and Hepatology. 2010.

Hundal R, Shaffer EA. Gallbladder cancer: Epidemiology and outcome. Clinical
Epidemiology. 2014.

Xu'Y, Zhou W, Ji Y, Shen J, Zhu X, Yu H, et al. Elongator promotes the migration
and invasion of hepatocellular carcinoma cell by the phosphorylation of AKT. Int J
Biol Sci. 2018;

148



195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

Ladang A, Rapino F, Heukamp LC, Tharun L, Shostak K, Hermand D, et al. Elp3
drives Wnt-dependent tumor initiation and regeneration in the intestine. J Exp
Med. 2015;

Delaunay S, Rapino F, Tharun L, Zhou Z, Heukamp L, Termathe M, et al. Elp3 links
tRNA modification to IRES-dependent translation of LEF1 to sustain metastasis in
breast cancer. J Exp Med. 2016;

Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, et al. Mutations of the
BRAF gene in human cancer. Nature. 2002;

Rapino F, Delaunay S, Rambow F, Zhou Z, Tharun L, De Tullio P, et al. Codon-
specific translation reprogramming promotes resistance to targeted therapy.
Nature. 2018;

DeFraia CT, Wang Y, Yao J, Mou Z. Elongator subunit 3 positively regulates plant
immunity through its histone acetyltransferase and radical S-adenosylmethionine
domains. BMC Plant Biol. 2013;

Zhou X, Hua D, Chen Z, Zhou Z, Gong Z. Elongator mediates ABA responses,
oxidative stress resistance and anthocyanin biosynthesis in Arabidopsis. Plant J.
2009;

An C, Ding Y, Zhang X, Wang C, Mou Z. Elongator plays a positive role in
exogenous NAD-induced defense responses in Arabidopsis. Mol Plant-Microbe
Interact. 2016;

Lu S, Fan HW, Li K, Fan X Di. Suppression of Elp2 prevents renal fibrosis and
inflammation induced by unilateral ureter obstruction (UUO) via inactivating
Stat3-regulated TGF-B1 and NF-kB pathways. Biochem Biophys Res Commun.
2018;

Li S, Wang L, Berman M, Kong YY, Dorf ME. Mapping a Dynamic Innate Immunity
Protein Interaction Network Regulating Type | Interferon Production. Immunity.
2011;

Wang YP, Zhou LS, Zhao YZ, Wang SW, Chen LL, Liu LX, et al. Regulation of G6PD
acetylation by SIRT2 and KAT9 modulates NADPH homeostasis and cell survival
during oxidative stress. EMBO J. 2014;

Ueki Y, Shchepetkina V, Lefcort F. Retina-specific loss of Ikbkap/Elp1 causes
mitochondrial dysfunction that leads to selective retinal ganglion cell
degeneration in a mouse model of familial dysautonomia. Dis Model Mech. 2018;

Ohlen SB, Russell ML, Brownstein MJ, Lefcort F. BGP-15 prevents the death of
neurons in a mouse model of familial dysautonomia. Proc Natl Acad Sci U S A.
2017;

Rosu A, Hachem N El, Rapino F, Rouault-Pierre K, Jorssen J, Somja J, et al. Loss of
tRNA-modifying enzyme Elp3 activates a p53-dependent antitumor checkpoint in
hematopoiesis. ] Exp Med. 2021;

Lemaitre P, Bai Q, Legrand C, Chariot A, Close P, Bureau F, et al. Loss of the

149



209.

210.

211.

212.

213.

214,

215.

216.

217.

218.

219.

220.

221.

222.

Transfer RNA Wobble Uridine—-Modifying Enzyme Elp3 Delays T Cell Cycle Entry
and Impairs T Follicular Helper Cell Responses through Deregulation of Atf4. )
Immunol. 2021;

Duqgue GA, Descoteaux A. Macrophage cytokines: Involvement in immunity and
infectious diseases. Frontiers in Immunology. 2014.

Réonnblom L, Leonard D. Interferon pathway in SLE: One key to unlocking the
mystery of the disease. Lupus Sci Med. 2019;

Zhou QD, Chi X, Lee MS, Hsieh WY, Mkrtchyan JJ, Feng AC, et al. Interferon-
mediated reprogramming of membrane cholesterol to evade bacterial toxins. Nat
Immunol. 2020;

Orecchioni M, Ghosheh Y, Pramod AB, Ley K. Macrophage Polarization: Different
Gene Signatures in M1(LPS+) vs. Classically and M2(LPS—) vs. Alternatively
Activated Macrophages. Vol. 10, Frontiers in Immunology . 2019

Chen D, Nemazanyy |, Peulen O, Shostak K, Xu X, Tang SC, et al. Elp3-mediated
codon-dependent translation promotes mTORC2 activation and regulates
macrophage polarization. EMBO J. 2022

Dominguez M, Briine B, Namgaladze D. Exploring the Role of ATP-Citrate Lyase in
the Immune System. Front Immunol. 2021 Feb 1;12:632526.

Even A, Morelli G, Turchetto S, Shilian M, Bail R Le, Laguesse S, et al. ATP-citrate
lyase promotes axonal transport across species. Nat Commun. 2021;

Piganis RAR, De Weerd NA, Gould JA, Schindler CW, Mansell A, Nicholson SE, et al.
Suppressor of Cytokine Signaling (SOCS) 1 inhibits type | interferon (IFN) signaling
via the interferon a receptor (IFNAR1)-associated tyrosine kinase tyk2. J Biol
Chem. 2011;

Ahmed CM, Dabelic R, Waiboci LW, Jager LD, Heron LL, Johnson HM. SOCS-1
Mimetics Protect Mice against Lethal Poxvirus Infection: Identification of a Novel
Endogenous Antiviral System. J Virol. 2009;

Yoshimura A, Ohishi HMM, Aki D, Hanada T. Regulation of TLR signaling and
inflammation by SOCS family proteins. J Leukoc Biol. 2004;

Rapino F, Zhou Z, Roncero Sanchez AM, Joiret M, Seca C, El Hachem N, et al.
Wobble tRNA modification and hydrophilic amino acid patterns dictate protein
fate. Nat Commun. 2021;

Kurt-Jones EA, Popova L, Kwinn L, Haynes LM, Jones LP, Tripp RA, et al. Pattern
recognition receptors TLR4 and CD14 mediate response to respiratory syncytial
virus. Nat Immunol. 2000;

Marshak-Rothstein A. Toll-like receptors in systemic autoimmune disease. Nature
Reviews Immunology. 2006.

Morita M, Stamp G, Robins P, Dulic A, Rosewell |, Hrivnak G, et al. Gene-Targeted
Mice Lacking the Trex1 (DNase Ill) 3'->5' DNA Exonuclease Develop Inflammatory

150



223.

224,

225.

226.

227.

228.

229.

230.

231.

232,

233.

234,

235.

236.

237.

Myocarditis. Mol Cell Biol. 2004;

Lee-Kirsch MA, Gong M, Chowdhury D, Senenko L, Engel K, Lee YA, et al.
Mutations in the gene encoding the 3'-5' DNA exonuclease TREX1 are associated
with systemic lupus erythematosus. Nat Genet. 2007;

Hopfner KP, Hornung V. Molecular mechanisms and cellular functions of cGAS—
STING signalling. Nature Reviews Molecular Cell Biology. 2020.

Zheng M, Kanneganti TD. The regulation of the ZBP1-NLRP3 inflammasome and its
implications in pyroptosis, apoptosis, and necroptosis (PANoptosis).
Immunological Reviews. 2020.

Sanchez David RY, Combredet C, Sismeiro O, Dillies MA, Jagla B, Coppée JY, et al.
Comparative analysis of viral RNA signatures on different RIG-I-like receptors.
Elife. 2016;

Singh RS, Vidhyasagar V, Yang S, Arna AB, Yadav M, Aggarwal A, et al. DDX41 is
required for cGAS-STING activation against DNA virus infection. Cell Rep 2022

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA. Recognition of double-stranded
RNA and activation of NF-kB by Toll-like receptor 3. Nature 2001

Kato H, Takeuchi O, Sato S, Yoneyama M, Yamamoto M, Matsui K, et al.
Differential roles of MDAS and RIG-I helicases in the recognition of RNA viruses.
Nature. 2006;

Liu G, Park H-S, Pyo H-M, Liu Q, Zhou Y. Influenza A Virus Panhandle Structure Is
Directly Involved in RIG-I Activation and Interferon Induction. J Virol. 2015;

Wu W, Zhang W, Tian L, Brown BR, Walters MS, Metcalf JP. IRF7 is required for
the second phase interferon induction during influenza virus infection in human
lung epithelia. Viruses. 2020;

Ferrero MR, Tavares LP, Garcia CC. The Dual Role of CCR5 in the Course of
Influenza Infection: Exploring Treatment Opportunities. Frontiers in Immunology.
2022.

SunY, Lépez CB. The innate immune response to RSV: Advances in our
understanding of critical viral and host factors. Vaccine. 2017;

Chathuranga K, Weerawardhana A, Dodantenna N, Lee JS. Regulation of antiviral
innate immune signaling and viral evasion following viral genome sensing.
Experimental and Molecular Medicine. 2021.

Jungfleisch J, Bottcher R, Tallo-Parra M, Pérez-Vilaré G, Merits A, Novoa EM, et al.
CHIKV infection reprograms codon optimality to favor viral RNA translation by
altering the tRNA epitranscriptome. Nat Commun 2022

Buchmann K. Evolution of Innate Immunity: Clues from Invertebrates via Fish to
Mammals [Internet]. Vol. 5, Frontiers in Immunology . 2014.

Karaghiosoff M, Steinborn R, Kovarik P, Kriegshduser G, Baccarin M, Donabauer B,
et al. Central role for type | interferons and Tyk2 in lipopolysaccharide-induced

151



238.

239.

240.

241.

242,

243.

244,

245.

246.

247.

248.

249,

250.

251.

252.

endotoxin shock. Nat Immunol. 2003;

Muromoto R, Oritani K, Matsuda T. Current understanding of the role of tyrosine
kinase 2 signaling in immune responses. World J Biol Chem 2022

Shang L, Cao J, Zhao S, Zhang J, He Y. TYK2 in immune responses and treatment of
psoriasis. J Inflamm Res 2022

Lebman DA, Coffman RL. Interleukin 4 causes isotype switching to IgE in T cell-
stimulated clonal B cell cultures. J Exp Med. 1988;

Steinke JW, Borish L. Th2 cytokines and asthma. Interleukin-4: its role in the
pathogenesis of asthma, and targeting it for asthma treatment with interleukin-4
receptor antagonists. Respir Res [Internet]. 2001;2(2):66—70. Available from:
https://www.ncbi.nlm.nih.gov/pubmed/11686867

Pelaia C, Heffler E, Crimi C, Maglio A, Vatrella A, Pelaia G, et al. Interleukins 4 and
13 in asthma: Key pathophysiologic cytokines and druggable molecular targets.
Front Pharmacol 2022

Saradna A, Do DC, Kumar S, Fu Q-L, Gao P. Macrophage polarization and allergic
asthma. Transl| Res 2018

Huang C, Wang J, Liu H, Huang R, Yan X, Song M, et al. Ketone body -
hydroxybutyrate ameliorates colitis by promoting M2 macrophage polarization
through the STAT6-dependent signaling pathway. BMC Med 2022

Strine MS, Wilen CB. Tuft cells are key mediators of interkingdom interactions at
mucosal barrier surfaces. PLoS Pathogens. 2022.

Xiong X, Yang C, He W-Q, Yu J, Xin Y, Zhang X, et al. Sirtuin 6 maintains epithelial
STAT6 activity to support intestinal tuft cell development and type 2 immunity.
Nat Commun2022

Roach SN, Fiege JK, Shepherd FK, Wiggen TD, Hunter RC, Langlois RA. Respiratory
Influenza virus infection causes dynamic tuft cell and innate lymphoid cell changes
in the small intestine. J Virol 2022

Maier E, Duschl A, Horejs-Hoeck J. STAT6-dependent and -independent
mechanisms in Th2 polarization. Eur J Immunol 2012

Delgoffe GM, Pollizzi KN, Waickman AT, Heikamp E, Meyers DJ, Horton MR, et al.
The kinase mTOR regulates the differentiation of helper T cells through the
selective activation of signaling by mTORC1 and mTORC2. Nat Immunol 2011

Pandit M, Timilshina M, Gu Y, Acharya S, Chung Y, Seo S-U, et al. AMPK suppresses
Th2 cell responses by repressing mTORC2. Exp Mol Med

Kaur S, Kroczynska B, Sharma B, Sassano A, Arslan AD, Majchrzak-Kita B, et al.
Critical Roles for Rictor/Sin1 Complexes in Interferon-dependent Gene
Transcription and Generation of Antiproliferative Responses * . J Biol Chem

Kaur S, Sassano A, Majchrzak-Kita B, Baker DP, Su B, Fish EN, et al. Regulatory
effects of mMTORC2 complexes in type | IFN signaling and in the generation of IFN

152



253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

responses. Proc Natl Acad Sci U S A. 2012;

Suryawanshi RK, Patil CD, Agelidis A, Koganti R, Ames JM, Koujah L, et al. mTORC2
confers neuroprotection and potentiates immunity during virus infection. Nat
Commun [Internet]. 2021;12(1):6020.

Kuehn HS, Jung M-Y, Beaven MA, Metcalfe DD, Gilfillan AM. Prostaglandin E2
activates and utilizes mTORC2 as a central signaling locus for the regulation of
mast cell chemotaxis and mediator release. J Biol Chem

Liu L, Parent CA. Review series: TOR kinase complexes and cell migration. J Cell
Biol

Zheng B, Wang J, Tang L, Shi J, Zhu D. mTORC1 and mTORC2 play different roles in
regulating cardiomyocyte differentiation from embryonic stem cells. Int J Dev Biol.
2017;

Yuan T, Lupse B, Maedler K, Ardestani A. MTORC2 signaling: A path for pancreatic
B cell’s growth and function. J Mol Biol

Kim T, Nason S, Antipenko J, Finan B, Shalev A, DiMarchi R, et al. Hepatic mTORC2
signaling facilitates acute glucagon receptor enhancement of insulin-stimulated
glucose homeostasis in mice. Diabetes

Koprich JB, Reske-Nielsen C, Mithal P, Isacson O. Neuroinflammation mediated by
IL-1B increases susceptibility of dopamine neurons to degeneration in an animal
model of Parkinson’s disease. J Neuroinflammation. 2008;

James SJ, Jiao H, Teh HY, Takahashi H, Png CW, Phoon MC, et al. MAPK
Phosphatase 5 Expression Induced by Influenza and Other RNA Virus Infection
Negatively Regulates IRF3 Activation and Type | Interferon Response. Cell Rep.
2015;

Long L, Deng Y, Yao F, Guan D, Feng Y, Jiang H, et al. Recruitment of phosphatase
PP2A by RACK1 adaptor protein deactivates transcription factor IRF3 and limits
Type | interferon signaling. Immunity. 2014;

Peng D, Wang Z, Huang A, Zhao Y, Qin FX-F. A Novel Function of F-Box Protein
FBXO17 in Negative Regulation of Type | IFN Signaling by Recruiting PP2A for IFN
Regulatory Factor 3 Deactivation. J Immunol. 2017;

Kim J-H, Kim T-H, Lee H-C, Nikapitiya C, Uddin MB, Park M-E, et al. Rubicon
Modulates Antiviral Type | Interferon (IFN) Signaling by Targeting IFN Regulatory
Factor 3 Dimerization. J Virol. 2017;

LiD, FuS, Wu Z, Yang W, Ru Y, Shu H, et al. DDX56 inhibits type | interferon by
disrupting assembly of IRF3-IPO5 to inhibit IRF3 nucleus import. J Cell Sci. 2019;

Guy C, Bowie AG. Recent insights into innate immune nucleic acid sensing during
viral infection. Curr Opin Immunol

Nunes A, Ribeiro DR, Marques M, Santos MAS, Ribeiro D, Soares AR. Emerging
Roles of tRNAs in RNA Virus Infections. Trends in Biochemical Sciences. 2020.

153



267. Carter CC, Mast FD, Olivier JP, Bourgeois NM, Kaushansky A, Aitchison JD. Dengue
activates mTORC2 signaling to counteract apoptosis and maximize viral
replication. Front Cell Infect Microbiol

154



