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Abstract  
 
Molluscum contagiosum virus (MCV) is a human-specific poxvirus that causes highly 

common, mild, papular skin lesions. The lesions are notable for exerting minimal to no 

inflammation but can persist for a long duration without an effective antiviral response 

from the host. As part of the Poxviridae, MCV encodes multiple potent immunomodulators 

that target innate immune signaling pathways from early virus sensing to interferon (IFN) 

and inflammatory responses leading to clearance. Two major families of transcription 

factors are responsible for driving the immune responses to viruses: the nuclear factor 

kappa B (NF-κB) and the Interferon Regulatory Factor (IRF) families. Whilst NF-κB 

broadly drives both pro-inflammatory and IFN gene expression, IRFs have more direct 

control over antiviral IFN induction, of which, IRF3 has the strongest role in driving the 

initial wave of type I IFN (TI-IFN) expression. Here we report that the MCV protein 

MC089 specifically inhibits IRF activation from both DNA and RNA sensing pathways 

making it the first characterized MCV inhibitor to selectively target IRF activation to date. 

MC089 targets specific IRF3-activation complexes containing IKKε and its scaffold 

proteins TBKBP1 and NAP1. Additionally, MC089 particularly targets the RIG-I sensing 

pathway by associating with MAVS on mitochondria. MC089 displays specificity in its 

inhibition of IRF3 activation, preventing serine 396 phosphorylation and impeding TI-IFN 

response without affecting phosphorylation of serine 386. This remark, along with MC089 

binding specificity to its target proteins, may give novel insights into the regulation of 

antiviral IRF3 activation. 
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 Lay Abstract  
 

Molluscum contagiosum virus (MCV) infects humans causing harmless, small, pink, skin 

papules with minimal or no overt signs of an immune response from the host against the 

invader. Like all well-characterized poxviruses, it is becoming clear that MCV encodes 

arrays of inhibitors that suppress the host’s innate responses, potentially in a human-

specific manner. The first line of immune responses to viruses is driven by soluble factors 

known as Interferons (IFNs) which stimulate cells surrounding virally infected cells to 

express genes that prepare them for incoming viruses and enhance virus detection 

machinery to become non-permissive to virus replication. IFN gene expression is 

controlled by a family of gene regulators known as  Interferon Regulatory Factors (IRFs) 

that include IRF3, the primary regulator of IFN induction during the initial stages of virus 

sensing. Here, we discovered that MCV protein MC089 is a novel specific inhibitor of IRF 

signaling pathways that interacts with host proteins critical for IRF3 activation. These 

proteins are the IRF3 kinase IKKε and the kinase regulators TBKBP1 and NAP. MC089 

also localizes to mitochondria and associates with the mitochondrial antiviral-signaling 

protein (MAVS), the regulator of the cytosolic RNA signaling pathway. MC089 targeting 

of this system blocks IRF3 activation by inhibiting an essential modification step in its 

activation, phosphorylation, at a specific amino acid residue site (serine 396). 

Consequently, MC089 suppresses the secretion of crucial types of IFNs named type I IFNs 

(TI-IFNs). These findings not only reveal a new way for MCV to inhibit human immunity 

but can also expand our understanding of IRF3-activating pathways. 
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Chapter 1: Introduction  

 
This chapter includes extracts originally published in Biomedical Pharmacology. Al 

Hamrashdi M (Author), Brady G (Reviewer). Regulation of IRF3 activation in human 

antiviral signaling pathways. Biochem Pharmacol. 2022; 200: 115026. doi: 

10.1016/j.bcp.2022.115026.  

 

1.1 Human Antiviral Immunity 
 

The human defense system against pathogens depends on coordinated, sequential immune 

responses termed innate and adaptive immunity. The first set of defense responses is 

reacted rapidly by the innate immunity, which if required, will also lead to the activation 

of the more specific clonal adaptive immunity (1). Viruses enter the human body through 

the mucosal membranes or the skin, both are initial innate barriers and are covered with 

epithelial cells expressing specialized sensors to pathogens known as pattern recognition 

receptors (PRRs) (2-5). Upon the activation of PRRs, they trigger off signal transduction 

pathways that ultimately lead to virus clearance (6). Along with epithelial cells, the innate 

immunity relies on the recruitment of effector white blood cells (leukocytes), such as 

macrophages, neutrophils, dendritic cells and natural killer cells, secreting in a balanced 

feedback loop, small factors known as cytokines, chemotactic cytokines (chemokines), and 

blood plasma proteins  (1, 7-10).  

 

On the other hand, the adaptive immunity is a highly specific clonal system with an 

immunological memory that allows rapid responses to a secondary exposure to the same 

pathogen or antigenically-related ones (11). The specificity of adaptive responses resides 
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in clonally expanded T-cells (cell-mediated immunity) and B-cells (antibody-mediated 

immunity) that express receptors recognizing unique molecular components (antigens) of 

pathogens (12-14).  

 

1.1.1 Interferons in Innate Antiviral Immunity  
 

Upon virus entry, the innate immune receptors, PRRs, recognize the pathogen-associated 

molecular patterns (PAMPs) shared among viruses, principally viral nucleic acids, 

resulting in rapid innate responses that are triggered within hours of infection (1, 7, 15, 16).  

The production of interferons (IFNs) is a critical component of human innate immunity 

against intracellular infectious agents like viruses. These antiviral cytokines drive pathways 

that induce the expression of effector interferon-stimulated genes (ISGs) that are translated 

into specialized proteins that severely hamper virus propagation in infected tissue or 

prevent it entirely (17-19). There are more than 600 known ISG proteins, including PRRs, 

interferon regulatory factors (IRFs) and signaling proteins, that positively and negatively 

regulate a balanced IFN-induced state (20-22). Antiviral ISG enzymes include the 

interferon-induced, double-stranded RNA-activated protein kinase (PKR), which inhibits 

virus replication through phosphorylation of eukaryotic initiation factor 2 needed for viral 

mRNA translation, and the 2′-5′-oligoadenylate synthetase/ribonuclease L (OAS/RNase L) 

system proteins that degrade viral genomes. Additionally, interferon-inducible GTPases, 

such as the myxovirus (influenza virus) resistance A (MxA), can interfere with virus 

assembly by preventing the transportation of viral nucleocapsid protein to the Golgi (23-

27). One of the most studied ISG proteins is the ubiquitin-like interferon-stimulating gene 

15 (ISG15) protein that through ISGylation, an enzymatic cascade reaction, can covalently 

bind viral and cellular proteins to inhibit virus replication and prevent virus release from 



 
 
 

 
 

17 

the infected cell (27-29). To counteract the effect of ISG15, viruses encode inhibitors that 

target the host ISG15 protein, such as the poxvirus vaccinia virus E3 protein and the severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) papain-like protease (PLpro) 

(28, 30).   

IFNs also work in concert with other cytokines, such as tumour necrosis factor (TNF), to 

stimulate apoptosis of infected cells (31-33). The antiviral state induced by IFNs plays 

wider roles in triggering adaptive immunity, which includes, but is not limited to, the 

activation of cytotoxic T cells which specifically target infected cells for destruction (34).  

Interestingly, the discovery of IFNs was somewhat accidental during the early era of 

virology research in the 1950s. In 1957, Alick Isaacs and Jean Lindenmann were studying 

the phenomenon of viral interference where the host becomes resistant to a certain viral 

infection due to a previous similar virus exposure. They infected chick embryos with 

inactivated influenza virus and found them to be resistant against a second exposure to 

active influenza due to the secretion of a protein that interfered with the replication of the 

virus, hence, it was called “interferon” (35-38). Simultaneously, Japanese researchers 

independently discovered this phenomenon when they infected rabbits with live vaccinia 

virus after previously injecting them with inactive vaccinia. In this study, they named the 

protein that inhibited the infection “virus inhibitory factor” (36, 39). Since their discovery, 

IFNs have been recognized as critical cytokines of antiviral immunity. 

IFNs are classified into three groups: type-I, -II, and -III IFNs (TI-IFNs, TII-IFN and TIII-

IFNs), of which TI-IFNs are the largest group and bind to the TI-IFN receptor, known as 

IFN𝛼/β	receptor (IFNAR). In humans, TI-IFNs include IFNβ, IFNε, IFN kappa (IFNκ), 

IFN omega (IFNω), and 13 subtypes of IFN𝛼. TII-IFN is represented by IFN gamma 

(IFNγ) which binds specifically to IFNγ receptor (IFNGR), while TIII-IFNs are subtypes 
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of IFN lambda (IFNλ) that act as ligands to IFNλ receptor (IFNLR) (40-42). TI-IFNs are 

the most studied IFNs and one of the first cytokines to be produced upon viral recognition. 

Whilst they are induced in many different types of immune cells, with IFN𝛼	and	IFNβ 

being the most expressed TI-IFNs in infected cells, IFNγ and TIII-IFNs are produced 

predominantly by natural killer (NK) cells and epithelial barrier cells, respectively (40, 43-

45). Secreted IFNγ from NK cells during innate immunity can lead to the activation of cell-

mediated immunity by either acting as a signal that promotes the differentiation of 

cytotoxic T-cells or as an inducer for the expression of major histocompatibility complex 

(MHC) class II molecules required for the activation of T-helper cells (46-48). 

Alternatively, TIII-IFNs are believed to have a similar role to TI-IFNs as innate antiviral 

cytokines that induce the expression of multiple sets of ISGs, mainly, in the initial stage of 

virus infection. However, unlike TI-IFNs, TIII-IFNs are specific to epithelial surfaces on 

mucosal tissues (49-52). Therefore, although all interferons exert antiviral activity, TI-IFNs 

drive the most potent antiviral effects leading to the antiviral state that can directly suppress 

viral replication (53).  

Upon PRR sensing of virus infection, two families of transcription factors are primarily 

responsible for the upregulation of pro-inflammatory cytokines and TI-IFN gene 

expression: nuclear factor kappa-light-chain-enhancer of activated B cells (NF-𝜅B) and 

IRFs. The NF-𝜅B family induces both pro-inflammatory cytokines and IFN genes with 

more direct control over the former (54-57). On the other hand, the IRF family is more 

directly involved in driving the expression of TI-IFNs genes (58-61). Most notably, the 

IFNβ gene promoter contains two sites, known as positive regulatory domains (PRDs) I 

and III, to bind to IRFs and only one binding site, PRDII, for NF-𝜅B transcription factors. 

It also contains a site (PRDIV) for activating protein-1 (AP-1) transcriptions factors, related 
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to cellular and immune responses, activated by c-Jun N-terminal kinases (JNKs), members 

of mitogen-activated protein kinases (MAPKs) (62, 63). To date, the IFN𝛼 gene promoter 

is known to only include elements to bind IRFs that are called positive regulatory domain-

like elements (PRD-LEs), also known as virus-responsive elements (VREs) (64, 65) 

(Fig.1.1.1).  Recent findings in last few years have shown that NF-𝜅B and IRFs signaling 

pathways are cross-regulated (54, 66, 67). However, there is still not much known about 

the level of interaction between their activation pathways once signaling has branched off 

to commit events traditionally thought specific to each transcription factor set. 

Figure 1.1.1 Schematic of the positive regulatory elements of IFNβ and IFN𝛼 promoters. IFNβ 

contains two sites, PRDIII and PRDI, to bind to IRFs, such as IRF3 and IRF7. NF-𝜅B and 

AP-1 transcription factors recognize PRDII and PRDIV, respectively. There is one site, 

regulatory domain-like elements (PRD-LEs), on the IFN𝛼 promoter to only interact with 

IRFs. (N) N-terminus, (C) C-terminus.  

The activation of both sets of transcription factors depends on triggering signaling cascades 

via phosphorylation and ubiquitination of a series of adaptor proteins and kinases. 

Phosphorylation is a crucial post-translational modification (PTM) carried out by protein 

kinases to activate adaptor proteins and transcription factors in cellular signaling 
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transduction (68). The kinases, which are also activated by phosphorylation,  are enzymes 

that catalyze the transfer of phosphate groups from ATPs to the target proteins on their 

amino acid residues: around 86% of phosphorylated residues are serine, followed by 

threonine residues ~12% and tyrosine residues ~2% (68-70). Phosphorylation works in 

coordination with ubiquitination which is another essential PTM in signal transduction 

leading to the recruitment of proteins into signaling localization to enable protein-protein 

interactions or proteasomal degradation (71). During ubiquitination, a small protein of 76 

amino acid residues, known as ubiquitin, is covalently attached by ubiquitin enzyme ligase 

(E3) to lysine residues of the target protein through one of the ubiquitin lysine residues, 

K6, K11, K27, K29, K44, K48 and K63, or the methionine (M1) residue on its N-terminus 

(71, 72).  

1.1.2 Pattern Recognition Receptors (PRRs) 
 

PRRs are specialized proteins differentially expressed in most cells, with the highest 

expression in effector innate cells, and have different cellular localization and ligand 

specificity. However, most antiviral PRRs can trigger signaling cascades through adaptor 

protein recruitment ultimately resulting in the activation of transcription factors to induce 

gene expression. This, in turn, results in inflammatory responses and cytokine production 

that eliminate the virus and initiate adaptive immunity (1, 6, 7, 73). Table 1 summarizes 

the major human PRRs of antiviral immunity. 
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Table 1. Major human pattern recognition receptors (PRRs) of innate antiviral immunity.  

PRR Viral ligand Adaptor 
protein 

Main signaling 
pathway(s) 

Reference(s) 

TLR3 dsRNA TRIF NF-𝜅B and IRFs (74) 
TLR7/TLR8 ssRNA Myd88 NF-𝜅B and IRFs (75) 

TLR9 DNA Myd88 NF-𝜅B and IRFs (76) 

RIG-I 5' triphosphate 
RNA 

MAVS  NF-𝜅B and IRFs (77) 

MDA5 Long RNA 
strands 

MAVS NF-𝜅B and IRFs (77) 

cGAS dsDNA STING NF-𝜅B and IRFs (78) 

DDX41  DNA STING NF-𝜅B and IRFs (79) 

IFI16  DNA STING NF-𝜅B and IRFs (80) 

AIM2 dsDNA ASC Caspase 1 (81) 

DAI DNA/RNA RIP-1/3 and 
STING 

NF-𝜅B, necroptosis and 
IRFs 

(82-84) 

Abbreviations: TLR, Toll-like receptor; RIG-1, Retinoic acid-inducible gene I; MDA-5, 

Melanoma differentiation-associated gene-5; cGAS, Cyclic GMP-AMP synthase, DDX41, 

DEAD (Asp-Glu-Ala-Asp) box polypeptide 41; IFI16, Gamma-interferon-inducible 

protein 16; AIM2, Absent in melanoma 2; DAI, DNA-dependent activator of IFN-

regulatory factors; TRIF, TIR domain-containing adaptor-inducing interferon-β; Myd88, 

Myeloid differentiation primary response 88; MAVS, Mitochondrial antiviral-signaling 

protein; STING, stimulator of interferon genes; ASC, Apoptosis-associated speck-like 

protein; RIP, Receptor-interacting protein kinase 1; NF-𝜅B, nuclear factor kappa-light-

chain-enhancer of activated B cells; IRFs, Interferon regulatory factors; Caspase 1, 

Scaffold cysteine-dependent aspartate specific protease 1. 

 
Toll-like receptors (TLRs) have become one of the most well-studied PRRs since their 

discovery in Drosophila in the 1980s (85). In humans, there are currently ten members of 

TLRs (TLR1-10), of which four are viral sensors located in the endosome, namely, TLR3, 

TLR7, TLR8 and TLR9 (86-88). Each viral TLR recognizes a specific ligand: TLR3 detects 
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dsRNA, both TLR7 and TLR8 sense ssRNA, and TLR9 binds to DNA containing cytosine–

phosphate–guanine (CpG) dideoxynucleotide motif (74-76, 86, 89, 90). Viral TLRs are 

mainly composed of an N-terminal domain (NTD) that binds to the ligand through its 

leucine-rich repeats (LRRs), and a cytoplasmic C-terminal domain (CTD) that interacts 

with the adaptor proteins for signal transduction (91). The NTD and the CTD are connected 

by a helix transmembrane domain (TMD) (Fig.1.1.2) (91, 92). The LRR motif of the NTD, 

also known as the ectodomain, forms a hydrophobic core resulting in the horseshoe shape 

of TLRs. Additionally, TLRs, such as TLR3, form homodimers upon binding to the viral 

genome through the extracellular N-terminal domain (91, 93-95). On the other hand, the 

CTD is homologous to the signaling domain of the interleukin-1 (IL-1) receptor, termed 

toll-interleukin-1 receptor (TIR) domain, which initiates downstream signaling via 

interaction with cytoplasmic adaptor proteins that include TIR domain-containing adaptor-

inducing interferon-β (TRIF) with TLR3, and myeloid differentiation primary response 88 

(Myd88) with TLR7, TLR8 and TLR9 (86, 91, 96-98).  Both TRIF and Myd88 can trigger 

the activation of NF-𝜅B and IRFs (99). 

 

In 2004, retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) have been identified 

as a family of RNA sensors located in the cytosol (100). There are currently three known 

members of RLRs, RIG-1, melanoma differentiation-associated gene-5 (MDA-5) and 

laboratory of Genetics and Physiology 2 (LGP2) (77, 101-103). All three RLRs share a C-

terminal domain (CTD) that recognizes RNA and two helicase domains of the superfamily 

2 (SF2) that catalyze ATP to bind RNA (Fig.1.1.2) (101, 104-107). Both RIG-I and MDA5 

contain, at the N-terminus, two caspase recruitment domains (CARDs) which form 

oligomers to recruit the adaptor protein mitochondrial antiviral-signaling protein (MAVS) 

and activate downstream NF-𝜅B and IRFs (101, 104-108). The CTD and helicases of RIG-
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I and MDA-5 sensors differ in their alignment to RNA which specifies their RNA ligands; 

the CTD and helicases of RIG-I receptors orient to form a cleft to mainly interact with short 

5′-triphosphorylated RNA, while MDA-5 receptors assemble long helical filaments on long 

RNA strands (100, 102, 104, 109-111). LGP2 lacks the signaling domains which means it 

does not interact with downstream signaling proteins, but it has been found to act as a 

coactivator of MDA-5 via binding dsRNA (112). The exact role of LGP2 in RIG-I sensing 

still requires further elaboration although it has been shown to inhibit RIG-I-driven NF-𝜅B 

and IRF activation which indicates that it rather acts as a negative regulator of the pathways 

(113, 114).    
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Figure 1.1.2 Domain organization of the major human pattern recognition receptors (PRRs). Each 

sensor contains DNA/RNA-binding domain(s) to detect viral genome and signaling 

domain(s) to interact with adaptor molecules and activate antiviral transcription factors, 

except for LGP2 lacking a downstream signaling motif. (LRRs) leucine-rich repeats, 

(TMD) transmembrane domain,  (TIR) toll-interleukin-1 receptor domain, (CARD) 

caspase recruitment domain, (Hel) helicase, (CTD) C-terminal domain, (NTase) 

nucleotidyltransferase core, (Mab21) male-abnormal 21 domain, (Zn) zinc ribbon motif, 

(DEAD) (Asp-Glu-Ala-Asp) box domain, (PYD) pyrin domain, (HIN) hematopoietic 

expression, interferon-inducible nature, and nuclear localization domain, (Zα) Z alpha 
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binding domain, receptor-interacting protein kinase (RIP)-homotypic interaction motif 

(RHIM), (N) N-terminus, (C) C-terminus. 

 

Cyclic GMP-AMP synthase (cGAS) is another cytosolic viral sensor that specializes in 

binding dsDNA that trigger NF-𝜅B and IRF signaling pathways through its corresponding 

adaptor protein stimulator of interferon genes (STING) (115, 116). cGAS is an enzyme of 

522 amino acid residues, of which around 160 residues at the N-terminus are considered a 

disordered region (78, 117, 118). Alternatively, the C-terminal domain exerts the catalytic 

activity of cGAS and it is highly homologous to the nucleotidyltransferase (NTase) fold 

proteins of the male-abnormal 21 (Mab21) family (Fig.1.1.2)  (78, 117, 119). The Mab21 

domain also contains a zinc ribbon motif which allows for DNA interaction in a length-

dependent manner (78, 120, 121). Upon binding to dsDNA, cGAS dimerizes to activate the 

catalyzation of the signaling molecule 2′3′-Cyclic GMP-AMP (cGAMP) using the 

substrates ATP and GTP (122, 123). In turn, cGAMP binds to STING leading to its 

migration from the endoplasmic reticulum (ER) to the Golgi where it activates the antiviral 

transcription factors (124).  

 

Another cytosolic STING-dependent DNA sensor is DEAD (Asp-Glu-Ala-Asp) box 

polypeptide 41 (DDX41), an RNA helicase from the DEAD-box superfamily 2 (SF2) (79, 

125, 126). The N-terminus of  DDX41 is composed of a disordered motif followed by a 

DEAD-box domain and a helicase domain (Fig.1.1.2) (126, 127). As part of the SF2 family, 

DDX41 uses its DEAD/helicase domains to bind ATP and interact with DNA leading to 

the activation of STING via direct interaction and the subsequent activation of NF-𝜅B and 

IRF pathways (79, 125).  
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In 2010, a new DNA sensor, gamma-interferon-inducible protein 16 (IFI16), was affinity 

purified from IFN𝛽-induced human monocytes using the non-adapted human DNA 

vaccinia virus (VACV) (80). IFI16 belongs to the pyrin and hematopoietic interferon-

inducible nuclear (HIN) domain-containing (PYHIN) protein family that triggers antiviral 

sensing upon DNA detection (128). IFI16 holds the pyrin (PYD) domain at the N-terminus 

which through oligomerization, interacts with STING to initiate antiviral signaling 

pathways (Fig.1.1.2)  (129). DNA recognition by IFI16 occurs through the folding of two 

hematopoietic expression, interferon-inducible nature, and nuclear localization (HIN) 

domains at the C-terminus (130). IFI16 is not the only protein related to the PYHIN family 

that binds cytosolic DNA as it was preceded by absent in melanoma 2 (AIM2) that interacts 

with dsDNA to activate inflammatory pathways (80, 131). Therefore, DNA sensors from 

the PYHIN family were given the term AIM2-like receptors (ALRs) (80). Whilst AIM2 

also contains a PYD domain, it has only one C-terminal HIN domain (128), and It depends 

on its PYD domain to recruit its adaptor protein apoptosis-associated speck-like protein 

(ASC) through PYD-PYD interaction (132, 133). ASC uses its caspase activation and 

recruitment domain (CARD) to scaffold cysteine-dependent aspartate specific protease 1 

(caspase 1) forming a proinflammatory multiprotein complex known as inflammasome 

(132-134). This results in the production of interleukin 1 (IL-1) and interleukin 18 (IL-18) 

which are critical cytokines for the subsequent activation of antiviral immune cells, such 

as leukocytes, and T-cell adaptive immunity (135, 136). 

 

DNA-dependent activator of IFN-regulatory factors (DAI) is an innate sensor identified as 

a Z-DNA-binding protein 1 (ZBP1) for containing two binding domains at the N-terminus, 

known as Z alpha (Z𝛼) (Fig.1.1.2)  (82, 137). It recognizes Z-confirmational DNA/RNA 

structures which are left-handed zig-zag forms of double-stranded nucleic acids produced 
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in mammalian cells during gene transcription and protein recruitment (137, 138). Viruses 

can also produce Z-DNA/RNAs in infected cells, such as Z-RNAs generated by Influenza 

A virus (IAV) and severe acute respiratory syndrome coronavirus 2 (SARS‑CoV‑2),  that 

act as ligands to DAI sensor (84, 139). Activated DAI interacts with signaling molecules 

through two receptor-interacting protein kinase (RIP)-homotypic interaction motifs 

(RHIMs) at its C-terminus. Sequentially, it induces NF-𝜅B and inflammatory cell death 

(necroptosis) signaling pathways via RIP-RIP interaction with receptor-interacting protein 

kinase 1 (RIPK1) and RIPK3, and IRF pathways through STING (82, 83, 140-142). 

Additionally, although RNA silencing of DAI in mouse fibroblast cells blocked IFN 

secretion, DAI-deficient mouse embryonic fibroblasts were able to induce normal levels of 

IFN (143, 144). This rather classifies DAI as a cell-specific DNA sensor, however, viruses 

producing DAI agonists, such as the E3L-encoded protein of vaccinia virus, suggests an 

essential role of DAI in antiviral immunity which should be further elaborated (144-146).  

1.1.3 NF-𝜅B Activation in Antiviral Immunity   
 

Upon the recognition of viruses through PRRs, antiviral transcription factors are activated 

through evolutionary conserved pathways of signal transduction (147, 148). In the 1980s, 

a protein was discovered to bind to the sequence motif 5’-GGGACTTTCC-3’, known as 

κB DNA element, of the immunoglobulin κ light-chain enhancer in the nuclei of B-tumour 

cells and, therefore, named nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF-𝜅B) (149-151). Today, NF-𝜅B has become one of the most studied transcription 

factors and one of the crucial regulators of inflammatory responses, cell survival and cell 

death (148, 152).  

The term NF-𝜅B is not specific to a single transcription factor complex but to multiple 

proteins from the same family which form homo- and heterodimeric complexes to bind to 
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the κB consensus sequences at expression sites of target genes. Subunits form dimers with 

other members of the NF-𝜅B family through a shared Rel homology domain (RHD). The 

RHD, located at the N-terminus, does not only mediate dimerization, but also  NF-𝜅B 

nuclear translocation and nuclear DNA-binding (153, 154). There are known five members 

of the NF-𝜅B family: p50 and p52 subunits encoded by the NF-𝜅B1 and NF-𝜅B2 genes, 

respectively, p65 subunit, also known as RelA, encoded by the RELA gene, c-Rel encoded 

by the REL gene and RelB encoded by the RELB gene. Only p65, c-Rel and RelB contain 

a transcriptional activation (TD) domain at the C-terminus for the induction of gene 

expression. Both p50 and p52 are processed as IκB (inhibitors of NF-𝜅B) precursor proteins 

p105 (NF-𝜅B1) and p100 (NF-𝜅B2), respectively (148, 153). RelB also contains an N-

terminal leucine zipper (LZ) motif which, through dimerization, regulates gene expression 

by binding to coactivators and corepressors (155, 156) (Fig.1.1.3A).  

In unstimulated cells, NF-𝜅B proteins mainly reside in the cytoplasm in an inactive form 

bound to IκB proteins with the nuclear localization signal (NLS) motif blocked (157). Upon 

PRR sensing of pathogens, phosphorylation-based ubiquitination signals, either canonical 

or non-canonical, result in the degradation of IκB inhibitors and the subsequent activation 

of NF-𝜅B dimers (158). The major IκB proteins include IκB𝛼, IκBβ, IκBε, p105 and p100, 

and they all share a helix-turn-helix motif of around 33 amino acid residues (ankyrin repeat) 

that allows for interaction with other proteins (148, 157, 159, 160) (Fig.1.1.3B). 
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Figure 1.1.3 Domain organization of the major human NF-𝜅B family and I𝜅B inhibitors. (A) 

Proteins of the NF-𝜅B family share a Rel homology domain (RHD) with multiple functions 

including dimerization, NF-𝜅B nuclear translocation and nuclear DNA binding. RelB has 

a dimerization leucine zipper (LZ) motif to regulate gene expression. All proteins have a 

transactivation domain (TD) to promote gene expression, except for p50 and p52. (B) In 

resting cells, NF-𝜅B transcription factors exist as dimers bound to I𝜅B inhibitors by their 

helix-turn-helix motif (ankyrin repeat) to prevent their activation. p105 and p100 are 

precursors of p50 and p52, respectively.	(N) N-terminus, (C) C-terminus. 



 
 
 

 
 

30 

The canonical NF-𝜅B pathway is a rapid response to an external stimulus that depends on 

the  IKK activation complex of NF-𝜅B containing IκB kinases (IKKs) IKKalpha (IKKα) 

and IKKbeta (IKK𝛽), and the regulatory protein of IκB kinases nuclear factor κB (NF-κB) 

essential modulator (NEMO), also known as IKKgamma (IKKγ) (55, 161). IKK𝛼 and 

IKK𝛽	are highly homologous sharing around 50 % identity and rely on phosphorylation of 

their serine residues, serine 176 and 180 of IKK𝛼 and serine 177 and 181 of IKK𝛽, to be 

activated (162-164). The phosphorylation sites of both kinases are located in the kinase 

domain at the N-terminus and followed by a leucine zipper (LZ) motif, a helix-loop-helix 

(HLH) domain and a NEMO-binding domain (NBD) (Fig.1.1.8A) (162, 163). IKK𝛽 can 

also be ubiquitinated at the lysine residue 353 (L353) located at the ubiquitin-like domain 

(ULD) which is absent in IKKα and contributes to its IKKα-independence activation (163-

165). NEMO is subjected to ubiquitination on multiple residue motifs, such as NEMO 

optineurin ABIN2 (NOA) and A20 binding and inhibitor of NF-κB (ABIN) and NEMO 

(UBAN), in corporation with a zinc finger motif (166-169) (Fig.1.1.8A). Although the IKK 

complex exclusions mainly purified as an IKKα/ IKKβ heterodimer bound to NEMO 

dimers, other forms of IKK complex can also exist including homodimers of the IKK 

kinases (163, 170).  

Upon viral infection, PRRs, such as TLRs, RLRs and DNA sensors, engage their adaptor 

proteins (Table 1) to activate NF-𝜅B dimers (171). TRIF, MyD88 and MAVS recruit 

tumour necrosis factor (TNF) receptor–associated factor (TRAF) proteins, as signaling 

molecules to activate IκB kinases (171). The TRAF family includes seven members, 

TRAF1-7, where all of them, apart from TRAF1, share a RING (Really Interesting New 

Gene) finger motif at the N-terminus allowing for the E3 ubiquitin ligase functionality to 

covalently attach ubiquitin (Ub) chains on IκB kinases (172, 173). All TRAFs, except for 
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TRAF7, also contain a homologous C-terminal domain for interaction with other signaling 

molecules and upstream kinases, such as the mitogen-activated protein transforming 

growth factor-β-activated kinase 1 (TAK1) (174-176). Therefore, TRAFs, like TRAF6, can 

recruit the IKK complex and TAK1 via ubiquitin polymers causing phosphorylation of IκB 

kinases by TAK1 or by autophosphorylation (171, 177). TRAFs also mediate NEMO K63-

linked polyubiquitination and oligomerization, in turn, NEMO acts as a scaffold protein 

that recruits the IKK complex to TAK1 and NF-𝜅B transcription factors (164, 167, 178). 

The activated IκB kinases, mainly IKKβ, can then phosphorylate IκB inhibitors exposing 

them to ubiquitination by E3 ligase which tags them for proteasomal degradation (179, 

180). Consequently, NF-𝜅B dimers, of which p50-p65 (RelA) are the most abundant 

heterodimers, are freed to translocate into the nucleus where they bind to κB DNA elements 

to regulate the expression of proinflammatory and immune genes, such as interleukin 1 (IL-

1) and IFNβ (181-183). Along with PPRs, the canonical pathway can be switched on by 

proinflammatory cytokines, such as TNF and IL-1, upon their receptors ligation triggering 

a signaling pathway via  TAK1 (176, 184) (Fig.1.1.4A). 
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Figure 1.1.4 Canonical and non-canonical pathways of NF-κB activation. (A) In the canonical 

pathway, NF-κB can be activated by either PRRs, antiviral PRRs are mainly cytosolic or 

endosomal, or pro-inflammatory cytokines, such as TNF and IL-1. Ligand binding of 

PRRs, TNF receptors (TNFRs) or IL-1 receptor (IL-1R), activates the kinase TAK1 leading 

to the recruitment of the IKK complex: IKKα, IKK𝛽 and the scaffold protein NEMO, and 

the subsequent phosphorylation of IκB kinases. Activated IKKα/IKK𝛽 phosphorylates the 

IκB inhibitor exposing it to ubiquitination and proteasomal degradation. In turn, NF-𝜅B 

dimers, such as p50-p65 (RelA), are free to translocate to the nucleus where they bind to a 

specific DNA sequence, known as κB DNA element, of the target gene promoter/enhancer. 

(B) In the non-canonical pathway, NF-κB is activated by TNFRs binding to their ligands, 

for example, CD40 or BFF, leading to the phosphorylation of IKKα in a NEMO-

independent manner. Next, IKKα phosphorylates p100 resulting in its ubiquitination and 
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partial degradation into p52. Consequently, the p52-RelB heterodimer translocates to the 

nucleus to induce the expression of the target gene. Servier Medical Art 

(https://smart.servier.com/) was used to construct the illustration. 

Alternatively, the non-canonical NF-𝜅B pathway is triggered by the TNF receptor (TNFRs) 

superfamily where the induced signal is conveyed by NF-κB-inducing kinase (NIK) (185). 

The alternative NF-𝜅B pathway mediates the switching to adaptive immunity since it 

integrates signals essential for adaptive cell maturation and differentiation. This includes 

CD40, a glycoprotein surface molecule of antigen-presenting cells (APCs) that introduce 

antigens to T and B cells, and B-cell activating factor (BAFF), a cytokine of TNF 

superfamily that activates B cells (164, 186-188). Upon ligation. The activation of TNFRs 

leads to the recruitment of NIKs which phosphorylate IκB kinases, namely IKKα, resulting 

in the phosphorylation and degradation of IκB inhibitors, and the subsequent activation of 

NF-𝜅B dimers, of which p52-RelB heterodimers are the most dominant forms (164, 189) 

(Fig.1.1.4B). 

Regarding the route of NF-𝜅B activation, both canonical and non-canonical responses need 

to be tightly controlled to prevent the development of immune diseases and disorders 

related to chronic inflammation and cell survival, such as cancer, rheumatoid arthritis (RA), 

inflammatory bowel disease (IBD) and type I diabetes (56, 190-192) (Table 2).  
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Table 2.  Examples of NF-𝜅B-related chronic inflammatory diseases and disorders. 

 
Abbreviations: RA, Rheumatoid arthritis; IBD, Inflammatory bowel disease; TI-diabetes, 

Type I diabetes. 

1.1.4 The IRFs in Antiviral Immunity 
 

The discovery of IRFs was dated back to 1988 when IRF1 was identified to specifically 

bind to IFNβ gene promoter (193, 194). To date, the human IRF family includes nine 

members (IRF1-9) (195-197). Table 3 summarizes the major IRFs involved in antiviral TI-

IFN induction. They share the DNA-binding domain (DBD) at the N-terminus that contains 

a conserved tryptophan-rich motif for binding IFN-stimulated response elements 

(ISREs)/IFN regulatory elements with the consensus sequence 5'-AANNGAAA-3' (198). 

Binding patten of ISREs depends on the signal, the cell-type and the transcription factor 
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and its associated cofactors and coactivators (199, 200).  The IRF-associated domain (IAD) 

at the C-terminus is likely linked to the uniqueness of the transcriptional role of each IRF 

member (195-197). The C-terminus defines the activity of IRFs as it also includes sites for 

phosphorylation, dimerization and interaction with cofactors (201).  

The autoinhibitory sites contained within the C-terminus of IRF3 (Fig.1.1.6), IRF5 and 

IRF7 are believed to block their transcriptional activity which is relieved upon 

phosphorylation allowing for dimerization and interaction with cofactors (201, 202). All 

three IRFs are essential for antiviral IFN regulation with IRF3 and IRF7 being the principal 

mediators of TI-IFNs, while IRF5 role in TI-IFN-induction is virus and cell-type specific 

(203-208). Although IRF7 is predominantly expressed in lymphoid cell types and IRF5 in 

dendritic cells and B cells, both proteins can be induced in other cell types by TI-IFN 

stimulation as part of the antiviral state (203, 209). Alternatively, IRF3 expression is found 

in all cell types making it the primary IRF used in antiviral responses that can also induce 

the activation of other IRFs, such as IRF7, through the activation of ISGs that mediates the 

early wave of TI-IFNs (210-214). Along with IFN-induction, IRFs can induce the 

expression of multiple other cytokines, for example, IRF5 induces the expression of 

proinflammatory cytokines, such as interleukin 6 (IL-6), by interacting with their 

regulatory elements downstream of TLR-MyD88 signaling pathway (215, 216).  

Both IRF4 and IRF8 are involved in mediating the differentiation of immune cells through 

interaction with members of the transcription factor family erythroblast transformation 

specific (ETS), such as the PU.1  protein required for the activation of granulocytes, 

monocytes and B cells (217-219). Additionally, IRF6 is another IRF regulator of immune 

cell differentiation, including the major cell component of the skin, keratinocytes, by 
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inducing the expression of chemokines essential for epithelial cell differentiation, namely 

C-C motif ligand 5 (CCL5) (220, 221).  

Table 3.  Examples of fundamental IRFs in antiviral TI-IFN-induction. 

IRF Cell Type 
Expression 

Induction as 
ISGs 

Major Antiviral Action Reference(s) 

IRF3  Most cell types 

(Ubiquitously 

expressed) 

No Master inducer of early-

stage TI-IFNs/Direct 

induction of ISGs 

(210-214) 

IRF5 Dendritic cells, 

myeloid cells, 

and B cells 

Yes Specific TI-IFN induction (203, 205, 
207) 

IRF7 Lymphoid 

cells 

Yes Master inducer of late-

stage TI-IFNs 

(222, 223) 

IRF9 Low levels in 

multiple cell 

types 

Yes Regulator of JAK/STAT-

based IFN-induction 

(224, 225) 

Abbreviations: IRF, Interferon regulatory factor; TI-IFN, type I interferon; ISGs, IFN-

stimulated genes; JAK, Janus kinase; STAT, signal transducers and activators of 

transcription. 

IRF1 and IRF2 share the same IAD and work together in a competitive mode during virus 

sensing by which IRF1 acts as a transcriptional activator of IFN inducible genes and IRF2 

as a repressor (226). IRF1, just like IRF5, is virus and cell-type specific and it is considered 

to be non-essential for the direct activation of IFNs upon sensing cytosolic viruses (62, 

194). IRF2 inhibits IRF1-dependent IFN-induction but can also work as a positive regulator 

of proinflammatory cytokines (226-228).  

IRF9 acts as a positive regulator of TI-IFNs through the Janus kinas-signal transducer and 

activator of transcription (JAK-STAT) pathway (Fig.1.1.5). Secreted TI-IFNs, for example 
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via PRR-driven IRF3 pathways, bind to their corresponding receptors IFNAR1 and 

IFNAR2 resulting in the phosphorylation of their receptor-bound JAK kinases tyrosine 

kinase 2 (TYK2) and Janus kinase 1 (JAK1), respectively (229). In turn, the activated JAK 

kinases recruit and phosphorylate STAT transcription factors, STAT1 and STAT2, which 

then recruit IRF9 forming an activated transcription tri-complex, known as IFN-stimulated 

gene factor 3 (ISGF3). This complex can then transfer to the nucleus and bind to ISRE of 

IFN-stimulated genes (ISGs) that include IRF7 which contributes the most in mediating 

the second wave of TI-IFNs (224, 230, 231). Therefore, IRF9, unlike other IRFs, does not 

act solely as a transcription factor, but it rather uses its IAD to interact with the coiled-coil 

(CC) domain of STAT2 to form the ISG3F complex, only then it becomes transcriptionally 

active. IFN-dependent ISG induction through STAT1/2 association with IRF9 contributes 

to the upregulation of different subsets of ISGs, such as IRF7, PRRs, OAS/RNase L system 

proteins (Section 1.1.1) and IFN-induced transmembrane proteins (IFITMs) which are 

protein factors that inhibit the entry of enveloped viruses through alteration of viral 

membrane fusion (199, 232).    
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Figure 1.1.5 TI-IFN-induced JAK-STAT pathway. Ligand binding of TI-IFNs to their 

receptors, IFNR1 and IFNR2, activates their bound tyrosine kinases TYK2 and JAK1, 

respectively. This results in the formation of the transcription factor complex ISGF3 

consisting of STAT1, STAT2 and IRF9. ISGF3 migrates to the nucleus and binds to the 

ISRE in the promoter region of ISGs to initiate gene expression.  Servier Medical Art 

(https://smart.servier.com/) was used to construct the illustration. 

1.1.5 IRF3 in Antiviral Immunity 
 

IRF3 plays the strongest role in TI-IFN gene regulation at the early phase of antiviral innate 

immunity in most cells (233). The fact that viruses routinely evolve specific inhibitors of 

IRF3 activation highlights its importance in early antiviral human defenses (234-236) 

(Table 4). Additionally, defects in the molecular components of the IRF3 signaling 

pathways increase susceptibility to viral infections (237-240). Clarifying the molecular 
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anatomy and rate-limiting control points of the IRF3-activating system is not only essential 

to expand our knowledge of human antiviral immunity and immunization, but it is also a 

tool for a better understanding of type I interferonopathies given the key role of IRF3 

signaling in these diseases (203, 211, 241, 242) (Section 1.1.5.5).  

Two kinases have been associated with the direct activation of IRF3: I𝜅B kinase epsilon 

(IKKε), also known as IKKi (Inducible IKK), and TANK-binding kinase-1 (TBK1), also 

called NAK (NF-κB-activating kinase). Upon virus infection, IRF3 kinases are believed to 

form complexes with scaffold proteins that direct them toward specific subcellular 

signaling for activation through phosphorylation and dimerization. NF-kappa-B-activating 

kinase-associated protein 1 (NAP1), TANK-binding kinase 1-binding protein 1 (TBKBP1), 

also known as similar to NAP1 TBK1 adaptor (SINTBAD), and TRAF family member-

associated NF-kappa-B activator (TANK) are expected to be essential subunits for IKKε 

and TBK1 scaffolding (211, 235, 243, 244). However, there are many unanswered 

questions regarding the formation of IRF3-activation complexes, including the exact 

mechanism by which scaffold proteins interact with IKKε and TBK1 and their detailed 

functions. 

 

1.1.5.1 Structural basis of IRF3 activity 
 

In 1995, bioinformatic homology screening of IRF1 and IRF2 enabled the discovery of 

IRF3, which defined it as a 50 kDa ISRE-binding protein (245). At a transcriptional level, 

nuclear-translocated IRF3 was found to interact with the regulatory elements of IFN gene 

promoters via its DNA-binding domain (DBD). Such interactions include the positive 

regulatory domains I and III (PRDI and PRDIII) of the IFNβ promoter (Fig.1.1.1), by 

which antiviral IFNβ is induced (65, 246, 247). IRF3 can also bind directly to ISREs within 
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ISG promoters leading to an IFN-independent induction of a subset of ISGs that include 

the expression of the chemokine IP-10, ISG15 (Section 1.1.1) and ISG54, a protein that 

can inhibit viral mRNA translation (213, 248, 249). Although the IRF3-DBD shares more 

than 30% homology with other IRF members (245), the identification of its crystal structure 

indicated that it differs in its DNA binding affinity due to the flexibility of loop 1 (L1) 

(250). Additionally, the mobile nature of the IRF3-DBD loops appears to be responsible 

for the efficient binding (251). The IRF3-DBD is connected to an IRF-associated domain 

(IAD) by a proline-rich linker. This linker has been shown to act as a suppressor of IRF3 

transactivation upon its phosphorylation by glycogen synthase kinase 3 (GSK3) (252).  

 

The C-terminal domain of IRF3 contains serine/threonine phosphorylation sites that are 

critical for its activation (253) (Fig.1.1.6). Inactive IRF3, which is located in the cytoplasm 

of most cells, is exposed to both phosphorylation and dimerization upon viral infection that 

allow for its nuclear translocation and subsequent transactivation of TI-IFN genes (62, 

254). IRF3 phosphorylation was reported for the first time in 1998 in human embryonic 

kidney 293(HEK293) cells that were infected with Sendai virus (SeV) (255). On the other 

hand, the dimerization mechanism by which IRF3 is transcriptionally activated has not yet 

been confirmed. There is a well-established model of IRF3 dimerization that depends on 

the interaction between two phosphorylated IRF3 molecules to form a homodimer (60, 65, 

256-258). Alternatively, the autoinhibition model proposes an ability of IRF3 to bind to 

another homologous pair, mostly IRF7, to form a heterodimer by which phosphorylation 

can also release the autoinhibition structure for heterodimerization. It has been 

demonstrated that IRF3 interacts with IRF7 at their C-terminal domains in virus-infected 

HEK293T cells (259, 260). In any event, both models agree on IRF3 nuclear translocation 

following dimerization (65). Dimerization also allows the active form of IRF3 to bind 
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transcriptional coactivators, including p300/CREB binding protein (CBP). IRF3 serine 

residues 386 and 396 were shown to be critical for IRF3 phosphorylation and mutations of 

residues, such as arginine residue 385, that interact with phosphorylated 386 serine residue 

upon dimerization disrupt IRF3 activation and nuclear translocation (254, 261). 

Additionally, serine 396 mutation abolished IRF3 interaction with p300/CREB following 

SeV infection (255). 

Figure 1.1.6 Schematic illustration of the molecular organization of IRF3. The IRF3 protein 

consists of 427 amino acid residues. From the N-terminus (N) to the C-terminus (C): DNA-

binding domain (DBD) to bind to PRDI/PRDIII within ISREs of the target gene promoter, 

proline-rich linker (Pro) that is targeted by GSK3 for inhibition through phosphorylation 

(P), IRF-associated domain (IAD) to interact with IRFs and cofactors and signal response 

domain (SRD) sites containing sites for phosphorylation (P), such as Ser386 and Ser396. 

Autoinhibitory (AI) sites are accommodated at proline linker and SRD.  
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Analysis of the crystal structure of the C-terminal domain of IRF3 suggests that IRF3 

originates from the Smad family due to its resemblance with their MAD homology 2 (MH2) 

domain (256). The Smad proteins are involved in the mediation and regulation of 

transforming growth factor beta (TGFβ) cytokines which have multiple roles in modulating 

cell growth, immunoregulation and tumour suppression. Comparable with IRF3, the Smads 

are activated upon phosphorylation of serine/threonine residues at the MH2 domain that is 

required for their translocation from the cytoplasm to the nucleus (262, 263). Interestingly, 

members of the Smad proteins are associated with antiviral immunity. For example, TGFβ 

and Smad3 regulate IFN𝛽-driven IRF7 activation via the interaction between IRF7-IAD 

and Smad3-MH2 (264, 265). Additionally, a study published in 2016 revealed the need for 

TGFβ and Smad 2/3 for the optimal secretion of IFNβ upon infection with human 

respiratory syncytial virus (RSV) (266). The direct association in signaling between Smads 

and IRF3 was reported and showed IRF3 as a negative regulator of the TGFβ-dependent 

Smad3 activation (267). This indicates a cross-regulation between IRF3 and IRF7 in the 

TGFβ-dependent Smad3 pathway.  
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1.1.5.2 The antiviral IRF3 signaling pathways 
 

The roles of IRF3 have been expanding through the years to include antibacterial immunity, 

anticancer immunity and T cell-mediated immunity (268-270). However, the best-

characterized pathways leading to IRF3 activation are those related to antiviral immunity. 

Like canonical antiviral NF-𝜅B activation, the virion constituents, particularly viral nucleic 

acids, are sensed by PRRs that include TLR3/7/8/9, RIG-I, MDA5 and the specialized 

sensor of DNA cGAS. These receptors use adaptor proteins to stimulate signal transduction 

pathways that sequentially trigger the next molecule downstream in the pathway ultimately 

culminating in the activation of IRF3 and the expression of TI-IFN genes (194, 244, 271-

273) (Fig.1.1.7).  

 

One of the major PRRs leading to IRF3 activation is toll-like receptor 3 (TLR3), which is 

a critical receptor for viral double-stranded RNA (Table 1). The binding of TLR3 to its 

ligand in the endosomes of innate immune cells leads to the dimerization of its cytosol-

facing toll-interleukin-1 (TIR) domains. In turn, the TLR3 TIR domain interacts with its 

adaptor molecule TRIF through a homotypic TIR-TIR association (274-278). TRIF then 

binds to an essential regulator of the TLR3-based IRF3 pathway, TNF receptor-associated 

factor 3 (TRAF3). TRIF was suggested to interact with TRAF3 via its 160-181 amino acid 

residues (160-181 a.a.) located at the N-terminal domain (279). This allows the recruitment 

and activation of the IRF3-activation complex components through ubiquitination (280-

282). 
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Figure 1.1.7 Antiviral PRR signaling pathways to IRF3 activation. Upon viral infection, the 

innate immune sensors cGAS, TLR3 and RIG-I-like receptors (RLRs) interact with their 

viral ligands leading to the activation of their adaptor proteins STING, TRIF and MAVS, 

respectively. RNA polymerase III (Pol III) transcribes cytosolic DNA into 5′- triphosphate 

dsRNA for recognition by RLRs. cGAS catalyzes the formation of the isomer 2′,5′ cGAMP, 

which in turn, binds to STING in the endoplasmic reticulum (ER). Activated STING 

migrates to the Golgi and triggers the activation of IRF3 kinases. Both TRIF and MAVS 

use TRAF3 to activate TBK1 and IKKε. The kinases are recruited and regulated via 

complexing with NAP1, TBKBP1 and TANK. IRF3 is next activated through 

phosphorylation and dimerization that result in its nuclear translocation. In the nucleus, the 

active form of IRF3 dimers binds to ISRE-containing promoters resulting in the 
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transcription of TI-IFNs, for example, IFNβ, and ISGs. Servier Medical Art 

(https://smart.servier.com/) was used to construct the illustration.  

 

In vitro studies have shown the ability of TRAF3 to interact with TRAF family member-

associated NF-kappa-B activator (TANK) in IFNβ induction (283). Since TANK is a 

scaffold protein of IKKε and TBK1, TRAF3 is predicted to mediate the formation of the 

IRF3-activation complex. However, the exact mechanism by which TRAF3 activates IKKε 

and TBK1 is still debated. It has been suggested that upon its activation, TRAF3 modifies 

the IRF3 kinases through ligation of polyubiquitin chains that are required for their 

association with scaffold proteins (284). Regardless, the role of TRAF3 in activating IRF3 

downstream has been highlighted in multiple studies of viral inhibitors that target it, 

TRAF3 deficiency and TRAF3 knockout mice. VP3 protein derived from infectious bursal 

disease virus (IBDV) has been found to inhibit IRF3 activation by blocking the formation 

of the TRAF3-TBK1 complex through the reduction of TRAF3 polyubiquitination (280). 

Another virus that mimics IBDV in targeting TRAF3 ubiquitination is Influenza A virus 

(IAV) through the viral inhibitor non-structural protein 1 (NS1) (285). The difference 

between the two inhibitors is that VP3 targets K33-linked polyubiquitination, while NSI 

targets an E3 ubiquitin ligase (280, 285). Additionally, patients with human TRAF3 

deficiency have been proven to be more susceptible to encephalitis caused by herpes 

simplex virus (HSV) due to the prevention of TLR3-dependent IFN production (237, 286). 

Following infection with Indiana vesiculovirus, mouse embryonic fibroblasts (MEFs) 

isolated from TRAF3 knockout mice showed a significant reduction in the phosphorylation 

of both TBK1 and IRF3 (287). In addition, studies in mice have shown that the secretion 

of TI-IFNs through TRAF3 occurs in dendritic cells and MEFs but not macrophages. This 

https://smart.servier.com/
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cell-type specificity of the TRAF3 activity could add to the complexity of its role in the 

antiviral IRF3 pathways (287).  

 

TRAF3 also acts as a mediator for the adaptor protein MAVS (288). Recruitment of TBK1 

and IKKε to the mitochondria for IRF3 phosphorylation by MAVS has been noted as a role 

of TRAF3 in this system (289). This is due to TRAF3 accumulation, facilitated by TRAF3 

interacting protein 3 (TRAF3IP3),  in the mitochondria upon RIG-I sensing of negative-

strand RNA viruses (−ssRNA viruses) and MDA5 sensing of positive-strand RNA viruses 

(+ssRNA viruses) (104, 288) (Section 1.1.2). It has been documented that TI-IFN induction 

in mice lacking TRAF3IP3 is significantly reduced upon RNA virus infection (288).  In 

vitro, RIG-I and MDA5 can bind to short and long 5′-triphosphate single-stranded RNA, 

respectively. Both receptors have been found to function in length-based detection of 

double-stranded RNA generated by Indiana vesiculovirus (290). Working through the RIG-

1 sensing system, RNA polymerase III (Pol III) can activate the MAVS-based IRF3 

pathway by transcribing cytosolic DNA into 5′-triphosphate double-stranded RNA (291).   

 

MAVS is composed of 540 amino acid residues, and it is mainly found on the outer 

mitochondrial membrane. The functional domains of MAVS include a caspase recruitment 

domain (CARD), a proline-rich linker and a transmembrane domain (TMD), from the N-

terminus to the C-terminus, respectively (292, 293). Upon MAVS discovery in 2005, it was 

named CARD adaptor inducing IFN-β (Cardif) that uses its CARD to interact with RIG-I 

receptors. In the same study, MAVS was found to specifically recruit IKKε, but not TBK1, 

in HEK293T cells (294). Therefore, it was proposed that IKKε might be favored by MAVS 

for IRF3 activation in contrast to TRIF which is associated with TBK1, but not IKKε, in 

HEK293T cells. However, the identity of the IRF3 kinase chosen by the adaptor proteins 
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could also be virus or cell-type specific (294, 295). For example, MAVS was found to 

recruit both TBK1 and IKKε pre-complexed with TRAFs, namely TRAF2/3/6, in 

HEK293T cells upon SeV infection (289). Both kinases were also demonstrated to 

phosphorylate MAVS upon SeV infection at serine 442 residue to recruit IRF3 to the 

adaptor protein for activation by TBK1 and IKKε (296).  

  

IRF3 kinases can also be activated directly through the cGAS-STING DNA sensing 

pathway. As mentioned in section 1.1.1, cGAS is an essential sensor of viral double-

stranded DNA in the cytosol that catalyzes the formation of cGAMP to activate its adaptor 

protein STING causing it to translocate from the endoplasmic reticulum (ER) to the Golgi 

following oligomerization. STING oligomerization is required for the activation of TBK1 

and the consecutive phosphorylation of IRF3 (115, 297-299). The interaction between 

STING and TBK1 has been recently shown to occur through a motif at the C-terminus of 

STING, named PLPLRT/SD (300). Several viruses have been shown to target 

cGAS/STING-dependent IRF3 activation including pseudorabies virus (PRV) using the 

viral inhibitor UL13 (301),  herpes simplex virus 1 (HSV-1) with the viral inhibitor UL46 

(302) and the poxvirus immune nucleases (poxins) that target cGAMP for degradation 

(303). 

 

PRR-regulated TRIF, MAVS and STING result in the activation of TBK1 and IKKε 

required for IRF3 phosphorylation. The production of TI-IFNs via IRF3 at an early stage 

of viral infection triggers the expression of ISGs through the binding to ISREs in their 

promoters. ISG induction in nearby cells is mediated in a positive feedback manner through 

crosstalk with the Janus kinas- JAK-STAT pathway (Figure 1.1.5). This leads to an IFN-

induced antiviral state in infected cells that limits virus spread and assists in triggering the 
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emergence of adaptive immunity (21, 67, 197, 202, 225, 304-307). Given the importance 

of rapidly establishing the antiviral state after infection, it is unsurprising that some systems 

have evolved to fast-track transference of the interference state across infected tissue. For 

example, cGAMP has been shown to passively diffuse into adjacent cells through gap 

junctions and can be inadvertently transported inside virions to uninfected cells (131, 308).  

 
1.1.5.3 Regulation of antiviral IRF3-activation components  
 
 
In vitro studies initially identified I𝜅B kinase epsilon (IKKε) and TANK-binding kinase-1 

(TBK1) as activators of the NF-κB pathway (309-311). IKKε was discovered to 

phosphorylase I𝜅B kinase alpha (IKK𝛼)	(309, 310), while TBK1 was shown to 

phosphorylase both IKKα and I𝜅B kinase beta (IKK𝛽) (311). IKKα and IKKβ form 

together with NEMO the IKK- activation complex of the canonical NF-κB pathway (312) 

(Fig.1.1.4A). However, the role of IKKε and TBK1 in the NF-κB pathway was later shown 

to involve the regulation of NF-κB mediators, rather than the direct activation of NF-κB 

kinases (313-315). The non-canonical NF-κB pathway depends on the interaction between 

the transcription factors p52 and RelB mediated by the NF-κB protein p100. NIK targets 

IKKα for phosphorylation, by which the latter activates and phosphorylases p100 exposing 

it to ubiquitination. This leads to the formation of the heterodimer p52/RelB that activates 

NF-κB (316, 317) (Fig.1.1.4B). TBK1 was found to target NIK degradation for the negative 

regulation of NF-κB activation (313). On the other hand, IKKε has been linked to the 

phosphorylation of NF-κB transcription factor p65, in T cell-dependent costimulation, 

which along with NF-κB p50, co-transactivate NF-κB genes (181, 314, 315, 318).     

 

In 2003, it was discovered that IKKε and TBK1 rather play a pivotal role in the IRF3 

signaling pathways, specifically in the direct phosphorylation of IRF3 (319). Both kinases 
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are capable of phosphorylating IRF3 at the C-terminal domain resulting in its dimerization 

and transcriptional activity (320-322). IKKε and TBK1 also activate IRF7, which as 

mentioned in section 1.1.4, is another regulator of TI-IFNs, in the same manner as IRF3 

(322-324). IRF3 can operate in a consecutive corporation with IRF7 to drive waves of TI-

IFNs. For example, PRRs activate IRF3 to drive IFN𝛽 induction, which in turn triggers 

IRF7 expression to drive IFNα induction in monocytes (325).  

 

A previous study conducted in mouse embryonic fibroblasts (MEFs) derived from TBK1-

deficient mice showed their inability to drive the expression of IRF3-dependent TI-IFNs 

upon RNA virus infection in comparison to the wild-type MEFs. Additionally, IRF3 

phosphorylation and translocation were prevented following infection with Sendai virus 

(SV) (326). IKKε-knockout mice have been observed to be more prone to viral infection, 

showing a reduction in the induction of ISG expression, including adenosine deaminase 

acting on RNA 1(ADAR1) (327). This supports the essential role of IKKε in activating ISG 

expression through phosphorylation of the transcription factor STAT1. Both TBK1 and 

IKKε can phosphorylate IRF3, but only IKKε can phosphorylate STAT1(327-329). An 

interesting finding from a recent study on myeloid TBK1-deficient mice revealed an 

exceptional reduction in TI-IFN induction upon influenza A virus (IAV) infection 

coincident with an upregulation of IKKε. This suggests that myeloid-specific loss of TBK1-

dependent TI-IFN induction might be compensated by the upregulation of IKKε in lung 

myeloid cells (330).   

 

The activation of IKKε and TBK1 involves three scaffold mediators that provide a platform 

for their assembly and subsequent IRF3 phosphorylation. These proteins are NAP1, 

TBKBP1/SINTBAD and TANK. Similarly, they act as scaffold proteins for IRF7 
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activation. The exact mechanism by which NAP1, TBKBP1 and TANK interact with IKKε 

and TBK1 remains unclear (282, 331-335). In many respects, research on IRF3 activation 

has traditionally proceeded on the presumption of analogy to the well-characterized NF-

κB-activating IKK complex, largely due to the similarity of the respective kinases and the 

involvement of adaptor proteins associated with their activation. However, as will be 

discussed, though there are analogies, it is still not entirely clear if the IRF3-activating 

system operates in the same manner as the IKK complex. Indeed, there is evidence that it 

may be more complex and stimulus-dependent.  

 

To understand the regulation of IKKε and TBK1, it is necessary first to look at their 

structures (Fig.1.1.8B). Both kinases share around 28% similarity with the canonical 

kinases IKKα and IKK𝛽 (Fig.1.1.8A), including having a kinase domain (KD), a ubiquitin-

like domain (ULD) and a scaffold dimerization domain (SDD), respectively from the N-

terminus to the C-terminus. Despite these similarities, the relative orientation of these 

domains differs between canonical and non-canonical NF-κB kinases. The crystal structure 

of active TBK1 indicated that the stability of TBK1 dimer is higher than that of IKK𝛽 due 

to a large-scale of TBK1 dimerization interfaces. This suggests the requirement of TBK1 

dimer stabilization for its regulation which could be achieved through complexing with 

scaffold proteins (310, 329, 336, 337).  
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Figure 1.1.8 Domain organization of the components of the IKK complex and IRF3 kinases. (A) 

NF-𝜅B proteins are activated by the IKK complex composed of the kinases of I𝜅B 

inhibitors, IKKα and IKK𝛽, and the regulator of IκB kinases nuclear factor κB (NF-κB) 

essential modulator (NEMO). IκB kinases gain their catalytic activity from their kinase 

domain. Unlike IKKα, IKKβ requires a ubiquitin-like domain (ULD) for an efficient 

catalytic activity. They both have a scaffold dimerization domain (SDD) by which they 

dimerize via their helix-loop-helix (HLH) motif and bind to NEMO through their NEMO 

binding domain (NBD). NEMO dimerizes via its coiled-coil motif, CC1 and CC2, and it is 

exposed to ubiquitination through its ubiquitin-binding domain including multiple 

ubiquitination sites: zinc (Zn) finger, NEMO optineurin ABIN2 (NOA), A20 binding and 

inhibitor of NF-κB (ABIN) and NEMO (UBAN). (B) IRF3 kinases IKKε and TBK1. From 
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the N-terminus (N) to the C-terminus (C): a kinase domain exerting the catalytic activity, 

a ubiquitin-like domain (ULD) and a scaffold dimerization domain (SDD) containing a 

leucine zipper (LZ) motif and a helix-loop-helix (HLH). 

 

IKKε and TBK1 are highly homologous sharing around 65% similarity, which could 

indicate the formation of a heterodimer upon activation (318). However, in vitro attempts 

to show their interaction have not been successful. This, in turn, could support the 

homodimerization or a homo-oligomerization model of IKKε and TBK1 upon activation. 

Indeed, IKKε dimers have been observed through co-immunoprecipitation (310). In 

addition, both kinases use auto-transphosphorylation at the serine-172 residue of the kinase 

domain as a mode of activation (329, 336, 338). The kinase domain requires the ubiquitin-

like domain (ULD) for its functionality as ULD deficiency has been shown to abolish, not 

only IRF3 activation, but also autophosphorylation of TBK1 and IKKε (339).  

 

A NEMO-binding domain (NBD) in IKKα and IKKβ	appears to lack an equivalent in IKKε 

and TBK1 (Fig.1.1.8). Instead, IKKε and TBK1 possess α-helical coiled coils at the C-

terminal domain that mediate their association with adaptor scaffold proteins via coiled coil 

2 (CC2). The structural similarity between NAP1, TBKBP1 and TANK to NEMO predicts 

a similar role of these pathway components in IRF3 activation (329, 335). NEMO 

dimerizes via its coiled-coil motif and uses its ubiquitin-binding domain (NOA/UBAN) to 

interact with lysine-63 (K63)-linked polyubiquitin (Fig.1.1.8A & Section 1.1.3). Through 

association with TRAF-regulated ubiquitination, NEMO acts as a recruiter and regulator 

of canonical kinases that allows for their oligomerization, auto-trans-phosphorylation and 

activation (340-342).  In the same manner as NEMO, the predicted model of the interaction 
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between the aforementioned scaffold proteins and IKKε or TBK1 is expected to be based 

on ubiquitination-induced oligomerization (329, 335) (Fig.1.1.9).  

 

All three scaffold proteins target the same binding site at the kinases, suggesting a 

competitive mode of binding. This model of interaction is supported by a study that 

reported the presence of exclusive TBK1-complexes at different cellular sites rather than 

inclusive TBK1-complexes (102). An indication that what determines which scaffold 

protein will bind to the kinases is based on the signal transduction triggered by the 

stimulator, by which NAP1, TBKBP1 and TANK recruit IKKε or TBK1 and direct their 

functional specificity. This might also explain why certain scaffold proteins have been 

detected to interact with IKKε or TBK1 in different IRF3 activation pathways (282, 333, 

335, 343, 344).  

Figure 1.1.9 Proposed model of TBK1 or IKKε interaction with scaffold proteins in IRF3 activation. 

Cellular signaling upon virus detection recruits the scaffold proteins NAP1, TBKBP1 and 
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TANK to TBK1 for competitive binding to coiled-coil 2(CC2) of the kinase’s helix-loop-

helix (HLH) motif. Based on the induced signaling, alternative complexes, such as TBK1-

NAP1, are formed to recruit TBK1 towards a certain subcellular location. The TBK1-NAP1 

complex is ubiquitously modified by adaptor proteins, such as TRAF3, leading to 

dimerization. TBK1 homodimers form in a specific orientation by which the kinase 

domains are facing each other for transphosphorylation. Ubiquitination allows for further 

homodimers to recruit, which results in a further transphosphorylation through 

oligomerization. Overexpression of TBK1-NAP1 complexes causes the dimerization and 

phosphorylation of IRF3. In turn, IRF3 homodimers migrate to the nucleus and bind to IFN 

gene promoters for TI-IFN induction. IKKε is predicted to follow the same model of 

complexing with scaffold proteins. P: phosphorylation, U: ubiquitination.  

 

NAP1 has been related to TLR3/RIG-I-driven IRF3 activation as NAP1 knockdown 

resulted in a reduction of IFNβ induction upon RNA virus infection and poly I:C 

stimulation (345). In agreement with this, tripartite motif-containing protein 38 (TRIM38) 

has been found to inhibit TLR3/RIG-I-driven IRF3 activation by targeting NAP1 for 

degradation (346). The role of NAP1 as a mediator of the negative regulation of IRF3 

activation has been also seen through the interaction with tax1-binding protein 1 

(TAX1BP1), which can inhibit the activation of IKKε and TBK1 (347, 348). TBKBP1 and 

TANK have been also associated with RNA sensing. The viral inhibitor non-structural 

protein 3 (Nsp3) derived from severe acute respiratory syndrome coronavirus 2 

(SARS‑CoV‑2) has been found to inhibit TBK1 through binding to TBK1-TBKBP1 

complexes, which inhibited IRF3 activation (349, 350). Upon poly I:C stimulation, TBK1-

TANK complexes have been implicated in the control of IRF3-dependent IFNβ induction 

with suppression of IFNβ production in TANK knockout mice (351).  All three scaffold 
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proteins were targeted by the vaccina virus protein C6 (VVC6) for the inhibition of IRF3 

and IRF7 activation (352).  

 

Interestingly, there is currently no evidence of NAP1/TBKBP1/TANK interaction with 

IRF3 kinases upon activation of the cGAS-STING pathway. This could be attributed to the 

ability of STING to directly recruit TBK1 for IRF3 phosphorylation or the requirement of 

IKKε/TBK1 ubiquitination by TRAF3 for recognition by the scaffold proteins (115, 284). 

It also supports previous studies on the requirement of scaffold proteins for the activity of 

IRF3 kinases by upstream stimuli (335). However, the role of these three scaffold proteins 

in recruiting TBK1 downstream for STING-driven IRF3 activation cannot be excluded 

until further exploration of their potential functions in the cGAS-STING pathway. 

Although, NAP1 and TBKBP1 have been indicated to follow a punctate subcellular 

localization, they have been also partially detected at the Golgi compartments, which can 

refer to a role in TBK1 recruitment to the Golgi where active STING resides (335, 353). In 

addition, the NEMO homologue optineurin (OPTN), which is also partially located at the 

Golgi, has been found to recruit TBK1 to the Golgi upon RNA sensing for optimal 

activation (353-355). This may suggest that other scaffold proteins can act in the same 

manner upon DNA stimulation. Scaffold proteins could also have another role in relation 

to DNA sensing. For example, TANK has been discovered to migrate from its perinuclear 

localization to autophagy-related vesicles upon DNA stimulation (335). Investigating the 

closely associated proteins with each scaffold protein and kinase might provide insights 

into the assembly of the IKKε or TBK1 complexes.  
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1.1.5.4 Viral inhibitors of the components of IRF3-activation complex  
 

Viruses evolve mechanisms to target human antiviral immunity after long periods of host-

virus coevolution. Studying viral inhibitory strategies can provide key insights into 

antiviral immunity and therapeutics and vaccine development by understanding how 

viruses target key-rate limiting steps in innate immune signaling. It also boosts our 

understanding of the human immune system to treat immune-mediated diseases and 

disorders. This specifically applies to the antiviral IRF3 signaling pathways as many 

immune conditions have been related to them including type-I interferonopathies, such as 

systemic lupus erythematosus (SLE), rheumatoid arthritis (RA) and multiple sclerosis (MS) 

(203, 242) (Section 1.1.5.5). The IRF3 signaling pathways have been also associated with 

antitumor immunity through the detection of damage-associated molecular patterns 

(DAMPs), for example, activating the cGAS/STING-driven IRF3 pathway via damaged 

self-DNA (211, 356). Different viral inhibitors have been discovered to inhibit IRF3 

activation by targeting the components of the IRF3-activation complex. The mode of 

targeting varies to include direct interaction with the kinases or their scaffold proteins, 

acting as a substrate for IKKε/TBK1 or causing their degradation via viral proteases. Table 

4 presents multiple IRF3 viral inhibitors that target IRF3 kinases and their scaffold proteins.  
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Table 4.  IRF3-based viral inhibitors of IKKε, TBK1, NAP1, TBKBP1 and TANK. 

Abbreviations: Nsp3, Non-structural protein 3; SARS‑CoV‑2, severe acute respiratory 

syndrome coronavirus 2; SPI-2, serine proteinase inhibitor 2, HIV-1; Human 

immunodeficiency virus 1.  

 
1.1.5.5 The IRF3 pathways in diseases and disorders 
 

Because IRF3 is a major inducer of TI-IFNs and ISGs, it has been associated with type-I 

interferonopathies which are autoimmune and autoinflammatory disorders resulting from 

abrogated TI-IFN activation. Examples of the pathogenesis of TI-interferonopathies 
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include the aberrant recognition of self-DNA, defects of nucleic acid receptors and 

abnormalities of signaling components within the IRF3 pathways (357).  

 

RIG-I pathway abnormalities have their share in TI-interferonopathies, for instance, 

mutations of interferon induced with helicase C domain 1 (IFIH1) gene responsible for 

encoding MDA5 have been found to increase the susceptibly to TI-diabetes (358). The 

involvement of IFIH1 mutations in TI-diabetes remains unclear but IFIH1 single-

nucleotide polymorphisms (SNPs), such as A946T SNP, were shown to increase TI-IFN 

production in peripheral blood mononuclear cells (PBMCs) in mice in parallel with being 

resistance against a lethal encephalomyocarditis virus (EMCV) infection (359, 360). 

Interestingly, IFIH1 A946T SNP was also observed to increase the risk of developing other 

TI-interferonopathies like systemic lupus erythematosus (SLE) (358).  

 
 
SLE is a complex autoimmune disorder caused by multiple genetic variants and 

environmental factors. Symptoms of SLE differ among patients and can include arthritis, 

rash, ulcers and neurological disorders. Although around 50% of SLE patients show high 

levels of TI-IFN secretion, such as IKKα, other patients rather have low IFN activity (361-

363). A study published in 2011 revealed that an SNP mutation of MAVS (C79F) 

accounted for the reduction in TI-IFN expression, exclusively, in African American SLE 

patients. The C79F MAVS mutation disrupted antiviral MAVS-dependent responses 

against viral infections, such as SeV and influenza A (IAV), as well as MAVS-TRAF3 

interaction (362). MAVS could also play a role in the SLE TI-interferonopathy variant as 

it was shown to interact with eyes absent 4 (EYA4) protein, a predicted stimulator of SLE 

(362, 364). Additionally, MAVS was found to induce autoreactive antibodies in bone 

marrow-derived cells of the SLE mouse model (FcγRIIb-deficient mice) (365). Therefore, 
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genetic variants and ancestral background are taken into consideration for effective 

targeting of SLE immune drivers.    

 

A major factor in obesity is the increase in inflammatory mediators, such as C-reactive 

protein (CRP) (AKA low-grade inflammation), induced from the accumulation of 

nutrients, such as fats, in white adipose tissue (WAT) where macrophages predominantly 

resided (366-368). In an obese mouse model, the expression of IKKε has been found to 

increase significantly in white adipose tissue macrophages (ATMs) in a positive correlation 

with the number and density of ATMs (369, 370). In obese mice, both IKKε and TBK1 

were able to phosphorylate phosphodiesterase 3B (PDE-3B), an essential enzyme for 

regulating energy metabolism and insulin in cardiovascular cells and WAT. The activated 

PDE-3B cleaves cGAMP preventing it from activating proteins important for lipolysis 

(371). Because IKKε and TBK1 can both activate PDE-3B, they can also be therapeutic 

targets for other disorders linked to the phosphodiesterase isoform, such as TII-diabetes. 

Indeed, the IKKε /TBK1 inhibitor amlexanox was shown to increase insulin sensitivity and 

fat oxidation in a clinical trial (372). 
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Table 5.  Examples of diseases/disorders linked to IRF3 pathways. 

IRF3 signaling 
component 

Disorder/Disease        Reference(s) 

RIG-I Dermatomyositis and 
Sjögren's syndrome  

(373) 

MDA5  TI-diabetes, SLE, RA, MS 
and AGS 

(358-360, 373) 

TLR3 Cardiovascular diseases (374) 
cGAS-STING Cancer, Inflammatory bowel 

disease and NASH 
(375, 376) 

MAVS SLE, Diabetic kidney 
disease, cardiovascular 
diseases and cancer 

(362, 364, 365, 377-379) 

TRIF ALS and Cancer (380, 381) 
TRAF3 B cell malignancy, 

Cardiovascular and 
neurological diseases 

(382, 383) 

IKK𝜺 /TBK1 Cancer and metabolic 
disorders: Obesity and TI-
diabetes. 

 (331, 369, 370, 372)  

IRF3 Cancer (384-386) 
Abbreviations: SLE, Systemic lupus erythematosus; RA, Rheumatoid arthritis; MS, 

Multiple sclerosis; AGS, Aicardi-Goutières syndrome; NASH, Nonalcoholic fatty liver 

disease; ALS, Amyotrophic lateral sclerosis. 

 

TI-IFNs are believed to be an essential tumour marker since cancerous cells constitutively 

express them and they can be killed if TI-IFN genes, such as the IFN𝛽 gene, are knocked 

out (387). In fact, IRF3 has been linked to multiple types of cancer, such as renal cell 

carcinoma and colorectal cancer, in which IRF3 was overexpressed and associated with a 

poor prognosis through the mediation of tumour-infiltrating immune cells (TIICs) and 

overexpression of immune-related genes (384, 385). Additionally, although deadly 

malignant pleural mesothelioma grew rapidly in IRF3 knocked-out mice, after 20 days, the 

size of the tumour was significantly smaller than in wild-type mice with the lattice radiation 

therapy (LRT) accelerating the shrinking indicating a positive response to treatment. 
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Tumour-infiltrating macrophages were also significantly less in IRF3 knocked-out mice in 

comparison to the control (386).  Therefore, targeting IRF3 activation and regulation is an 

optimistic field for developing potential therapeutics for multiple types of cancer and 

interferonopathies.  

 1.2 Viruses 
 

Viruses are microscopic infectious organisms that are conditioned to replicate through a 

host. The virus particle, known as virion, is composed of a genetic core of nucleic acid 

(DNA or RNA) coated by a protein shell called the capsid. An outer lipid membrane 

surrounding the capsid distinguishes enveloped viruses from non-enveloped viruses, also 

known as naked viruses (388) (Fig.1.2.1). Through the capsid, the viral genetic material is 

protected and delivered into the host cell via disassembly (389, 390). Over time, if the virus 

does not find a suitable host, which includes mammals, plants, fungi, bacteria 

(bacteriophages) and unicellular organisms, the capsid will break down leading to virus 

disruption (389, 391, 392). Therefore, viruses have adapted a survival mechanism of rapid 

genetic evolution allowing it to become one of the most successful ancient inhabitants to 

be known (393-397). Recently, researchers identified multiple families of the giant DNA 

pandoraviruses that infect amoebae, the largest known viruses yet (~ 1 𝜇m in length), dated 

back to more than 48,500 years ago at the Arctic thawed region indicating that old 

infectious viruses can be revived (398, 399).  

 

The International Committee on Taxonomy of Viruses (ICTV) classifies viruses into 

different families based on similarities in genome, size, structure, and ancestral 

relationships. According to the ICTV database, there are currently 264 virus families 

including 11273 species (https://ictv.global/taxonomy/).  

https://ictv.global/taxonomy/
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Figure 1.2.1 Basic structure of naked (non-enveloped) virus and enveloped virus. The core part of 

a virus relies on the genetic material (nucleic acid) surrounded by a protected shell of 

proteins known as the capsid. Enveloped viruses contain an outer lipid bilayer membrane. 

Servier Medical Art (https://smart.servier.com/) was used for the nucleic acid illustration. 

 
A key criterion of virus classifications is the identity of the viral genome, which mainly 

falls into four categories: single-stranded-DNA (ssDNA), single-stranded RNA (ssRNA), 

double-stranded DNA (dsDNA), and double-stranded RNA (dsRNA). Whilst most viruses 

contain double-stranded nucleic acid, there are viruses with either positive or negative 

single-stranded genome (400). Regardless of the virus species, they share a similar concept 

for replication using the host’s cellular processes. Human viruses penetrate the body 

through the mucosal barriers or the skin, they attach to the cell and penetrate the cell 

membrane. They disassemble their capsids to transport their genetic material, either to 

cytoplasm or nucleus, for genome replication and synthesizing of viral proteins that are 

together, assembled into a new virion. The replication of most RNA viruses occurs in the 

cytoplasm, while DNA viruses, with the exception of poxviruses, replicate in the nucleus 

https://smart.servier.com/)
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(3, 401-403). To propagate, viruses rely on encoding protein inhibitors that suppress the 

host antiviral sensing pathways.  

 
 

1.3 Poxviruses  
 
 
Poxviruses are a large family of enveloped double-stranded DNA viruses, known as the 

Poxviridae, that infect vertebrates (chordopoxvirinae) and invertebrates 

(entomopoxvirinae) (235, 404). Poxviruses have a spherical brick-like structure and they 

replicate in the cytoplasm with the ability to generate generalized or localized lesions of 

the skin or the mucosal membranes (405, 406). There are ten genera within the 

Chordopoxvirinae subfamily including orthopoxviruses of the famous deadly smallpox 

virus (variola virus) and molluscipoxviruses where the human molluscum contagiosum 

virus (MCV) belongs.  Poxviruses were the reason for developing the first known vaccine 

when Edward Jenner noticed the viral interference phenomenon (Section 1.1.1) of cowpox 

virus preventing smallpox virus infection. He named the virus used for the inoculation 

process, vaccine virus, and thus the concept of vaccination emerged  (404, 407, 408).   
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Figure 1.3.1 The main structure of poxviruses. Poxviruses have a spherical brick-like shape 

with three major components: a core of viral genome enveloped by a membrane, lateral 

bodies of immunomodulatory proteins and an outer membrane with structural proteins 

called surface tubules. (A) Electron microscope image of vaccinia virus. Image from Dales 

& Siminovitch, 1961  (409), license under The Rockefeller Institute Press (B) Electron 

microscope image of molluscum contagiosum virions, Image from the Centers for Disease 

Control and Prevention (CDC) (410), free under the public domain.  

 

Poxviruses are thought to be ancient, and their large complex genomes account for 

successful adaptation to their hosts to evolve potent immunomodulatory inhibitors of 

antiviral defense systems. Those viral proteins are mostly contained within structures, 

called lateral bodies, and delivered upon virus entry into the host cell cytoplasm (Fig.1.3.1). 

Because NF-κB and IRF transcription factors are critical components of antiviral 

immunity, poxviral inhibitors target their activating pathways (404, 411). An example is 
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the vaccinia virus (VACV), the source of the modern smallpox vaccine, which can inhibit 

IRF3/IRF7 activation through the C6 viral protein that binds to the scaffold proteins of the 

IRF3 activation complex NAP1, TBKBP1 and TANK (352). It can also inhibit NF-κB 

activation by encoding the viral proteins C4, A49, C2 and F3 (412-414). Another example 

is the goats and sheep Orf virus (ORFV)  that can suppress RIG-I-dependent TI-IFN and 

NF-κB activation through the viral proteins ORF020 and ORFV073, respectively (415-

417). To date, MCV is only the second known human-specific poxvirus, with the deadly 

eradicated smallpox virus being the first, making it a unique model for investigating its 

potent inhibitors of human antiviral pathways.  

 

1.3.1 Poxvirus replication 
 

VACV (191,636 bp DNA genome) has become a model virus for investigating replication 

and biology of poxviruses since developing the modern smallpox vaccine from living 

attenuated VACV (418-421). Although it was first believed that it is the same virus used in 

Jenner’s vaccine from cowpox inoculation, it was later discovered that it is rather a closely 

related virus from the same family that originated from another animal (422). VACV has 

been routinely cultivated in laboratories multiple times during the years but the exact 

mechanism by which the virus propagates and interacts with the host is still not fully 

understood  (420, 423). However, it is known that VACV infection produces two distinct 

virions: the intracellular mature virus (IMV) and the extracellular enveloped virus (EEV), 

of which IMV accounts for most of the virus infectious progeny while EEV works on virus 

propagation and host immune evasion via its extra viral proteins and protective membrane. 

Therefore, IMV is only released from the host cell upon cell lysis in alternative to EEV 

which is microtubule-transported to the cell surface to be discharged upon assembly (424, 

425).    
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Figure 1.3.2 The replication cycle of poxviruses. An outline of poxviruses replication in human 

cells based on the VACV model. The poxviral infection produces two virus forms: 

intracellular mature virus (IMV) and extracellular enveloped virus (EEV). VACV interacts 

with glycosaminoglycans (GAGs) located on the host cell membrane, thus, fusing into the 

cytoplasm. Upon entry, the viral DNA-dependent RNA polymerase initiates the early 

expression of viral genes that include DNA polymerase and immunomodulatory proteins. 

The virus is uncoated inside the cell where the viral DNA genome is replicated via the early 

phase DNA polymerase and expressed into intermediate viral proteins. The late phase of 

gene expression is mediated by intermediate protein and translated into late viral proteins 

that include structural proteins of the capsid, lateral bodies and membrane proteins, which 

can also act as suppressors of antiviral immunity. The viral particles are assembled into an 

IMV that is released upon cell lysis. Some of the IMVs are coated with an additional 

envelope from membrane cell compartments like the Golgi or the endoplasmic reticulum 
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(ER) before being ejected outside the cell by exocytosis, termed EEV. Servier Medical Art 

(https://smart.servier.com/) was used in the illustration.  

 

VACV enters and penetrates the host cell through viral fused proteins, termed entry-fusion 

complex (EFC), that are conserved among poxviruses and composed of around 11 proteins 

(426, 427). The EFC is believed to interact with the polysaccharides glycosaminoglycans 

(GAGs) on the host cell membrane where the virus is then brought to the cytoplasm through 

endocytosis and viral shedding of IMV and EEV, respectively (428, 429).  The replication 

is then initiated at different sites of the host cytoplasm, such as near the ER, at which it 

releases its genome and viral enzymes that include DNA-dependent polymerases, DNA 

helicases, DNA primases and ligases (423, 430). The expression of poxviral genes occurs 

through three phases of the infection: early (~20 minutes), intermediate (~ 2 hours) and late 

expression (~ 3 hours) (431). In the early phase, proteins essential for replication and 

immunomodulation are expressed. Many of the proteins expressed during the poxviral late 

phase are structural proteins, but late-expressed proteins can also be immunoevasins. For 

example, the poxviral protein F17 of the lateral bodies (LB) is expressed during the late 

phase that localizes to the mitochondria and targets mammalian target of rapamycin 

(mTOR) to inhibit cGAS-ISG induction (432, 433). The viral particles are then assembled, 

and the mature virion can be released by cell lysis or in the case of EEV, it can go through 

an additional envelope coating process before being released by exocytosis (425). The 

exact mechanism by which EEV gains its extra membrane remains unclear but is speculated 

to be either from lipid and viral proteins or from the host membrane cellular compartments 

like the Golgi or the ER (434) (Fig.1.3.2).  

 

https://smart.servier.com/
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1.4  Molluscum contagiosum virus (MCV) as a human-adapted poxvirus 
 
 
Molluscum contagiosum (MC) was first described in detail in 1816 by the British physician 

Thomas Bateman. It was defined as a tubercular disease of the skin that can be 

characterized by the appearance of small singular non-inflammable tumours (435). In 1841, 

W. Henderson and R. Paterson noticed a classic pattern within the center of the lesions 

represented by microscopic globular elements (436, 437). These phenomenal inclusions, 

known as Henderson- Paterson bodies, have been considered since their discovery to be a 

characteristic feature in histopathology for diagnosing molluscum contagiosum infection 

(438, 439). However, it would take more than half a century to report that Henderson-

Paterson bodies are in fact virions. This was when M. Juliusberg attempted successfully in 

1905 to infect human participants with molluscum contagiosum using a molluscum lesion 

extract (439, 440). MCV was linked to poxviruses for the first time in 1931 by EW. 

Goodpasture and CE. Woodruff when they reported the similarity in nature between 

molluscum bodies and Borrel bodies in fowl-pox (441). The attempt to grow MCV in vitro 

has not been successful yet, but given the strong conservation of the core virus life cycle 

genes in MCV, it is expected to follow a similar replication cycle to VACV in vivo (442).  

As part of the Poxviridae, MCV has a linear double-stranded DNA genome. It also shares 

with the rest of the family members having an enveloped virion structure that measures 

around  360 nm × 210 nm (443, 444). Additionally,  previous electron microscopy studies 

showed that MCV has a spherical or ellipsoidal morphology (445, 446) (Fig.1.3.1B). Since 

the 1980s, four subtypes (I-IV) of MCV have been discovered using restriction enzyme 

mapping, of which MCV-I is the dominant infection (447-449). MCV-II has been mainly 

recorded in immunosuppressed patients, whereas MCV-III and MCV-IV are considered to 

be rare (444). The complete sequence of the MCV-I genome (190, 289 bp) was made 
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available in 1997 (444, 450). The MCV and VACV genomes are comparable in length and 

predicted encoding proteins, 182 proteins and 198 proteins , respectively, but they differ in 

their nitrogenous base composition where MCV has a high guanine (G)-cytosine (C) 

content of around 64% and VACV has a high adenine (A)-thymine (T) content of 

approximately 66 %  (418, 444, 450). The rich GC content of the MCV genome increases 

the frequency of long overlapped open reading frames (ORFs) due to the frequency 

decrease of stop codons (450). The rich GC-content and ORF overlap have been suggested 

to play a role in the evolution and flexibility of viral and microbial genomes (451-453).  

Overall, 105 of the 182 predicted MCV-encoding proteins are homologous to VACV and 

mostly associated with replication, such as polymerases and ligases. The remaining gene-

encoding proteins are unique to MCV and are believed to have roles in immune evasion 

(450).   

A recent study reported the discovery of an equine molluscum contagiosum-like virus 

(EMCLV) isolated from horse skin lesions. A screen of the EMCLV genome (166, 843 bp) 

identified 159 possible open reading frames (ORFs), of which 139 ORFs are homologous 

to MCV and 20 ORFs are unique to EMCLV. However, the conserved core region of MCV 

and EMCV shows a low sequence identity compared to other poxvirus genera. Similar to 

MCV, the EMCLV genome contains a high GC content (66.8%) and it is predicted to 

encode multiple immunomodulators, including  EMCLV007L and EMCLV157R 

homologous of immune mammalian proteins secreted and transmembrane protein 1 

(SECTM1) and insulin growth factor-like receptor 1 (IGFLR1), respectively (454).   

MCV primarily infects keratinocytes, the major cell type of epidermis, causing benign 

rounded skin-colored skin lesions, known as mollusca, that are presented with minimal or 

no inflammation (455-457) (Fig.1.4.1A). The mollusca are small (2-5 mm) and vary in 



 
 
 

 
 

70 

number from one to less than 100 lesions. MCV can be transmitted by direct skin contact 

either from one person to another or from one site of infection to another (autoinoculation). 

It can also be transmitted by fomites which may explain the higher infection frequency in 

children (457, 458). The infection normally revolves without the requirement of treatment, 

and it only appears severe in immunocompromised patients, such as HIV and cancer 

patients. The size of atypical MCV lesions can reach up to 15 mm (giant mollusca) resulting 

in disfigurement and showing no signs of auto-resolving (456, 457, 459, 460) (Fig.1.4.1B). 

Because MCV infection is normally a self-limiting viral infection (6 months- 5 years), 

intervention is not usually required but rather determined by status (461). Physical 

treatments of MCV lesions include cryotherapy and laser but they tend to be painful and 

could cause scarring. The topical cantharidin (YCANTH™), a phosphodiesterase inhibitor, 

was demonstrated in clinical trials to treat MCV lesions within 3 months, however, the 

efficacy rate of chemical drugs, such as cantharidin and potassium hydroxide, varies among 

different studies (462, 463). Immunotherapeutic treatments have been also developed to 

induce antiviral immunity to eliminate MCV infection. An example is the tropical drug 

imiquimod, a TLR7 agonist that stimulates the secretion of IFN𝛼 and proinflammatory 

cytokines, which has been shown to achieve 69% clearance in a clinical study after 4 

months. However, another study indicated that the efficacy of imiquimod was not 

significantly different in comparison to placebo and could rather be painful with adverse 

effects, such as irritation (457, 464). 
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Figure 1.4.1 Typical and atypical molluscum contagiosum lesions versus vaccinia virus lesions. (A) 

Typical umbilicated mollusca. Image from Meza-Romero et al, 2019 (457), licensed under 

CC-BY-NC-3.0. (B) Atypical giant mollusca in an HIV patient. Image from Vora et al, 

2015 (459), licensed under CC BY-NC-ND 4.0. (C) Inflamed lesions post vaccina virus 

vaccination. Image reproduced from Frey et al, 2002 (465), license under Copyright 

Massachusetts Medical Society.  

 

Keratinocytes drive efficient antiviral innate responses through multiple PRRs (466), 

however, MCV can last from months to years through immunomodulation of human 

antiviral sensing pathways (467). Alternatively, a non-adapted human poxvirus, like in the 

case of VACV, inflamed ulcerated lesions develop that heal over several weeks (468) 

(Fig.1.4.1C). MCV immune escape mechanisms include encoding multiple inhibitors, each 

specialized to target a specific part of the human antiviral signaling pathways. To date, 

most of the discovered MCV-derived inhibitors target NF-𝜅B activation (Table 6 & 

Fig.1.4.2), including three inhibitors, MC005, MC008 and MC159, that target NEMO-

dependent NF-𝜅B activation by disrupting ubiquitin-based NEMO activation (469-471). 

MC132 inhibits NF-𝜅B activation at the level of the transcription factor p65 at which it 

interacts with p65 and targets it for ubiquitin-mediated proteasomal degradation (472). 

Other MCV-derived inhibitors associate with the IKK kinases, like in the case of MC160 

interacting with heat shock protein 90 (Hsp90) required for  IKKα stabilization and thus, 
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causing its degradation (473). Because IRF3 pathways are essential components of antiviral 

immunity, discovering MCV viral proteins that inhibit their activation will extend our 

understanding of IRF3 antiviral activation and the molecular mechanisms of MCV 

infection. However, until now only two MCV proteins, MC159 and MC160, have been 

linked to IRF3 inhibition. Both proteins are FLICE-inhibitory proteins (FLIPs) that possess 

death-effector domains (DEDs) allowing them to suppress apoptosis mediated by death 

receptors, such as TNF receptors. Regarding the inhibition of IRF3 activation, MC159 was 

found to interact with both TBK1 and IKKε, while MC160 targeting of IRF3 activation 

remains unclear but was demonstrated to prevent TBK1 phosphorylation without 

interacting with either TBK1 or IKKε (236).    

 
Table 6.  MCV-derived inhibitors of NF-κB and IRF antiviral pathways. 

MCV inhibitor Transcription 

factors 

Target for 

inhibition 

Reference(s) 

MC159 IRF3/NF-κB TBK1-IKKε 

/NEMO  

(236, 471) 

MC160 IRF3/NF-κB TBK1/IKKα (236, 473) 

MC132 NF-κB P65 (472) 

MC005 NF-κB NEMO (469) 

MC163 NF-κB IKK complex (474) 

MC008 NF-κB NEMO (470) 

 



 
 
 

 
 

73 

Figure 1.4.2 Discovered MCV-derived inhibitors of NF-𝜅B and IRF3 activation. MC005 and 

MC008 target NEMO for NF-𝜅B suppression. MC163 inhibits NF-𝜅B activation at the 

level of the IKK complex. MC132 targets the transcription factor p65 for degradation. Both 

MC159 and MC160 lead to bifurcated inhibition of NF-𝜅B and IRF3 activation: MC159 

targets NEMO and IRF3 kinases to block the positive regulation of NF-𝜅B and IRF3, 

respectively, while MC160 inhibits IKKα-dependent NF-𝜅B activation and TBK1-induced 

IRF3 activation. Servier Medical Art (https://smart.servier.com/) was used in the 

illustration.   

 

Other MCV inhibitors have been found to directly associate with proinflammatory 

cytokines and chemokines, namely MC053, MC054 and MC148. Both MC053 and MC054 

act as IL-18 antagonists and inhibit IL-18-induced IFNγ production (475). MC148 disrupts 

the interaction between the chemokines CXCL12α and CXCR4 to inhibit the chemotaxis 

of immune cells (476). Adaptive immunity can also be targeted by MCV inhibitors which 

https://smart.servier.com/
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has been evident by MC080 prevention of human leukocyte antigen (HLA) presentation to 

cytotoxic T cells by interacting with tapasin, a molecule important for the efficient 

assembly of major histocompatibility complex (MHC) class I (477, 478). There are also 

MCV proteins, MC163 and MC007, that function at the level of mitochondria, an organelle 

that mediates antiviral signaling cascades, for example, through MAVS, and thus, it serves 

as a target for viruses (479). MC163, which can also inhibit NF-κB activation, localizes to 

the mitochondria to prevent mitochondrial membrane permeabilization (MMP) needed for 

apoptosis (480). MC007 displaces the retinoblastoma protein (pRb) at the mitochondrial 

membrane leading to the activation of the E2F transcription factor essential for cell 

proliferation (481). There are still many proteins unique to the MCV genome that are yet 

to be discovered and identifying them will not only uncover new MCV strategies of 

immunomodulation but will also expand our knowledge on human antiviral signaling 

pathways.    
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1.5  Research Objectives  
 
 
A high-throughput luciferase screen of MCV open reading frames (ORFs) was performed 

in the host laboratory to identify novel inhibitors of human antiviral signaling pathways. A 

number of MCV proteins emerged as possible candidates including MC132, MC005 and 

MC008 which, as previously discussed, were later characterized as specific inhibitors of 

NF-κB activation. Among those potential MCV inhibitors, MC089 appeared to specifically 

target IRF activation. To date, most of the MCV-discovered inhibitors of innate signaling 

pathways target NF-κB activation with FLICE-inhibitory MCV proteins suppressing both 

NF-κB and IRF activation. Therefore, specific MCV inhibitors of IRF activation are yet to 

be discovered. Additionally, NF-κB signaling pathways are better understood compared to 

antiviral IRFs, and although IRF3 is the most studied member of IRFs, many unsolved 

questions regarding the regulation of IRF3 activation are yet to be answered. For these 

reasons, identifying MC089 as a novel inhibitor of IRF activation may reveal new insights 

into MCV pathogenesis and contribute to the knowledge of antiviral IRF3 regulation. This, 

in turn, could lead to potential therapeutic strategies involving type I interferonopathies and 

viral infections. This thesis aims to investigate the role of MC089 in MCV evasion of 

human innate antiviral signaling pathways and characterize its inhibitory effect in IRF 

activation.  
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Chapter 2: Materials & Methods  
 

2.1 Materials 
 
Table 7.  List of materials used in the experiments.  

 
Material Source Code 
Acetyl coenzyme A sodium salt Sigma-Aldrich A2181 
Alexa Fluor 488 FLAG tag 
antibody 

Invitrogen MA1142A488 

Alexa Fluor 647 HA tag antibody Invitrogen 26183A647 
Anti-β-actin 
 

Sigma-Aldrich A5316 

Anti-FLAG M2 beads Sigma-Aldrich A2220 
Anti-HA 
 

Biolegend 901515 

Anti-IRF3 (phospho S386) 
 

Abcam 76493 

Anti-Rabbit HRP-linked IgG 
antibody 

Cell Signaling 
Technology 

7074 

Anti-TBKBP1 antibody Sigma-Aldrich ZRB1932 
Aprotinin  VWR CAYM14716 
ATP disodium salt Sigma-Aldrich A2383 
β-Glycerophosphate Sigma-Aldrich G9422 
Benzonase Sigma-Aldrich 70746-3 
Blasticidin InvivoGen ant-bl 
Bovine serum albumin Merck 12659 
Bromophenol blue Sigma-Aldrich 114391 
Cadmium Chloride (CdCl2) Sigma-Aldrich 655198 
Cell culture dishes (10 cm) Merck CLS430599 
Cell culture flasks (T175) SARSTEDT 83.3912.002 
Cell culture plates (6-well) Thermo Scientific 10146810 
ChemiDoc™ MP Imaging System Bio-Rad 12003154 
Coelenterazine Biotium 10110 
Cooling centrifuge (MICRO 17R) Thermo Scientific 75002404 
CTDA monohydrate Merck 319945 
Dimethyl sulfoxide (DMSO) Sigma-Aldrich D5879 
Dithiothreitol (DTT) Fisher Scientific 10592945 
D-luciferin Carbosynth FL08607 
Dulbecco's Modified Eagle 
Medium 

Gibco 61965026 

EDTA Thermo Scientific 15575020 
Fetal bovine serum Sigma-Aldrich F9665 
FLAG tag peptide Sigma-Aldrich F3290 
Flat bottom TC microplates Scientific Laboratory 

Supplies 
3596 
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GeneJuice reagent Merck 70967 
Gentamicin Sigma-Aldrich G1397 
Glass chamber slides Thermo Scientific 154534 
Glycerol 
 

Fisher Scientific 10336040 

Goat anti-mouse 
(IRDye 680RD) 

LI-COR 92668070 

Goat anti-rabbit 
(IRDye 680RD) 

LI-COR 92668071 

Goat anti-rabbit 
(IRDye 800CW) 

LI-COR 92632211 

HEK-blue IFN-𝛼/β cells 
 

InvivoGen hkb-ifnab 

Hemacytometer Merck Z359629 
Hydrochloric acid (HCL) Fisher Scientific 15693640 
Hygromycin B gold InvivoGen ant-hg 
Immunoassay microplates VWR 735-0465 
IP-10 ELISA kit R&D Systems DY266-05 
Isopropanol  Fisher Scientific 17140576 
Lecia SP8 confocal microscope Lecia - 
lipofectamine 2000 reagent Invitrogen 11668019 
Luminoskan™ microplate 
luminometer 

Thermo Scientific - 

Luria-Bertani agar Fisher Scientific 11758902 
Luria-Bertani broth  Fisher Scientific 12801660 
Magnesium carbonate hydroxide 
pentahydrate 

Sigma-Aldrich 56378-72-4 

Magnesium sulfate heptahydrate Sigma-Aldrich 10034-99-8 
MAVS antibody Cell Signaling 

Technology 
3993 

Maxi Plasmid Purification Kit Invitrogen A31231 
Mini-PROTEAN Electrophoresis 
system 

Bio-Rad 1658006FC 

Mini shaking incubator  Benchmark Scientific  H1001-M-E 
MitoTracker deep red FM Cell Signaling 

Technology 
8778 

Multiskan FC microplate 
photometer 
 

Thermo Scientific N07710 

NanoDrop 8000 spectrophotometer  Thermo Scientific - 
Nitrocellulose membranes VWR 10600012 
Normocin 
 

InvivoGen ant-nr 

NP-40 Thermo Scientific 28324 
Paraformaldehyde (PFA) 
(4%)/PBS 
 

Thermo Scientific J19943-K2 

PBS Gibco 10010015 
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Penicillin-streptomycin Gibco 15140122 
Phenylmethylsulfonyl fluoride Sigma-Aldrich P7626 
Phosphate-buffered saline Gibco 10010056 
Poly(dA:dT) Sigma-Aldrich P0883 
Prestained Protein Marker Thermo Scientific 26619 
ProLong Gold reagent with DAPI Thermo Scientific P36931 
QUANTI-blue 
 

InvivoGen rep-qb 

Rabbit IgG Phospho-IKKε 
(Ser172) (D1B7) 

Cell Signaling 
Technology 

8766 

Rabbit IgG Phospho-IRF-3 
(Ser396) (4D4G) 

Cell Signaling 
Technology 

4947 

Recombinant human IFNβ 
standard 
 

R&D Systems 8499-IF-010/CF 

RIG-I pathway sampler kit Cell Signaling 
Technology 

8348 

SignalFire ™ ECL (Reagent A) Cell Signaling 
Technology 

46935P3 

SignalFire ™ ECL (Reagent B) Cell Signaling 
Technology 

74709P3 

Sodium dodecyl sulfate 
 

Sigma-Aldrich L4509 

Sodium fluoride  Merck GSK5130 
Sodium hydroxide Sigma-Aldrich 1310-73-2 
Sodium orthovanadate Sigma-Aldrich 13721-39-6 
STERI-CYCLE i160 CO2 
incubator 

Thermo Scientific - 

Subcloning Efficiency™ DH5α 
Competent Cells 

Invitrogen 18265017 

Tricine Sigma-Aldrich T0377 
Tris base 
 

Fisher Scientific 10376743 

Trypan Blue Stain Gibco 15250-061 
Trypsin-EDTA Gibco 25300054 
Tube roller  Benchmark Scientific R3005 
Tween 20 
 

EC-607 Sparks Lab 
Supplies 

Vortex mixer Benchmark Scientific  BV1003 
X-100 Triton 
 

Sigma-Aldrich T8787 

Zeocin 
 

InvivoGen ant-zn 
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2.2 Methods  
 

Cell culture. Human embryonic kidney 293T (HEK293T) cells were maintained in 

Dulbecco's Modified Eagle Medium (DMEM) (1x) (Gibco # 61965026) supported with 

10% (vol/vol) fetal bovine serum (FBS) (Sigma-Aldrich # F9665). The antibiotic used was 

alternated between 1% (vol/vol) penicillin-streptomycin (Gibco # 15140122) and 0.1% 

(vol/vol) gentamicin (Sigma-Aldrich # G1397) to maintain sterilization. Cells were 

trypsinized using 0.05% trypsin-EDTA (Gibco # 25300054) following a double washing 

step with sterile phosphate-buffered saline (PBS) (Gibco # 10010056).  Incubation 

conditions were 37 ℃	/ 5% CO2.  

 

Plasmids and oligonucleotides. Prior to commencing this research, a library of ORFs from 

MCV subtype 1 MC089L was custom synthesized by GenScript and subcloned into KpnI 

and NotI sites of the pCEP4 expression vector (Invitrogen # V04450) (Fig.2.2.1A) with a 

C-terminal FLAG (DYKDDDDK) or an HA (YPYDVPDYA) epitope tag. Similarly, MCV 

subtype 1 MC020L was cloned into the pCEP4 vector. For CdCl2-conditional expression, 

MC089L was subcloned into KpnI and NotI restriction sites of the pMEP4 vector 

(Invitrogen) (Fig.2.2.1B) fused with a C-terminal flag-tag. Other plasmids were acquired 

as referred to previously (352, 469, 472). The vaccinia virus protein VVC6-cloned into 

pCMV-HA (Clontech) was a kind gift from Professor Andrew Bowie (Trinity College 

Dublin) and was constructed as described previously (352).  
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Figure 2.2.1 Mammalian vectors for MC089 gene expression. (A) The pCEP4 vector from 

InvivoGen contains the human cytomegalovirus (CMV) promoter for high-level transient 

expression. Map generated by SnapGene (Available at snapgene.com). (B) The pMEP4 

vector from InvivoGen includes the human metallothionein II (hMTII) promoter that 

allows for inducible stable gene expression upon the addition of metals, such as cadmium 

chloride. Map obtained from InvivoGen (Adopted from thermofisher.com). 

 

Antibodies. The primary antibodies used for immunoblotting were anti-FLAG M2 (Sigma-

Aldrich # F3165), anti-HA (Biolegend # 901515) and anti-β-actin (Sigma-Aldrich # 

A5316). Goat anti-mouse (IRDye 680RD) (LI-COR # 92668070), goat anti-rabbit (IRDye 

680RD) (LI-COR # 92668071) and goat anti-rabbit (IRDye 800CW) (LI-COR # 92632211) 

were utilized as secondary antibodies. Phosphospecific antibodies were obtained from the 

RIG-I pathway sampler kit (Cell Signaling Technology # 8348), except for anti-IRF3 

(phospho S386) (Abcam # 76493). Other antibodies used include an anti-MAVS antibody 

(Cell Signaling Technology # 3993) and an anti-TBKBP1 antibody (Sigma-Aldrich # 

ZRB1932). For confocal microscopy, Alexa Fluor 488 FLAG tag antibody (Invitrogen # 

https://www.snapgene.com/
http://thermofisher.com/
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MA1142A488) and Alexa Fluor 647 HA tag antibody (Invitrogen # 26183A647) were 

used. 

 
Bacterial transformation and plasmid DNA isolation. Luria-Bertani (LB) agar (Fisher 

Scientific # 11758902) and Luria-Bertani (LB) broth (Fisher Scientific # 12801660) were 

dissolved in deionized water and autoclaved at 121℃ for 15 minutes. Ampicillin (50 μg/ml) 

was added to the cooled LB agar as a selective antibiotic. Around 20 ml of sterilized LB 

agar was poured into Petri dishes (10 cm) and left for solidification. 1 μl of each plasmid 

was mixed with 10 μl of chemically competent E. coli cells (Invitrogen # 18265017). The 

plasmid-cell mixture was incubated on ice for 30 minutes before being heat-shocked at 

42℃ for 45 seconds. Another ice incubation step was followed for 5 minutes. LB broth 

(150 μl) was added to the plasmid-cell mixture and left in the shaking incubator for 1 hour 

at 37℃/ 225rpm. The bacterial cells were streaked on the LB agar Petri dishes and were 

left on a stationary incubator invertedly at 37℃. The following day, for subculture, one 

bacterial colony was inoculated in LB broth (5 ml) with ampicillin (50 μg/ml) in a sterile 

falcon tube (15 ml). The tubes were closed loosely with an autoclave tape and incubated 

for 8 hours in the shaker incubator (225 rpm) at 37℃. Bacterial culture amplification was 

achieved by mixing 2 ml of the subculture broth with 200 ml of LB broth in a sterile 

canonical flask covered with tin foil and autoclave tape. Following overnight incubation at 

37℃/ 140 rpm, the 200 ml bacterial culture LB broth was divided into falcon tubes (50 ml) 

and centrifuged at 3,500 x g for 15 minutes. The supernatants were discarded, and pellets 

were harvested for DNA Maxiprep DNA isolation according to the manufacturer’s 

instructions (Invitrogen # A31231). All the bacterial culture steps were performed in a 

sterilized Bunsen flame zone. The DNA concentration and purity were measured using a 

NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific).  



 
 
 

 
 

82 

  

Reporter gene assays. HEK293T cells were seeded at 2x105 cells/ml in 96-well culture 

plates. The cells were transfected 24 hours later with 80 ng/well of the indicated firefly 

luciferase reporter gene (NF-𝜅B, ISRE & IFNβ), 40 ng/well of pGL3-Renilla control and 

the indicated amounts of signaling element constructs and MCV ORFs. The final volume 

of plasmids added was adjusted to 220 ng/well using the empty vector control (pCMV-

HA). The next day, cells were transfected with 1 μg/ml of Poly(dA:dT) for 16 hours, or 

directly lysed using passive lysis buffer (Promega technical bulletin # TB281) made from 

dithiothreitol (DTT) (2mM), glycerol (10% (vol/vol)), X-100 Triton ((1% (vol/vol)), Tris 

phosphate (25 mM, pH 7.8) and CTDA monohydrate (2 mM). GeneJuice reagent (Merck 

# 70967) was used to transfect the cells with the plasmids, while lipofectamine 2000 

reagent (Invitrogen # 11668019) was used for Poly(dA:dT) transfection. Supernatants were 

aspirated, and cells were incubated with 50 μl/well of passive lysis buffer for 15 minutes 

on the shaker. Using white luminometer plates, 20 μl/well of lysates was mixed with 40 

μl/well of luciferase assay mixture (LAM 1x) or 40 μl/well of coelenterazine (0.1% 

(vol/vol)) (Biotium # 10110). LAM was prepared using 20 mM tricine, 2.67 mM 

magnesium sulfate heptahydrate, 0.1 mM EDTA, 33.3 mM dithiothreitol (DTT), 530 μM 

ATP disodium salt, 270 μM acetyl coenzyme A sodium salt, 420 nM D-luciferin, 5μM 

sodium hydroxide, 9.7 mM magnesium carbonate hydroxide pentahydrate. LAM (D-

luciferin) measured firefly luciferase activity, while coelenterazine measured Renilla 

luciferase activity through light emission. Renilla luciferase cannot catalyze the oxidation 

of firefly luciferin and, therefore, it was used as an internal control in which Renilla 

luciferase was constitutively expressed and firefly luciferase was expressed under the 

control of the promoter of interest (482-484). By normalizing firefly luciferase activity to 

Renilla luciferase activity, transfection efficiency can be maintained. For the Ras-



 
 
 

 
 

83 

dependent Elk1-Gal4 reporter assay, 80 ng of the pFR luciferase plasmid containing Gal4 

binding sites, 5 ng of the pFA-Elk1-Gal4 expression vector and 50 ng of HA-tagged Ras 

were employed. Luciferase activity was read using a Luminoskan™ microplate 

luminometer (Thermo  Scientific). 

 

Figure 2.2.2 Schematic overview of the luciferase assay protocol. On day 1, HEK293T cells were 

seeded in 96-well plates. The following day, the cells were transfected with pCEP4-MC089 

plasmid, signaling element expression plasmid, firefly luciferase reporter vector and pGL3-

Renilla internal control. Overexpression of signaling elements, such as cGAS and STING, 

or stimulation with DNA transfection (Poly(dA:dT)), activates the transcription factor (TF) 
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promoter/enhancer, for example, NF-𝜅B, to induce firefly luciferase gene expression. The 

cells were next lysed, and substrates were added to be catalyzed by the luciferase enzymes, 

firefly and Renilla luciferases, resulting in the production of light which can be measured 

by a luminometer. pGL3-Renilla does not catalyze the firefly luciferase substrate and, thus, 

was used as an internal control. Servier Medical Art (https://smart.servier.com/) was used 

in the illustration.   

 

Immunoblotting. HEK293T cells were seeded at 5x105 cells/well in six-well plates and 

transfected 24 hours later with a total of 3 μg of plasmids via GeneJuice. The next day, 

supernatants were aspirated, and the cells were lysed with 180 μl/ well of sample lysis 

buffer (1 M Tris-HCl (pH 6.8), 2% (wt/vol) sodium dodecyl sulfate, 10% (vol/vol) glycerol, 

0.1% (wt/vol) bromophenol blue, 100 mM dithiothreitol (DTT), 1 ul/ml benzonase and 

dH2O) for five minutes on ice. Lysates were then boiled for another five minutes. Lysates 

(20 μl/ well) were resolved by 10-15% SDS-PAGE and Western blotting was performed 

using nitrocellulose membranes (VWR # 10600012). Membranes were blocked for non-

specific bindings for one hour using 3% (wt/vol) bovine serum albumin (BSA) dissolved 

with PBS (1x) and 0.05% (vol/vol) tween 20, except for phosphorylation antibodies as BSA 

was dissolved with Tris-buffered saline (TBS) and tween 20 to minimize non-specific 

bindings form phosphate ions in PBS. Probing with primary antibodies was performed 

according to the manufacturer’s specifications using blocking buffer for dilution; anti-

FLAG (1/5000), anti-HA (1/1000) and anti-β-actin (1/10000). Following overnight 

incubation at 4°C, membranes were washed with PBS (1x) and 0.05% (vol/vol) tween 20, 

probed with secondary antibodies for one hour at room temperature and followed with a 

further triplicate wash. TBS and 0.05% (vol/vol) tween 20 buffer were used to wash blots 

https://smart.servier.com/
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with phosphorylation events. Blots were scanned using ChemiDoc™ MP Imaging System 

(Bio-Rad # #12003154).    

 

Immunoprecipitation (IP). HEK293T cells were seeded at 3x106 cells/culture dish and 

transfected 24 hours later with a total of 8 μg of plasmids using GeneJuice. The next day, 

supernatants were aspirated, and the cells were scraped on ice with 500 μl/well of cold IP 

lysis buffer as described previously (469, 472). Lysates were centrifuged at 17,000 x g / 

4℃ for 10 minutes using a cooling centrifuge (Thermo Scientific # 75002404). Around 350 

μl and 50 μl of cell lysates were added into pre-cooled IP and control eppendorfs, 

respectively. Lysate controls were frozen until immunoblotting. Around 10 μl/sample of 

anti-FLAG M2 affinity gel beads (Sigma-Aldrich # A2220) was added into pre-cooled 

eppendorfs, centrifuged at 3,000 x g for one minute and then washed with cold IP lysis 

buffer. This step was repeated three times for the equilibration of anti-FLAG beads. Next, 

the beads (60 μl/sample) were mixed with lysis buffer and left for an overnight incubation 

at 4℃. The samples were centrifuged at 3,000 x g/4℃ for one minute and then washed with 

cold IP lysis buffer. The triplicate washing step was repeated and followed by the addition 

of 3 μg of FLAG tag peptide (Sigma-Aldrich # F3290) diluted with 80 ul of PBS (1x) per 

sample. The samples were rolled on a shaker at 4℃ for 30 minutes and then centrifuged at 

3,000 x g/ 4℃ for one minute for separation from the beads. Around 80 ul of each sample 

suspension was collected in pre-cooled eppendorfs. Beads were preserved as diagnostics 

of the elution stage in case of troubleshooting. Sample lysis buffer was added into controls 

(30 μl), IP samples (30 μl) and beads (50 μl) for immunoblotting with the indicated 

antibodies.     
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Figure 2.2.3 Schematic of the principle of Immunoprecipitation (IP). Anti-flag agarose beads 

were used for immunoprecipitation of FLAG-tagged proteins bound to their binding 

partners. The pulled-down proteins were eluted from the beads by FLAG tag peptide. (A) 

Anti-flag beads pulled down the overexpressed FLAG-tagged protein bound to HA-tagged 

MC089. (B) Anti-flag beads pulled down the FLAG-tagged MC089 bound to its target 

endogenous protein. Servier Medical Art (https://smart.servier.com/) was used in the 

illustration.   

 
Generation of MC089-expressing stable cell lines. HEK293T cells were seeded at 5x105 

cells /ml in six-well plates and transfected 24 hours later with 4 μg of pMEP4-MC89-FLAG 

via GeneJuice reagent. The next day, hygromycin B gold (InvivoGen # ant-hg) (200 ug/ml) 

was added for the selection of transfected cells. The growth of selective cells was 

maintained with 100 μg/ml hygromycin B. Transfected cells were induced for 24 hours 

with 1 μM of CdCl2 to express MC089.  

https://smart.servier.com/
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Figure 2.2.4 Schematic overview of the generation of pMEP4-MC089-expressing stable cells. 

HEK293T cells were seeded in 6-well plates and transfected 24 hours later with a pMEP4 

vector containing the MC089 gene. The following day, the transfected cells were selected 

with hygromycin B antibiotic. Hygromycin-resistant cells were induced with cadmium 

chloride to express MC089. After 24 hours, the cells can be stimulated with DNA for 16 

hours. Supernatants were collected for IFN bioassay and ELISA. Cell lysates were 

harvested, and western blot was used to analyze the expression of MC089 and to detect 

phosphorylation events. Servier Medical Art (https://smart.servier.com/) was used in the 

illustration. 

 

ELISA. The supernatants from CdCl2-induced MEP4-MC089 HEK293T cells were 

assayed for IP-10/CXCL10 with an ELISA kit (R&D Systems # DY266-05) according to 

the manufacturer's protocol.  Plates were displayed with a Thermo Scientific Multiskan FC 

microplate photometer at 450 nm. 

https://smart.servier.com/
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IFN bioassay. HEK-blue IFN-𝛼/β cells (InvivoGen # hkb-ifnab) were selected with 30 

μg/ml blasticidin (InvivoGen # ant-bl), 100 μg/ml zeocin (InvivoGen # ant-zn) and 100 μg 

/ml normocin (InvivoGen # ant-nr). A two-fold serial dilution of recombinant human IFNβ 

standard (R&D Systems # 8499-IF-010/CF) was prepared using DMEM with 10% FBS, 

1% penicillin and normocin (100 μg/ml). Supernatants were collected from CdCl2-induced 

MEP4-MC089 HEK293T cells and assayed for IFN secretion. Using flat-bottom 96-well 

culture plates, 80 μl of each standard and sample was added in triplicate with 120 μl/well 

of HEK-blue cells at 5x104/well. After 24 hours, 20 μl of induced HEK-blue supernatants 

was mixed with 180 μl QUANTI-blue (InvivoGen # rep-qb) in new flat-bottom 96-well 

culture plates. The plates were sealed with tin foil and incubated at 37 ℃	/ 5% CO2 for 15 

minutes or until a blue-coloured reaction was observed. SEAP levels were read at 620 nm 

using a Thermo Scientific Multiskan FC microplate photometer. 

 

Confocal Microscopy. HEK293T cells were seeded at 8x104 cells/well on glass chamber 

slides (Thermo Scientific # 154534) and transfected 24 hours later using GeneJuice. 

MitoTracker deep red FM (Cell Signaling Technology # 8778) was prepared with DMSO 

according to manufacturer’s specifications and added to the growth media to a final 

concentration of 200 nM for 30 minutes. Cells were then washed once with PBS (1x) and 

incubated with paraformaldehyde (PFA) diluted in PBS (Thermo Scientific # J19943K2) 

for 15 minutes. Following a triplicate wash with PBS, cells were blocked and permeabilized 

with 2% (wt/vol) BSA, 0.05% (vol/vol) tween 20 and 0.3% (vol/vol) X-100 Triton diluted 

in PBS for one hour. Cells were next incubated overnight in blocking buffer with the 

indicated antibodies: Alexa Fluor 488 FLAG tag antibody (1:1500), Alexa Fluor 647 HA 

tag antibody (1:500), anti-MAVS antibody (1:2000) and anti-TBKBP1 antibody (1:2000). 

The slides were washed with PBS three times and mounted with ProLong Gold Antifade 
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reagent with DAPI (Invitrogen, P36931). Images were obtained using a Lecia SP8 confocal 

microscope with LAS X Life Science software. 

 

Statistical Analysis. GraphPad PRISM 8 was used for statistical analysis and generation 

of graphs. Statistical significance was measured using unpaired student's T-tests and 

presented as * P<0.05, ** P<0.01, *** P<0.001, **** P<0.001.  
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Chapter 3 Investigation of MC089 as an Inhibitor of 

Innate Signaling Pathways 

 

A library of MCV open reading frames (ORFs) was screened by the host laboratory for the 

ability to inhibit innate antiviral signaling pathways using a high throughput luciferase 

assay-based screening system and identified MC089 as an inhibitor of ISRE reporter 

activation for further investigation prior to the initiation of this PhD (data not shown).  

 

MC089 is a 114-amino-acid protein (predicted 13 kDa) encoded by the MC089L ORF 

located on the left-hand terminus of the MCV genome (450). It shows homology with the 

Fowlpox virus protein FPV145 sharing approximately 28% sequence identity (485) and a 

56% similarity to the hypothetical protein EMCLV086L from the recently sequenced 

Equine molluscum contagiosum-like virus genome (454). MC020, a 139-amino acid MCV 

protein with a predicted size of 14 kDa and no inhibitory activity on any innate or control 

signaling pathways tested, was employed previously as a negative control (470). Thus, 

MC020 was also used as a negative control MCV protein in these experiments. Equivalent 

expression of MC089 and MC020 was detected by immunoblotting (Fig.3.1A). Confocal 

analysis showed that MC089 displays distinctive punctate distribution in the cytoplasm of 

expressing cells (Fig.3.1B). In this chapter, mapping the inhibitory effect of MC089 on 

major innate signaling pathways using luciferase reporter assays will be described.  

 

 



 
 
 

 
 

91 

Figure 3.1 MC089 expression in HEK293T cells. (A) MC089 and MC020 western blot 

expression. HEK293T cells were seeded at 5x105 cells/well in six-well plates and 

transfected 24 hours later with 1.5 µg or 3 µg (equivalent to amounts used in luciferase 

assay) empty vector (CMV-HA) or pCEP4 vectors expressing MC089-FLAG or MC020-

FLAG. Cell lysates were harvested and western blotted with anti-FLAG or anti-β-actin 

antibodies. (B) Confocal localization of MC089 in HEK293T cells. Cells were transfected 

with 500 ng of pCEP4-MC089-HA expression vector, fixed 24 hours later and stained with 

HA tag antibody (red) and DAPI (blue). 

3.1 MC089 is an inhibitor of IRF-dependent gene induction by nucleic acid sensing 

pathways  

 

We employed a luciferase assay-based screening system where pathway activation is 

driven at defined points with PRR-agonists or overexpressed key proteins of associated 

innate signaling pathways to measure the effect of MC089 on ISRE luciferase and IFNβ 

promoter luciferase. Whilst the ISRE luciferase reporter measures IRF (primarily IRF3) 

activity in primary sensing pathways (58), both NF-κB and IRFs regulate the activation of 

the natural IFN𝛽	promoter reporter (54). However, it is important to note that IRFs have a 

more dominant role in regulating the IFNβ promoter due to potent ISRE sites in two 

promoter regions (PRDI and PRDIII) (65, 246, 247, 486, 487) (Fig.1.1.1). In probing the 
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effect of MC089 on these pathways, we used the vaccinia virus IRF activation inhibitor C6 

(VVC6) (352) for comparison with inhibitory activity of MC089. The cGAS-STING DNA 

sensing pathway can be reconstituted in cGAS and STING co-transfected HEK293T cells 

where both proteins are not normally expressed (131, 488).  Analogous to VVC6, MC089 

expression potently inhibited cGAS-STING-induced IRF and IFNβ promoter activation  

system (Fig.3.2C & Fig.3.3B). Interestingly, MC089 was substantially more potent in 

doing so with lower levels of expression than VVC6 (Fig.3.2B).  

 

We next looked into the effect of MC089 on dsRNA sensing TLR3-driven pathway, by 

overexpressing a constitutively active chimeric construct of the CD4 signaling domain and 

TLR3, or by overexpressing TLR3’s primary adapter TRIF (489). We found CD4-TLR3-

driven ISRE activation to be inhibited by MC089 expression displaying approximately  

50% reduction in activation with the highest plasmid transfection (50ng) of MC089 and 

VVC6 (Fig.3.2D). Similarly both MC089 and VVC6 expression inhibited ISRE activation 

and that of the IFNβ promoter (Fig.3.2E & Fig.3.3C).  

 

The RIG-I pathway has been shown to indirectly recognize dsDNA in HEK293T cells 

through the transcription of AT-rich dsDNA into 5′- triphosphate RNA ligand of RIG-I by 

the enzyme RNA Pol III (490) (Figure 1.1.7). Thus, stimulation by synthetic dsDNA 

ligand, Poly(dA:dT), and overexpression of the fundamental regulator of RIG-I, MAVS, 

were each used to drive RIG-I-pathway activation. Both MC089 and VVC6 potently 

inhibited activation of ISRE and IFNβ promoter in a dose-dependent manner recording the 

highest score of significance among the examined upstream signaling driving elements of 

ISRE activation (Fig.3.2F-G & Fig.3.4D-E).  
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MC089 specificity to IRF inhibition was confirmed by the absence of an inhibitory effect 

on the Elk1 mitogenic signaling pathway driven by RasV and tracked using an Elk-1-GAL4 

fusion promoter luciferase construct (Fig.3.4F). Together, these data suggested that 

MC089, like VVC6, is an inhibitor of IRF activation and targets at a downstream point 

common to multiple innate virus sensing pathways.  

Figure 3.2 MC089 inhibits ISRE activation by nucleic acid sensing pathways. (A) Schematic of 

the main antiviral IRF3 pathways. The targeted signaling elements are highlighted in red. 
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(B) MC089 and VVC6 western blot expression. HEK293T cells were seeded at 5x105 

cells/well in six-well plates and transfected 24 hours later with 1.5 µg  or 3 µg  (equivalent 

to amounts used in luciferase assay) HA-tagged pCEP4 vectors expressing MC089 or 

VVC6. Cell lysates were harvested and western blotted with anti-HA antibody. (C-G) 

HEK293T cells were seeded at 2x105 cells /ml and transfected 24 hours later with 80 ng of 

ISRE luciferase reporter. To normalize firefly luciferase, 40 ng of pGL3-Renilla control 

was utilized. Cells were transfected with two doses of pCEP4 constructs expressing 

MC089, VVC6 or MC020: 25 ng and 50 ng. Activators of the pathways were employed 

accordingly: cGAS (25 ng) and STING (25 ng), 50 ng of CD4-TLR3, 10 ng of TRIF, 

Poly(dA:dT) (1 µg/ml) and MAVS (10 ng). The total amount of DNA was adjusted to a 

final volume of 220 ng using the empty vector control (pCMV-HA). Cell lysates were 

harvested and assayed for luciferase activity. Schematics are representative of three or more 

individual experiments. Data were normalized to the empty vector and presented by 

percentage activity compared to positive control. Bars indicate mean ± the standard 

deviation. Statistical significance is denoted as * P<0.05, ** P<0.01 and *** P<0.001. 



 
 
 

 
 

95 

Figure 3.3 MC089 inhibits IFNβ promoter activation by nucleic acid sensing pathways. (A) 

Schematic of the main antiviral IRF3 pathways. The targeted signaling elements are 

highlighted in red. (B-F) HEK293T cells were seeded at 2x105 cells /ml and transfected 24 

hours later with 80 ng of IFNβ or Elk1-Gal4 luciferase reporter. To normalize firefly 

luciferase, 40 ng of pGL3-Renilla control was utilized. Cells were transfected with two 

doses of pCEP4 constructs expressing MC089, VVC6 or MC020: 25 ng and 50 ng. 

Activators of the pathways were employed accordingly: cGAS (25 ng) and STING (25 ng), 

10 ng of TRIF, Poly(dA:dT) (1 µg/ml), MAVS (10 ng) and Ras (50 ng). The total amount 

of DNA was adjusted to a final volume of 220 ng using the empty vector control (pCMV-

HA). Cell lysates were harvested and assayed for luciferase activity. Schematics are 

representative of three or more individual experiments. Data were normalized to the empty 

vector and presented by percentage activity compared to positive control. Bars indicate 
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mean ± the standard deviation. Statistical significance is denoted as * P<0.05,** P<0.01 

and *** P<0.001. 

3.2 MC089 does not affect NF-𝜅B activation   
 

To determine if MC089 also affects activation of the other major antiviral signaling 

transcription factor, NF-κB, we repeated the luciferase mapping experiments using NF-κB 

luciferase reporter to monitor NF-κB activity. Unlike cGAS-STING-dependent IRF 

activation, MC089 had no effect on the pathway activating NF-κB luciferase showing a 

similar pattern to the negative control MC020 (Fig.3.4B). This observation was consistent 

with TLR3 and RIG-I-driven NF-κB activation where MC089 had no inhibitory effect 

(Fig.3.4C-F).  

 

We also looked at MC089 inhibitory effect on NF-κB activity upon stimulation with 

overexpressed TRAF3, a mediator protein used by both TRIF and MAVS, and found a 

comparable luciferase activation with the controls (Fig.3.4G). The MC089 lack of 

inhibition of on NF-κB activation was confirmed by the absence of an effect upon 

activating the system downstream with overexpressed IKKβ construct (Fig.3.4H). 

Therefore, we concluded that MC089, similar to VVC6, specifically targets IRF activation 

for inhibition.  
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Figure 3.4 MC089 does not affect NF-𝜅B activation. (A) Schematic of the main antiviral NF-

𝜅B pathways. The targeted signaling elements are highlighted in red. (B-H) HEK293T cells 

were seeded at 2x105 cells /ml and transfected 24 hours later with 80 ng of NF-𝜅B luciferase 

reporter. To normalize firefly luciferase, 40 ng of pGL3-Renilla control was utilized. Cells 

were transfected with two doses of pCEP4 constructs expressing MC089 or MC020: 25 ng 

and 50 ng. Activators of the pathways were employed accordingly: cGAS (25 ng) and 

STING (25 ng), 50 ng of CD4-TLR3, 10 ng of TRIF, poly (dA:dT) (1 µg/ml), MAVS (10 

ng), 50 ng of TRAF3 and IKKβ. The total amount of DNA was adjusted to a final volume 

of 220 ng using the empty vector control (pCMV-HA). Cell lysates were harvested and 
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assayed for luciferase activity. Schematics are representative of three or more individual 

experiments. Data were normalized to the empty vector and presented by percentage 

activity compared to positive control. Bars indicate mean ± the standard deviation.  

 

3.3 MC089 potently inhibits IRF-dependent gene activation driven by IKK𝛆 and 

TBK1  

 

To further clarify the point of inhibition of MC089 on IRF-activating pathways, we next 

examined the effect of MC089 on signaling by the direct activators of IRFs, TBK1 and 

IKKε. As VVC6 is known to inhibit IRF3 activation by binding to the scaffold proteins 

TANK, TBKBP1 and NAP1, it was used again as an inhibitory reference in these 

experiments (352). Comparable to VVC6, MC089 inhibited both IKKε-and TBK1-

dependent ISRE and IFNβ promoter activation (Fig.3.5B-E). Interestingly, MC089 was 

substantially more potent than VVC6 at inhibiting IKKε-induced ISRE activation 

(Fig.3.5B). We also attempted to drive ISRE luciferase activity by the scaffold proteins of 

the IRF3-activation complex but did not observe an activation of the system using these 

proteins(Fig.3.5F-G). This was not unexpected as the host laboratory has previously 

observed that overexpression of some signaling components does not function to drive 

activation of the system.   
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Figure 3.5 MC089 potently inhibits IRF-dependent gene activation driven by IKKε and TBK1. (A) 

Schematic of the main antiviral IRF3 pathways. The targeted signaling elements are 

highlighted in red. (B-H) HEK293T cells were seeded at 2x105 cells /ml and transfected 24 

hours later with 80 ng of ISRE or IFNβ luciferase reporter. To normalize firefly luciferase, 

40 ng of pGL3-Renilla control was utilized. Cells were transfected with two doses of 

pCEP4 constructs expressing MC089, VVC6 or MC020: 25 ng and 50 ng. Activators of 

the pathways were added accordingly: TBK1 (50 ng), IKKε (50 ng), TANK (50 ng), 

TBKBP1 (50 ng) or NAP1 (50 ng). The total amount of DNA was adjusted to a final 
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volume of 220 ng with the empty vector control (pCMV-HA). Cell lysates were harvested 

and assayed for luciferase activity. Schematics are representative of three or more 

individual experiments. (B-E) Data were normalized to the empty vector and presented by 

percentage activity compared to positive control. Bars indicate mean ± the standard 

deviation. Statistical significance is denoted as ** P<0.01, *** P<0.001 and **** 

P<0.0001. (F-H) Data were normalized to the empty vector and presented by fold 

activation. Bars indicate mean ± the standard deviation.  

 

3.4 Direct activation of ISRE by IRFs bypasses MC089 inhibitory effect 
 

We next investigated the effect of MC089 on direct activation of ISRE by overexpression 

of IRF3. Consistent with inhibition at a point upstream of IRF3, overexpression of this 

transcription factor bypassed ISRE reporter inhibition by MC089 (Fig.3.6B). Previous 

work on the MCV inhibitor MC132, which targets the NF-κB p65 subunit for degradation, 

p65 expression was titrated down and determined that while MC132 was unable to inhibit 

at high levels of p65 expression, its inhibitory effect could be observed at lower levels of 

expression (472). In contrast to MC132 targeting of p65, MC089 was observed not to 

suppress IRF3-activated ISRE even at low levels of expression (Fig.3.6C) suggesting that 

the inhibition was not occurring at the level of IRF3, but rather at the level of upstream 

activating complexes.  MC089 also had no effect on direct activation of IRSE by 

overexpression of other antiviral IRFs, IRF7 and IRF5 (Fig.3.6D-E).  
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 Figure 3.6 Direct activation of ISRE by IRFs bypasses MC089 inhibitory effect. (A) Schematic of 

the main antiviral IRF3 pathways. The targeted signaling elements are highlighted in red. 

(B, D-E) HEK293T cells were seeded at 2x105 cells/ ml and transfected 24 hours later with 

80 ng of ISRE luciferase reporter. To normalize firefly luciferase, 40 ng of pGL3-Renilla 
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control was used. Cells were transfected with two doses of pCEP4 constructs expressing 

MC089 or MC020: 25 ng and 50 ng. Activators of the pathways were added accordingly: 

IRF3 (50 ng), IRF7 (50 ng) or IRF5 (50 ng). The total amount of DNA was adjusted to a 

final volume of 220 ng with the empty vector control (pCMV-HA). Cell lysates were 

harvested and assayed for luciferase activity. Schematics are representative of three or more 

individual experiments. Bars indicate mean ± the standard deviation. (C) Similarly, 

HEK293T cells were seeded at 2x105 cells/ml and transfected 24 hours later with 80 ng of 

ISRE luciferase reporter and 40 ng of pGL3-Renilla control. IRF3 doses used were 25 ng, 

10 ng, 5 ng and 3 ng, respectively. The total amount of DNA was adjusted to a final volume 

of 220 ng using the empty vector control (pCMV-HA). Data are presented by fold 

activation calculated by normalizing to the empty vector and are representative of triplicate 

experiments. Bars indicate mean ± the standard deviation.   

3.5  Discussion  
 

MCV is the only known extant human-specific poxvirus that appears to have evolved for 

human infection. It causes benign skin lesions typically absent of inflammation with a long 

duration to clearance (457). The human-specific nature of MCV, duration of infection and 

mild presentation of its lesions suggest that MCV possesses highly effective innate immune 

inhibitors like all other well-characterized poxviruses. Unfortunately, attempts to culture 

MCV in vitro and infect cells in culture have not been successful which restricts the 

investigation of host-pathogen interactions (450, 491). Nevertheless, several novel MCV-

derived inhibitors have been discovered through the characterization of MCV ORFs in 

isolation where most of them target  NF-𝜅B activation (Section 1.4). Because IRF 

activation is a critical component of antiviral immunity, it is predicted that MCV encodes 

multiple inhibitors that target this system as found in other poxviruses (235, 352). Until 
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recently, only two MCV-derived inhibitors, MC159 and MC160, have been discovered to 

target IRF activation at the level of IRF3 kinases. Whilst MC159 interacts with TBK1 and 

IKKε for inhibition of IRF3/IRF7 activity, the mechanism by which MC160 impedes the 

same system is currently unknown (236). A previous screening of MCV ORFs by the host 

laboratory identified MC089 as a possible inhibitor of IRF activation through inhibition of 

ISRE luciferase reporter activation. In this chapter, we investigated MC089 inhibitory 

effect on essential antiviral signaling pathways using luciferase assay-based screening 

system. 

 

The cellular model of MC089 in this investigation was based on the commonly used 

epithelial-like HEK293T cells. These cells are highly effective for transient and stable 

transfection mediated by the insertion of the oncogenic DNA simian virus 40 (SV40) T 

antigen that allows for a high yield expression of target proteins within vectors carrying the 

SV40T promoter including the pCEP4 vector (492)(Fig.2.2.1). Because many of the 

presented experiments depended on protein overexpression and because HEK293T cells 

have been demonstrated in multiple viral studies to trigger antiviral responses upon 

stimulation (131, 488, 493, 494), HEK293T cells were chosen for these in vitro studies.  

 

We mapped MC089 inhibitory effect to be specific to IRF activation through inhibition of 

IRF-dependent gene induction and the absent of effect on NF-𝜅B activation. Therefore, 

since MC159 and MC160 also inhibit NF-𝜅B activation (471, 473), MC089 is the first 

MCV inhibitor to specifically target IRF-activating pathways. Because MC089 inhibited 

IRF activation by both DNA and RNA sensing pathways, we expected MC089 to target at 

a downstream point common to multiple innate virus sensing pathways supported by the 
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potent inhibition of IRF-dependent gene activation driven by IKKε and TBK1 and the 

absent of effect on direct ISRE activation driven by IRF transcription factors.  

 

Activating ISRE luciferase by the scaffold proteins of IRF3 kinases was limited by the 

luciferase system at which the overexpression of such signaling elements does not work to 

drive the luciferase promoter. However, it is essential not to exclude TANK, TBKBP1 and 

NAP1 association with MC089 due to their importance in IRF3-activation complex 

(Section 1.1.5.3), and subject them, to further investigate their potential targeting 

assessment, with other types of experiments.  

 

MC089 showed a similar pattern of inhibition to another specific inhibitor of IRF 

activation, the VACV C6 protein which interacts with the scaffold proteins TANK, 

TBKBP1 and NAP1 to suppress IRF3 activity (352). This also indicates that MC089 might 

follow a similar mode of targeting at the level of the IRF3-activation complex. However, 

MC089’s ability to inhibit the activation of the system at lower levels of expression 

suggested a much potent inhibitory mechanism where multiple key proteins of IRF3 

pathways are involved. Additionally, MC089 was significantly more potent than VVC6 at 

inhibiting IKKε-induced ISRE activation implying a possible direct association with the 

kinase comparing with VVC6 which does not directly interact with either IKKε or TBK1. 
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3.6 Conclusion  

 
Luciferase pathways mapping of MC089 effect revealed that MC089 is a specific novel 

inhibitor of IRF-dependent gene induction by nucleic acid sensing pathways and that this 

inhibitory effect bypasses the direct activation of ISRE by IRF3. Because the IRF3-

activation complex, composed of the IRF3 kinases IKKε and TBK1 and the scaffold 

proteins TANK, TBKBP1 and NAP1, is a key convergence point downstream of IRF3 

activation, we expect MC089 to target the system at the level of this complex.  
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Chapter 4 Investigation of MC089 targeting of MAVS 

and IRF3-activation complex components  

 
The luciferase pathways mapping of the MC089 inhibitory effect on IRF activation 

indicated that MC089 targets a common downstream point of IRF main pathways. Since 

direct activation of the IRF-dependent gene by the transcription factors bypassed MC089 

inhibition, targeting of IRF3-activation complexes seemed likely. In this chapter, the 

precise point of MC089 inhibition of IRF-activating pathways will be investigated.  

 

4.1 MC089 associates with mitochondria  
 

During the initial investigation of MCV inhibitors of human antiviral immunity prior to the 

commencement of this research, unbiased affinity purification and mass spectrometry (AP-

MS) was performed on MEP4-MC089-expressing HEK293T lysates to identify co-

purifying proteins. AP-MS analysis of MC089 co-purifying proteins revealed enrichment 

of mitochondrial proteins including multiple mitochondrial ATP synthase subunits 

(ATP5J, ATP5O, ATP5H ATP5B ATP5F1 ATP5A1 and ATP5A2) (495, 496)  and 

voltage-dependent anion channel 2 (VDAC2), a key protein of the mitochondrial outer 

membrane (497) (Fig.4.1) (collaboration with Andreas Pichlmair, Technical University of 

Munich, Germany). This suggested that MC089 associates with mitochondria, which also 

pointed towards a possible link between MC089 and MAVS, since the latter is a protein 

known to associate primarily with mitochondria and partially with endoplasmic reticulum 

(ER) and peroxisomes (498-501).  
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Figure 4.1 Unbiased AP-MS volcano plot of MC089-interacting proteins. Affinity purification 

and mass spectrometry (AP-MS) was performed on MEP4-MC089-expressing HEK293T 

lysates. This volcano plot displays proteins (highlighted in black) co-purifying with 

immunoprecipitated MC089 (highlighted in red). These data are included to provide a 

perspective of the course of the MC089 investigation and were provided by Prof. Andreas 

Pichlmair in collaboration with Prof. Gareth Brady. 

To confirm the mitochondrial association of MC089, we first optimized the working 

concentration of the MitoTracker dye in HEK293T cells to maintain mitochondrial 

morphology while avoiding mitochondrial artifacts and toxicity. We prepared three 

different dilutions of MitoTracker Deep Red FM dye with DMSO: 100 nM, 200 nM and 

500 nM and found the working concentration of 200 nM to be optimal to track mitochondria 

in HEK293T cells (Fig.4.2). We next stained mitochondria with MitoTracker dye in 

MC089 and MAVS expressing cells and examined cells by confocal microscopy. We first 

confirmed that both overexpressed MAVS-FLAG and endogenous MAVS partly associate 

with mitochondria in HEK293Ts (Fig. 4.3A).  
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We then observed that MC089 displays a similar pattern of partial association with 

mitochondria (Fig.4.3B). 

Figure 4.2 Optimization of the MitoTracker working concentration in HEK293T cells. HEK293T 

cells were seeded at 8x104 cells/well on glass chamber slides and 24 hours later, 

MitoTracker deep red FM diluted in DMSO was added to the growth media at the indicated 

concentrations for 30 minutes. Cells were then fixed and stained with DAPI (blue).   
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Figure 4.3 MAVS and MC089 associate with mitochondria. Mitochondrial confocal localization 

of MAVS and MC089. HEK293T cells were seeded at 8x104 cells/well on glass chamber 

slides and transfected 24 hours later with a total of 500 ng of MAVS-FLAG (A, upper 

panel) or pCEP4-MC089-FLAG (B). After 24 hours, MitoTracker deep red FM diluted in 

DMSO was added to the growth media at 200 nM for 30 minutes. Cells were fixed and 

stained with DAPI (blue), MAVS antibody (green) (A, lower panel) or FLAG tag antibody 

(green). Results are representative of triplicate experiments. 
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4.2 MC089 selectively associates with MAVS, IKKε, TBKBP1 and NAP1  
 

We next investigated the possible association of MC089 with known constituent proteins 

of the IRF3 activating complexes, and with MAVS. The NF-κB-regulating kinase IKKβ 

was used as a negative control for MC089 in co-immunoprecipitation experiments due to 

its lack of involvement in IRF activation and similarity to IRF-activating members of the 

IKK family. Although no association was detected with TBK1 or IKKβ, a strong 

association was detected with IKKε and MAVS (Fig. 4.4).     

 

We next probed the association of MC089 with the IRF-activating complex adapter 

proteins TBKBP1, TANK and NAP1. These adapters provide a platform for the assembly 

of IRF-activating kinases for their subsequent phosphorylation of IRF3 (332-335). While 

we detected no association with TANK, MC089 interacted with both TBKBP1 and NAP1 

(Fig.4.5). Furthermore, the interaction of MC089 with endogenous MAVS and TBKBP1 

was confirmed in HEK293T cells using cognate antibodies for their proteins (Fig. 4.7A).  
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Figure  4.4 MC089 interacts with IKKε and MAVS. HEK293T cells were seeded at 3x106 cells/ 

culture dish and transiently transfected 24 hours later with a total of 8 𝜇g of pCEP4-MC089-

HA and the indicated signaling pathway component FLAG-tagged plasmids. After 24 

hours, cell lysates were immunoprecipitated using anti-FLAG M2 affinity gel beads, eluted 

with FLAG tag peptide, and probed with the appropriate antibodies: anti-HA (first and third 

panels), anti-FLAG (second and fourth panels) and anti-β-actin (fifth panel). Blots are 

representative of triplicate experiments. 
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Figure 4.5 MC089 interacts with TBKBP1 and NAP1. HEK293T cells were seeded at 3x106 

cells/ culture dish and transiently transfected 24 hours later with a total of 8 𝜇g  of pCEP4-

MC089-HA and the indicated signaling pathway component FLAG-tagged plasmids. After 

24 hours, cell lysates were immunoprecipitated using anti-FLAG M2 affinity gel beads, 

eluted with FLAG tag peptide, and probed with the appropriate antibodies: anti-HA (first 

and third panels), anti-FLAG (second and fourth panels) and anti-β-actin (fifth panel). Blots 

are representative of triplicate experiments. 
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We also probed for co-localization of IRF3-activating complex proteins and MC089 by 

confocal microscopy to examine if MC089 and its immunoprecipitated proteins relatively 

express in close proximity within the cell for a possible interaction to occur. Consistent 

with co-immunoprecipitation data, strong co-localization was observed for MC089 with 

IKKε, NAP1, TBKBP1 with partial co-localization with MAVS (Fig.4.6 and Fig.4.7). 

Also consistent with co-immunoprecipitation data, no significant co-localization was 

detected between MC089 and TANK, and between MC089 and TBK1 to which MC089 

showed atypical nuclear localization. Additionally, as for co-immunoprecipitation 

experiments, we confirmed the co-localization of MC089 with endogenous MAVS 

(predicted 75 kDa and 52 kDa) and TBKBP1(predicted 78 kDa) in HEK293T cells 

(Fig.4.8). The two bands pattern of endogenous MAVS protein is common and has been 

reported before in multiple cell lines where the 75 kDa band indicated to be full-length 

MAVS and the 52 kDa band suggested to be processing products of the protein (499).  
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Figure 4.6 MC089 colocalizes with MAVS and IKKε. HEK293T cells were seeded at 8 x104 

cells/ well on glass chamber slides and transiently transfected 24 hours later with a total of 

500 ng of pCEP4-MC089-HA and the indicated signaling pathway component FLAG-

tagged plasmids. Cells were fixed 24 hours later and stained with HA tag antibody (red), 

FLAG tag antibody (green) and DAPI (blue). Results are representative of triplicate 

experiments. 
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Figure 4.7 MC089 colocalizes with TBKBP1 and NAP1. HEK293T cells were seeded at 8x104 

cells/ well on glass chamber slides and transiently transfected 24 hours later with a total of 

500 ng of pCEP4-MC089-HA and the indicated signaling pathway component FLAG-

tagged plasmids. Cells were fixed 24 hours later and stained with HA tag antibody (red), 

FLAG tag antibody (green) and DAPI (blue). Results are representative of triplicate 

experiments. 
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Figure 4.8 MC089 associates with endogenous MAVS and TBKBP1. (A) HEK293T cells were 

seeded at 3x106 cells/ culture dish and transiently transfected 24 hours later with a total of 

8 𝜇g  of empty vector (pCMV-HA) or pCEP4-FLAG vectors expressing the indicated MCV 

ORFs. After 24 hours, cell lysates were immunoprecipitated using anti-FLAG M2 affinity 

gel beads, eluted with FLAG tag peptide, and probed with the indicated antibodies: anti-

MAVS (first and fourth panels), anti-TBKBP1 (second and fifth panels) and anti-FLAG 

(third and sixth panels). (B) HEK293T cells were seeded at 8x104 cells/ well on glass 

chamber slides and transiently transfected 24 hours later with a total of 500 ng of pCEP4-

MC089-HA. Cells were fixed 24 hours later and stained with  HA tag antibody (red), DAPI 
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(blue), MAVS antibody (green) or TBKBP1 antibody (green). Results are representative of 

triplicate experiments. 

4.3 Discussion  
 

In this chapter, we investigated potential proteins being targeted by MC089 that might 

explain its pattern of inhibition of IRF3-dependant gene expression. Luciferase pathway 

screening indicated a point of inhibition at the level of IRF3-activation complex proteins. 

MS analysis of MC089 co-purifying proteins also indicated mitochondrial association and 

subsequently found that MC089 co-localizes with mitochondria showing a similar pattern 

of localization to MAVS and suggesting MAVS may be a potential target for MC089 in 

the RIG-I-dependent IRF3 activation.  

 

Targeted co-immunoprecipitation experiments showed that MC089 specifically interacts 

with the IRF-activating complex components IKKε, TBKBP1, NAP1 and MAVS, the latter 

at least partly in association with mitochondria. These proteins likely were not co-purified 

with MC089 in AP-MS due to low abundance in HEK293T cells where more highly 

expressed proteins are captured, such as mitochondrial proteins. The specificity of MC089 

binding only the IKKε kinase is distinct from MC159 interaction with both TBK1 and IKKε 

(471). Additionally, the specific association with TBKBP1 and NAP1, but not TANK, 

differs from VACV C6 binding all three scaffold proteins without direct interaction with 

either of the IRF3 kinases (352). This makes MC089’s mechanism of inhibition of IRF3-

activating pathways unique for poxviral inhibitors of this type and the first MCV IRF 

activation inhibitor to specifically target this system and not NF-κB activation. 
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The inhibition of both the cGAS-STING DNA sensing pathway and the TLR/RLR RNA 

sensing pathways may be explained by MC089 targeting of IKKε as well as TBKBP1 and 

NAP1. However, MC089 also displays specific targeting of the RLR pathway by direct 

association with MAVS at the level of mitochondria as indicated by MC089 co-purifying 

mitochondrial proteins and co-localization with both MAVS and mitochondria in 

HEK293T cells. It is also worth noting that there is considerable crosstalk between STING 

and RLR pathways suggesting that MAVS interaction might also contribute to MC089 

inhibition of cGAS-STING-mediated IRF3 activation. For example, the ssRNA genome of 

Japanese encephalitis virus (JEV) is recognized by RIG-I, which then recruits STING to 

initiate a downstream cascade leading to the antiviral response in neurons (502). In several 

studies, STING appeared to interact with RIG-I and MAVS, in a complex that was 

stabilized upon virus infection (502-504). Indeed, a role for STING in RNA sensing 

pathways is further indicated by the fact that many RNA viruses have evolved STING 

inhibitory strategies like hepatitis C virus, influenza A virus and Dengue virus (505-508). 

Additionally, in HeLa or HepG2 cells, TBK-1 phosphorylation after DNA transfection or 

DNA virus infection required MAVS-TBK1 interaction and MAVS knockdown in these 

cells markedly reduced phospho-TBK1 and IFN-β levels induced by cytoplasmic DNA 

(509).  

 

Despite the lack of interaction of MC089 with TBK1, inhibition of TBK1-driven IRF 

activation could be explained by its targeting of TBKBP1 and NAP1. These scaffold 

proteins along with TANK are essential for the dimerization and auto-phosphorylation of 

IRF3 kinases recruiting them at a specific cellular site (329, 335). Although, the exact 

mechanism by which IRF3 kinases interact with their scaffold proteins is still not fully 

understood (510), all three scaffold proteins target the same binding site at the kinases, 
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suggesting a competitive mode of binding and signal transduction specificity (102). Viruses 

evolving specific inhibitors, including VVC6, of the three scaffold proteins reflects their 

importance on IRF3 regulation. MC089 interaction with TBKBP1 and NAP1, but not 

TANK, could give new insights into the roles and subcellular localization of these scaffold 

proteins. TANK has been discovered to migrate from its perinuclear localization to 

autophagy-related vesicles upon DNA stimulation (335), while NAP1 and TBKBP1 have 

been reported to have punctate subcellular localization and they have been also partially 

detected at the Golgi compartments (335, 353). As MC089 also displays punctate 

distribution and partial association with mitochondria, this along with its interaction with 

MAVS may indicate a mitochondrial functional specificity for TBKBP1 and NAP1. It 

might also suggest that MC089 uses TBKBP1-NAP1 to recruit IKKε to MAVS in the 

mitochondria. 

 

Additionally, MC089 targeting of both MAVS and IKKε may give insights into their 

association with virus infection. MAVS has been found to bind IKKε through its C-terminal 

region (300-540 amino acid residues), resulting in the recruitment of IKKε and the 

subsequent phosphorylation of IRF3 and that LGP2 (Section 1.1.2) competes with IKKε 

to interact with MAVS at the same region to inhibit antiviral RLR pathways (114). 

Interestingly, IKKε has been previously reported to colocalize strongly with MAVS on 

mitochondria upon RNA virus infection, which was disrupted by the hepatitis C virus 

protein NS3-4A (511). This was not observed with TBK1 in virus infection indicating that 

it rather has an indirect association with MAVS mediated by other adaptor proteins, such 

as STING or tumour necrosis factor receptor-associated factor 3 (TRAF3) (503, 504, 511, 

512). A follow-up study revealed that upon virus infection, MAVS is subjected to K63-

linked ubiquitination of the 500-residue site (K500) leading to the mitochondrial 
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recruitment of IKKε where it interacts with MAVS through its C-terminus causing its 

phosphorylation. This has been found to reduce the expression of IFN-stimulated genes 

(ISGs), IFN-β and, surprisingly, IL-6, which suggests negative regulation of the NF-κB 

pathway (512). Nevertheless, MC089 could use the same approach to direct IKKε to 

MAVS on the mitochondria, either through direct interaction or via TBKBP1-NAP1, 

resulting in MAVS phosphorylation and suppression of IRF3 activation. If so, it would 

indicate that IKKε is both a positive and a negative regulator of MAVS-dependent IRF3 

activation.  

 

In the Senkevich et al analysis of the MCV-I genome, MC089 was predicted to have a 

signal peptide expressed during the late phase of the MCV replication cycle (450). Thus, 

MC089 could act as a signal peptide that causes subcellular translocation of its target 

proteins to suppress IRF activation, such as migration of IKKε to MAVS. Overall, late-

phase viral immunomodulators have been linked to mitochondria including the major 

protein component of poxviral LBs F17 (Section 1.3.1), the human cytomegalovirus 

(HCMV) US9 membrane glycoprotein which stimulates MAVS leakage from the 

mitochondria for inhibition of the RIG-I pathway, the herpes simplex virus (HSV) viral 

protein UL7 that localizes to mitochondria and associates with the virus proliferation and 

pathogenicity and the mitochondrial redox LB VACV proteins G4L, A2.5L, A19L, A45R 

and O2L (411, 432, 433, 513-515).  MC089 predicted late expression during infection, 

unlike the currently discovered early-expressed MCV inhibitors, could provide more 

insights into the involvement of mitochondria and MC089 target proteins during the late 

stage of viral infection which could be revealed by further elaboration of the exact 

inhibitory mechanism of MC089. However, MC089’s functional complexity of targeting 

multiple signaling proteins complicates the investigation.  
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4.4 Conclusion  
 

This chapter reveals that MC089 targets IRF-dependent gene activation for inhibition by 

directly interacting with IKKε, IKKε scaffold proteins TBKBP1 and NAP1, and the major 

regulator of RIG-I pathway MAVS, in association with mitochondria. The precise 

mechanism by which MC089 binds with its target proteins is still unclear and of interest 

for further investigation.  
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Chapter 5 Investigation of MC089 Functionality 
 

Having identified MC089 as a novel MCV inhibitor of IRF activation by association with 

IKKε, NAP1, TBKBP1 and MAVS at the level of mitochondria, we next sought to further 

understand its effects on key events of IRF3 activation and its downstream consequences 

on IRF3-dependant gene expression. In this chapter, we will investigate the functional 

regions of MC089 required for its inhibitory effect and the outcomes of MC089 targeting 

the IRF3-activation complex. To examine MC089 effects on phosphorylation events and 

TI-IFN production, we made stable MC089-expressing HEK293T cells by transfecting the 

cells with pMEP4-MC089-FLAG vector which upon the addition of metallic salts, such as 

cadmium chloride, activates the hMTII promoter to express MC089 (Fig.2.2.1). We 

confirmed the expression of MC089 in these cells using western blot and found 1 µM of 

CdCl2 to be an optimal concentration (Fig.5.1).  

 

 

 

 

 
 

 

Figure 5.1 pMEP4-MC089 expression in HEK293T cells. HEK293T cells were stably 

transfected with MEP4-MC089-FLAG vector and treated with CdCl2 at the indicated 

concentrations to induce MCV protein expression. Cell lysates were harvested for western 

blot and probed with anti-Flag antibody. 
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5.1 Full-length MC089 is required for the inhibition of IRF-dependent gene activation 

To identify the functional regions of MC089 required for the inhibition of IRF activation, 

previous work in the host laboratory generated truncations of MC089: M1 (1-57 amino acid 

residues), M2 (58-114 amino acid residues) and  M3 (27-87 amino acid residues). This 

approach was used in other MCV studies to identify the regions of MC132 and MC005 

required for inhibition of  NF-κB activation (469, 472). Since MC089 was established to 

be a potent inhibitor of IKKε- driven ISRE luciferase activation, we employed this system 

to investigate the inhibitory effect of MC089 truncations. Whilst full-length MC089 was 

capable of potently inhibiting ISRE activation induced by IKKε, all three MC089 

truncations had no effect on the system showing a similar pattern to the control (Fig.5.2). 

This indicated that MC089 requires the full protein for its inhibitory activity.  
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Figure 5.2 Full-length MC089 is required for the inhibition of IRF-dependent gene activation. 

HEK293T cells were seeded at 2x105 cells /ml and transfected 24 hours later with 80 ng of 

ISRE luciferase reporter. To normalize firefly luciferase, 40 ng of pGL3-Renilla control 

was utilized. Cells were transfected with two doses of pCEP4-MC089-FLAG or 

truncations: 25 ng (low dose) and 50 ng (high dose). IKKε (50 ng) was added to drive the 

pathway. The total amount of DNA was adjusted to a final volume of 220 ng with the empty 

vector control (pCMV-HA). Cell lysates were harvested and assayed for luciferase activity. 

The schematic is representative of triplicate experiments. Data were normalized to the 

empty vector and presented by percentage activity compared to positive control. Bars 
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indicate mean ± the standard deviation. Statistical significance is denoted as *** P<0.001 

and **** P<0.0001.  

5.2 MC089 specifically inhibits IRF3 phosphorylation at serine 396  
 

An essential modification step in IRF3 activation is phosphorylation (Section 1.1.5), thus, 

we aimed to determine if MC089 inhibition of IRF activation blocks this event. To do this 

we probed Poly(dA-dT)-activated phosphorylation of two key sites on IRF3, serine 386 

and serine 396, known to be critical for IRF3 activation and transactivation (261). 

Interestingly, while MC089 inhibited Poly(dA-dT)-induced phosphorylation of IRF3 serine 

396, it did not affect serine 386 phosphorylation. The interaction between MC089 and IKKε 

also raised the possibility that it may block IKKε phosphorylation. To investigate this, we 

probed the phosphorylation of IKKε at the serine residue 172 and found that MC089 had 

no effect. This suggested that MC089 prevents pIRF3 Ser396 independently from IKKε 

Ser 172 (Fig.5.3).  
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Figure 5.3 MC089 inhibits IRF3 phosphorylation at Ser396. HEK293T cells were stably 

transfected with MEP4-MC089-FLAG vector and treated with 1 µM of CdCl2 to induce 

MCV protein expression. After 24 hours, cells were stimulated with 1 µg/ml of 

Poly(dA:dT) for 16 hours to induce protein phosphorylation. Cell lysates were harvested 

for western blot and probed with the indicated antibodies. Blots are representative of 

triplicate experiments.  

5.3 MC089 suppresses IRF3-dependent TI-IFN and IP-10 production  
 

We next examined if MC089 suppression of IRF3 activation blocks the expression of one 

of the most important IRF3-induced cytokines, TI-IFNs. To do so, we harvested 

supernatants from MEP-MC089-FLAG stable HEK293T cells CdCl2-induced to express 

MC089-FLAG. We then assessed the effect of MC089 on Poly(dA-dT)-activated IRF3-

dependant gene expression, specifically IP-10 and TI-IFNs. Like IFNβ, IP-10 is known to 
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be a strong ISRE- and IRF-regulated gene (326, 516, 517). We measured IFN-𝛼/β levels 

in MC089-expressing HEK293T cell supernatants after Poly((dA:dT)) stimulation using 

HEK-blue IFN-𝛼/β bioassay reporter cells which possess a secreted embryonic alkaline 

phosphatase (SEAP) reporter under the control of the IFN-stimulated gene 54 (ISG54) 

promoter. We observed that MC089 expression inhibited both Poly((dA:dT))-induced IP-

10 and IFN𝛼/β  production (Fig.5.4 B and C).  

 

Figure 5.4 MC089 suppresses TI-IFN and IP-10 secretion. MEP4-MC089-expressing HEK293T 

supernatants were harvested and assayed for (A) IP-10 ELISA and (B) IFN-𝛼/β detection. 

Cells were stimulated 1 µg/ml of Poly(dA:dT) for 16 hours, with mock-transfected cells 

(mock) serving as a negative control for cytokine secretion. Concentrations were calculated 

from standard curves generated from measured optical density. Data are representative of 

triplicate experiments. Bars indicate mean ± the standard deviation. Statistical significance 

is denoted as * P<0.05, ** P<0.01 and *** P<0.001. 
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5.4 Discussion 
 

In this chapter, we aimed to identify the functional amino acid residues that are essential 

for the inhibitory activity of MC089. Defining the functional regions and residues can assist 

in the analysis of molecular interactions with cellular targets (469). One way to approach 

this is by generating truncation mutants of MC089 which were previously constructed in 

the host laboratory, where the sequence was subcloned as truncated distinct regions from 

the N-terminus to the C-terminus. MC089 is a small protein of only 114 amino acid 

residues, thus, it was truncated equally into three parts: 1-57 amino acids, 27-87 amino 

acids and 58-114 amino acids,  and the mutants were compared to wild-type MC089 (full-

length) for their inhibitory activity on IKKε-driven ISRE activation, one of the IRF3 

systems potently inhibited by MC089. Whilst wild-type MC089 inhibited the pathway in a 

dose-dependent manner, all truncations lost inhibitory activity indicating the requirement 

of full-length MC089 for IRF pathway inhibition. The same principle can be used for future 

investigation where truncated IKKε, TBKBP1, NAP1 and MAVS can be examined for 

their immunoprecipitation and co-localization with MC089.  

 

Although the precise mechanism by which MC089 interacts with its target proteins is 

unclear, we found MC089 to inhibit IRF3 phosphorylation at serine 396 without affecting 

the phosphorylation of serine 386. Such specific targeting could indicate differences in the 

functional specificity of these two sites. Even though both Ser386 and Ser396 are 

considered critical for IRF3 dimerization and phosphorylation, the exact role of each site 

is still debated. It has been reported that IRF3 Ser396 causes IRF3 oligomerization leading 

to a strong interaction with the coactivator CREB-binding protein (CBP)/p300, while 

pIRF3 Ser386 does not associate strongly with (CBP)/p300 but rather strengthens pIRF3 
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Ser396 binding to the coactivator (261). In contrast, a study using phosphorylation mutants 

of the two sites demonstrated that, whilst both sites are important for IRF3 dimerization, 

Ser386 plays a stronger role in IRF3 activation (301).  

 

The identity of the kinase could play a role in site-specific IRF3 phosphorylation. Even 

though TBK1 phosphorylates IRF3 Ser396 (296, 320, 518, 519), MC089 specifically 

targeting IKKε and pIRF3 Ser396 may indicate that this kinase can phosphorylate this site 

too, potentially in the context of MAVS-associated activation. In fact, several viral 

inhibitors target IKKε and MAVS resulting in inhibition of pIRF3 Ser396. For example, 

Epstein-Barr Virus (EBV) protein BFRF1 binds IKKε and inhibits pIRF3 Ser396 and SeV-

induced IFNβ expression (520). Middle East respiratory syndrome coronavirus (MERS-

CoV) accessory protein ORF8b inhibits pIRF3 Ser396 and IFNβ production via inhibition 

of the heat shock protein 70 (Hsp70) required for IKKε activation (521). Additionally, 

Rotavirus non-structural protein 1 (RNP1) that degrades MAVS through direct interaction, 

inhibits pIRF3 Ser396 and IFNβ promoter activation (522). IKKε and MAVS-linked pIRF3 

Ser396 have been also demonstrated through the scaffold protein FAS-Associated Factor 

1 (FAF1) which acts as a negative regulator of MAVS by blocking its ubiquitination 

through the ligase TRIM31. Upon virus infection, IKKε causes FAF1 degradation by direct 

phosphorylation at serine 556 resulting in its release from MAVS. Interestingly, mutations 

of Ser556 prevent IKKε-dependent FAF1 degradation which blocks efficient TBK1 and 

IRF3 Ser396 phosphorylation (523). MC089 may use a similar inhibitory mechanism by 

mimicking FAF1 to negatively regulate MAVS or MC089 interaction with IKKε can 

prevent the kinase from degrading FAF1. Either way, the ability of MC089 to significantly 

impede TI-IFN induction could make the viral inhibitor a potential therapeutic for TI-

interferonopathies and IRF3-related diseases and disorders (Section 1.1.5.5).  



 
 
 

 
 

130 

5.5 Conclusion  
 

This chapter showed that MC089 requires its full-length sequence for its inhibitory activity, 

and it specifically inhibits IRF3 activation at the phosphorylation site Ser396 without 

affecting the phosphorylation at Ser386. MC089 inhibition of IRF3 activation suppresses 

the production of TI-IFNs and IP-10.  
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Chapter 6 Conclusions and Future Work  
 

In this thesis, the MCV-derived protein MC089 was described as a novel inhibitor of IRF3 

activation from both DNA and RNA sensing pathways. MC089 selectively interacts with 

the IRF3 kinase IKKε and its scaffold proteins TBKBP1 and NAP1. It was also revealed 

that MC089 associates with MAVS on mitochondria. Additionally, MC089 specifically 

inhibits IRF3 phosphorylation at Ser396 which is essential for its activation, dimerization 

and binding to coactivators, thus, suppressing the induction of TI-IFNs. This may give 

novel insights into the regulation of antiviral IRF3 pathways regarding the involvement of 

IKKε in the activation of IRF3, the assembly of the IRF3-activation complex through 

TBKBP1 and NAP1, the antiviral role of MAVS in association with IKKε on the 

mitochondria and the functional specificity of IRF3 phosphorylation at Ser396. Introducing 

MC089 as a mitochondrial protein may also provide a better understanding of the 

mitochondrial roles in antiviral immunity against poxviruses. A model of MC089-mediated 

inhibition of IRF3 activation is outlined (Fig.6.1).  

 

Further investigation of the precise inhibitory mechanism used by MC089 may offer novel 

insights into the regulation of IRF3 sensing pathways, in particular, the roles of the 

constituents of its activation complexes may offer a basis for potential therapeutics 

targeting selective routes to IRF3 activation in diseases and disorders. Truncation mutants 

of targeted IRF3-activating components and MAVS can be used to determine the functional 

regions required for MC089 association and IRF3 activation. Additionally, it would be 

useful to reproduce the inhibitory effect of MC089 in other cell types and demonstrate that 

MC089 activity is not cell type-specific. A cell line harbouring the natural environment of 

MCV would be a preferential model for MC089 investigation, such as high sensitivity of 
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human epidermal keratinocytes (HaCaT cells) that are enriched with multiple types of 

PRRs.  

 

Since MC089 expression does not intervene with IKKε phosphorylation, we can next 

examine the effect of MC089 on two essential modification steps of MAVS regulation: 

ubiquitination and phosphorylation. We know from literature that MAVS ubiquitination at 

K500 leads to its phosphorylation and inhibition by IKKε (512). Therefore, an induction of 

MAVS ubiquitination at K500 by MC089 and MC089-triggered phosphorylation of MAVS 

could be a possible inhibitory mechanism of MC089 which can be investigated using the 

appropriate antibodies. Additionally,  IKKε, TBKPB1 and NAP1 confocal localization to 

mitochondria could be tracked in MC089-expressing cells. Particularly, IKKε localization 

to MAVS on mitochondria upon virus infection could be examined before and after MC089 

expression to determine if MC089 disrupts IKKε-MAVS interaction like in the case of the 

hepatitis C virus protein NS3-4A (511). Negative regulators of MAVS could be also 

investigated for their association with MC089. A protein of interest is FAS-Associated 

Factor 1 (FAF1) (523), and it could be examined for its immunoprecipitation and co-

localization with MC089. If so, MAVS and FAF1 interaction could also be tested in 

MC089-expressing cells. 

 

Although viruses have been routinely used in the production and delivery of clinically 

approved therapeutics that include vaccines, viral vector-based gene therapy and 

virotherapy, using virus-derived immune-modulating tools as therapeutics is still 

considered an emerging approach in the early stages of development. However, pre-clinical 

and clinical trials of virus-derived immunomodulators, many of which are poxvirus-based, 

have shown optimistic data regarding efficacy. Examples of such poxviral 
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immunomodulators are the serine protease inhibitor I (Serp1) from myxoma virus for the 

treatment of acute coronary syndrome (Phase I/II), the chemokine modulators 35K from 

vaccinia virus for the treatment of atherosclerosis and arthritis (murine models), the TNF-

binding protein (CrmB) from variola virus for the treatment of collagen-induced arthritis 

(murine models), the vaccinia virus complement control protein (VCP) to improve sensory-

motor deficits related to brain tumor (murine models) and to improve cardiac graft rejection 

in guinea pig to rat and the MCV protein MC148 (Section 1.4) to prolong cardiac 

transplants and inhibit donor-lymphocyte immunity (murine models) (524-527). 

 

Developing MC089 as a potential therapeutic for the treatment of IRF3-associated 

autoimmune and autoinflammatory disorders, such as type-I interferonopathies, cancer and 

metabolic diseases (Section 1.1.5.5), could be promising as MC089 associates with 

selective IRF3 regulatory proteins. For example, MC089 could be used to target MAVS-

dependent IFN production in SLE and diabetic kidney patients (362, 364, 365, 377-379) or 

to inhibit IKKε-based IFN secretion in patients with cancer, obesity or TI-diabetes (331, 

369, 370, 372). Moreover, MC089 could be used as a tool to inhibit donor-TI-IFN 

immunity and improve post-transplant outcomes, especially since IRF3 and TI-IFNs have 

been linked to acute rejection in human transplantation (528). Since MC089 has a low 

molecular weight of around 13 kDa, it could act as a small-peptide drug that can easily 

penetrate cells and selectively associate with the target protein. MC089 drug delivery can 

be enhanced to improve drug uptake and overcome immunogenicity by different strategies 

that could include cell-penetrating peptides (CPPs), which are composed of 5-30 amino 

acid residues and can safely and efficiently deliver drugs based on endocytosis, lentiviral 

or plasmid-mediated gene transfer, polymer-based microencapsulation, such as 



 
 
 

 
 

134 

conjugation of poly(ethylene glycol) (PEG) and nanoencapsulation, for example, liposome-

based drug delivery (524, 525, 529-531). 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 6.1 Model of MC089-mediated inhibition of IRF3 activation. Upon sensing viral nucleic 

acids, multiple signaling pathways drive the activation of IRF3 via phosphorylation and 

ubiquitination of a series of adaptor proteins and kinases. MC089 interacts with the kinase 

IKKε and its scaffold proteins TBKBP1 and NAP1 at the level of the IRF3-activation 

complex. It also impedes the RIG-I sensing pathway by localizing to the mitochondria and 

associating with MAVS. Consequently, MC089 blocks IRF3 activation by inhibiting 

phosphorylation at serine 396, thus, it prevents the subsequent induction of TI-
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IFNs. Servier Medical Art (https://smart.servier.com/) was used in the construction of the 

illustration. 
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