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Abstract 

Molluscum contagiosum virus (MCV) is a human-adapted poxvirus that causes mild, 

raised skin lesions which are highly contagious. The lesions are notable for exerting 

minimal to no inflammation but can persist for long durations of time without an effective 

anti-viral response from the host. Human innate signalling pathways are targeted by MCV 

encoded immunomodulators, such as MC005 and MC132. These cascades regulate two 

major transcription factor families responsible for driving an anti-viral immune response, 

the nuclear factor kappa B (NF-κB) and the interferon regulatory factor (IRF) members. 

These transcription factors require an importin/karyopherin shuttle to translocate into the 

nucleus in order to upregulate inflammatory and gene expression in response to infection. 

To date, less than 15 MCV proteins have been thoroughly researched and their 

immunomodulatory function understood. Furthermore, the role of karyopherin proteins 

is not well described during MCV pathogenesis and immune evasion. 

 

MC009 was previously identified as a Molluscipoxvirus specific protein by the lab, 

however its mechanism of action had not been defined. Pathway mapping conducted 

using gene reporter assays determined MC009 to be an inhibitor of pattern recognition 

receptor (PRR)- and cytokine-induced κB- and IRF-luciferase activity. MC009-driven 

inhibition resulted in reduced IL-8, IP-10 and IFN-β production and IFN-β-luciferase 

activity. Following this discovery, the mechanism of function was investigated. Three 

hypotheses were studied to understand the diminished pro-inflammatory cytokine and 

type I IFN production. Firstly, an MC009-p65 interaction was investigated, however, 

there was no indication of the two proteins directly interacting with each other. The 

phosphorylation of IκB was examined next which was not altered in cells expressing 

MC009. Lastly, transcription factor nuclear translocation was studied. MC009 detained 
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p65 within the cytoplasm after TNFα induction, preventing p65 from translocating into 

the nucleus.  

 

NF-κB members depend on karyopherin proteins to transport across the nuclear 

membrane. Using confocal microscopy and co-immunoprecipitation (Co-IP) techniques, 

MC009 was observed to interact with overexpressed and endogenous karyopherin 

subunit α 6 (KPNA6). A strong interaction between MC009 and KPNA5 and a weaker 

interaction with KPNA1 were also observed. MC009 disrupts p65-mediated immune 

responses through KPNA function interference. Furthermore, the interaction between 

MC009 and KPNA6 did not inhibit KPNA6-p65 binding, but rather formed a p65-

KPNA6-MC009 complex. The protein complex likely sequesters within the cytoplasm 

as MC009 was not observed translocating into the cell nucleus with endogenous KPNA6. 

 

In this thesis, I present MC009 as a potent inhibitor of both NF-κB and IRF3/7 signalling, 

a mechanism through which MCV inhibits the activation of pro-inflammatory and anti-

viral immune responses. The inhibitor causes major disturbances to human immune gene 

regulation by p65 cytoplasmic sequestration. I report MC009 as the first MCV-derived 

immunosuppressor and only second known poxviral protein capable of signal inhibition 

by directly targeting karyopherin proteins. MC009 offers novel insights into human 

innate signalling whilst broadening our understanding of MCV immune evasion 

strategies. 
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Lay Abstract 

Molluscum contagiosum virus (MCV) is a human-specific poxvirus that causes mild, 

raised skin lesions which are highly contagious. The lesions are notable for not causing 

redness or swelling which are key signs of inflammation. The infection can last for long 

durations of time without being detected by the host. The human innate immune system 

is composed of complex signalling pathways activated in response to the virus. MCV 

uses special proteins (called immunomodulators) to dampen or completely block the 

signal, similarly to a dam blocking a river, interfering with virus clearance. The pathways 

regulate two major protein families found at the end of each pathway: the nuclear factor 

kappa B (NF-κB) and the interferon regulatory factor (IRF) members. NF-κB and IRF 

proteins require a shuttle (called karyopherin proteins) to move from the cytoplasm of the 

cell into the nucleus. NF-κB and IRF members need to access the nucleus for the virus to 

be detected and fought. To date, less than 15 MCV proteins have been thoroughly 

researched and their function understood. Furthermore, the role of karyopherin proteins 

is not well described during not only MCV infections. This thesis focuses on the MCV 

protein, called MC009.  

 

MC009 was previously identified as an MCV immunomodulator by the lab, however, it 

was not understood where and how it stopped the immune signal. Key proteins involved 

in innate pathways were tested which determined MC009 to be an inhibitor of NF-κB 

and IRF activity. Diminished NF-κB and IRF activity resulted in reduced IL-8, IP-10 and 

IFN-β production all necessary to fight the viral infection. Following this discovery, the 

mechanism of function was investigated. Three ideas were studied to understand the 

diminished pro-inflammatory cytokine and type I IFN production. Firstly, I investigated 

if MC009 interacts with p65 (an NF-κB family member), however, there was no 
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indication of the two proteins directly interacting with each other. Changes to the IκB 

proteins were examined next but were not altered in cells with MC009. Lastly, the 

movement of p65 from the cytoplasm into the nucleus was studied. MC009 forced p65 

to remain within the cytoplasm after stimulation with the pro-inflammatory protein 

TNFα, preventing p65 from moving into the nucleus.  

 

NF-κB and IRF members depend on karyopherin proteins to transport across the wall of 

the nucleus. Using confocal microscopy and co-immunoprecipitation (Co-IP) 

experiments, MC009 was seen to interact with karyopherin subunit α 6 (KPNA6). A 

strong interaction between MC009 and KPNA5 and a weaker interaction with KPNA1 

were also observed. MC009 disrupts p65-dependent immune responses through KPNA 

function interference. Furthermore, the interaction between MC009 and KPNA6 did not 

stop KPNA6-p65 binding. Instead, MC009, KPNA6 and p65 formed a protein complex. 

The protein complex likely remains within the cytoplasm as MC009 was not observed 

moving into the nucleus with KPNA6 produced by the cells. 

 

In this thesis, I present MC009 as a strong inhibitor of both NF-κB and IRF3 signalling, 

a mechanism through which MCV inhibits the activation of inflammatory and anti-viral 

immune responses. The inhibitor causes major disturbances to human immune gene 

regulation by stopping p65 from entering the nucleus. I report MC009 as the first MCV 

protein and second poxviral protein capable of signal inhibition by directly targeting 

karyopherin proteins. Thus, MC009 offers novel insights into human innate signalling 

whilst broadening our understanding of MCV immune evasion strategies. 
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Chapter 1: Introduction 
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This chapter contains extracts originally published in Biochemical Pharmacology. Kusiak, A. 

and Brady, G. Bifurcation of signalling in human innate immune pathways to NF-κB and IRF 

family activation. doi: 10.1016/j.bcp.2022.115246 

 

1.1 Molluscum contagiosum virus 

1.1.1 Poxviruses 

Poxviruses are 200-450 nm long, brick-shaped viruses with a linear, double-stranded 

DNA (dsDNA) genome ranging from 130,000 to 300,000 base pairs (bp) (1–3). The 

Poxviridae family is divided into two subfamilies, Chordopoxvirinae and 

Entomopoxvirinae, which infect vertebrates and insects respectively. The 

Chordopoxvirinae subfamily is further subdivides into multiple genera: Avipoxvirus, 

Capripoxvirus, Centapoxvirus, Cervidpoxvirus, Crocodylipoxvirus, Leporipoxvirus, 

Macropopoxvirus, Molluscipoxvirus, Mustlepoxvirus, Orthopoxvirus, Oryzopoxvirus, 

Parapoxvirus, Pteropopoxvirus, Salmonpoxvirus, Sciuripoxvirus, Suipoxvirus, 

Vespertilionpoxvirus and Yatapoxvirus (3,4). The species found in the Chordopoxvirinae 

genus affect a wide range of animals such as monkeys, swine, and humans (4). 

 

Variola virus (VAR), a member of the Orthopoxvirus genus, is one of the most commonly 

well-known viruses. VAR infections were responsible for smallpox epidemics with a 

30% fatality rate causing millions of deaths worldwide (5). The virus was highly 

contagious with 85% infectivity rate in non-vaccinated individuals with humans being 

the only documented host (6–9). The infection manifested in a rash found on the tongue 

in the early stage of disease eventually spreading to the rest of the body as firm raised 

pustules (10). Immunisation against VAR was first described by Edward Jenner in 1796 

using the cowpox virus (11). The disease was officially declared eradicated by the World 

Health Organisation (WHO) in 1980 due to a strict global immunisation campaign (12). 

https://www.sciencedirect.com/topics/immunology-and-microbiology/entomopoxvirinae
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The vaccination against VAR used globally no longer uses cowpox but rather vaccinia 

virus (VACV) (13). VACV has been since used as a tool for research to further 

understand poxviral infections (14). Other poxvirus-induced human disease include 

monkeypox, sore mouth infection (orf virus) and molluscum contagiosum (3). 

 

1.1.2 Molluscum contagiosum 

Molluscum contagiosum (MC) is a dermatological infection caused by Molluscum 

contagiosum virus (MCV). MC is characterised by waxy, raised, often flesh-coloured 

skin lesions with a dimple or depression in the centre of the papule (15,16). The lesions, 

referred to as Mollusca, are filled with live MCV particles and as such make MC easily 

contagious. The infection can be passed on from person-to-person through physical touch 

as well as through contact with contaminated surfaces. A contained infection can also be 

spread to other body parts through self- or auto-inoculation. Self-inoculation occurs when 

Mollusca are scratched or irritated by friction caused by clothes, towels, or bedsheets. 

Release of live viral particles allows for their transfer to other body parts. The papules 

can be found all over the body however, they are most often found on the lower abdomen 

and genital regions in immunocompetent adults in contrast to immunocompromised 

patients with more lesions observed on the face and upper body (17–22). As MCV is 

enclosed in Henderson-Peterson bodies within the epidermis the viral particles do not 

circulate within the host therefore airborne or droplet transmission cannot occur (16). 

Additionally, it is unclear if contaminated water sources can lead to the spread of the 

virus.           
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Figure 1.1. Molluscum contagiosum lesions in hosts. A-B. Images presenting active MCV 

infections on face (A) and body (B). C. Histopathology of a Mollusca lesion section with a central 

depression. The image shows Henderson-Patterson bodies characteristic to MCV infections. 

Images obtained from Centres for Disease Control and Prevention (15) (A), MedBullets (23) (B), 

WebPathology (24) (C). 
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Molluscum contagiosum can affect children and adults with immunocompromised 

individuals being more susceptible (25–27). The majority of infection cases are noted in 

pre-pubescent children, young immunocompetent adults and immunocompromised 

patients of any age (22,26). The incidence rate of infection rises from 1.5-11% in healthy 

hosts to 18% in immunodeficient individuals, with 10-20% of human immunodeficiency 

virus (HIV) patients contracting the infection (22,27,28). Mollusca tend to remain small, 

2-5 millimetres in width, in individuals without any co-morbidities or co-infections. 

However, lesion size, intensity and morphology has been shown to vary in 

immunocompromised hosts where the lesions can reach up to multiple centimetres in size 

(19,29,30). Changes in lesion morphology and quantity are not the only observed 

difference in MCV infection between immunocompetent and immunocompromised 

patients. In hosts with no other co-morbidities the infection is generally self-limiting and 

resolves within a few months past initial exposure (16,29). The period over which the 

infection is resolved in immunocompromised patients is prolonged from a few months to 

several years (16).  

 

Although the infection can be self-limiting, various molluscum contagiosum treatment 

options are available including oral, topical, and mechanistic methods. The type of 

treatment used highly depends on infection severity, host type and area affected (31). 

Cimetidine is the main oral treatment favoured in MCV infections for children as the 

treatment option has no long-term side effects and is considered more child-friendly 

(32,33). The treatment has not been shown to be effective in cases where Mollusca are 

located on the facial region. Topical options include, but are not limited to, cantharidin, 

tretinoin, potassium hydroxide, podophyllotoxin or salicylic acid (34–37). Lastly, 

mechanical methods of extraction of the viral particles include cryotherapy, curettage and 
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laser therapy such as pulsed-dye laser or carbon dioxide (33,38–40). These methods have 

been improved since the first MCV treatments were available however, many still can be 

painful and can lead to long-term side effects such as scarring (33,41).  Unfortunately, 

many treatment options on the market are not viable for immunosuppressed individuals 

as the patients tend to be less responsive with more favourable results observed with 

antiretroviral therapies (19,42). 

 

1.1.3 Molluscum contagiosum virus 

Molluscum contagiosum virus (MCV) is a double-stranded DNA (dsDNA) brick-shaped 

poxvirus (15,16,43). MCV shares the genus Molluscipoxvirus with a recently described 

equine molluscum contagiosum-like virus (EMCLV) (44). There are four subtypes of 

MCV with varying infection rates and target demographics. MCV-1 causes 75-96% of 

the recorded infections particularly targeting immunocompetent hosts (43,45,46). This 

subtype has also been shown to more frequently affect children (46). MCV-2 is more 

commonly found in immunocompromised patients, specifically targeting those with HIV 

and acquired immunodeficiency syndrome (AIDS) (19,29,33,42). Subtypes 3 and 4 are 

rare and mostly observed in Asia and Australia (45,47). All four MCV members have 

similar clinical characteristics, as a result the subtypes cannot be identified purely on the 

physical manifestation of the infection. The full genome has only been identified for 

subtypes 1 and 2, 190 kilo-bp, therefore, genotyping studies for subtypes 3 and 4 are not 

yet possible (48–50).  

 

The replication cycle of MCV is not well described as viral propagation in tissue culture 

or animal models have not been possible. MCV shares 105 homologs with species found 

in the Orthopoxvirus genus, like VACV and VAR, including genes shown to be involved 
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in the viral replication cycle of other better described poxviruses (51). Thus, it is assumed 

that MCV follows a similar replication cycle. Poxviruses completely reproduce within 

the cytoplasm (52). The key events after cell attachment and entry include early gene 

transcription and translation, DNA replication, intermediate and late transcription and 

translation, virion assembly and release. A favourable replication environment is 

established during the early mRNA synthesis stage. Immunomodulatory proteins are 

produced in the early stage of replication interfering with the host immune system (53). 

The immature virion performs the late and intermediate synthesis stages in intracellular 

compartments known as virus factories (54,55). DNA factories contain elements such as 

a viral replication organelle or host mitochondria necessary where the complete viral 

genome is safely reproduced (55). Poxviruses, including MCV, can adopt one of two 

mature forms: enveloped extracellular virion or mature intracellular virion. Mature 

poxviral particles can be distinguished from the immature virions by their dumb-bell 

shape (Figure 1.2C) (56).  

 

MCV cannot be grown in tissue culture limiting experimental studies of the virus. 

Although some studies have shown MCV to have cytopathic effects on human primary 

cells, the infection was not extended to untreated cells and most infected cells 

experienced cell death (57–59). Animal models used for studying host–pathogen 

interactions or disease progression are not available as humans are the only recorded host 

of MCV. Attenuated VACV has been shown to work effectively as a host for MCV-

encoded genes in vivo (60). The model presented with little inflammation but did not 

produce the characteristic MCV lesions.   
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Figure 1.2. Electron microscope imaging of MCV viral particles. A-B.  Electron microscope 

ammonium-molybdate negative staining of MCV, scale bars represent 200 nm, core 

protein pattern (330×260 nm; A) and with viral envelope (340×265 nm; B). C. Image taken as 

part of an electron microscope study of MCV showing section of MCV infected skin. Crossed-

arrows point to lenticular-shaped lateral bodies. Rectangular mature viral particles are marked 

with X with electron-dense fibrillar nucleoids surrounded by a less dense capsule; x 42,000. 

Images obtained from The Lancet Infectious Diseases (45) (A-B) and The American Journal of 

Pathology (61) (C). 

https://www.sciencedirect.com/topics/medicine-and-dentistry/core-protein
https://www.sciencedirect.com/topics/medicine-and-dentistry/core-protein
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1.2 Innate immune signalling 

1.2.1 The innate immune response 

The human immune system can be broadly divided into two arms. The rapidly activated, 

but relatively non-specific system known as the innate immune response and the slower 

but highly specific adaptive immune response. Both are essential components of an 

effective immune response; however, their pathways and effector mechanisms are highly 

distinct. The innate immune system is composed of a wide range of cells from antigen-

presenting cells (APCs), such as dendritic cells (DCs) and macrophages, to myeloblast-

derived cells like neutrophils and eosinophils (62). These cells mediate a rapid response 

to immunostimulants which have entered the body with infectious agents or are derived 

from sterile endogenous material. Innate cells are equipped with specialised sensing 

mechanisms to detect these changes and activate a somewhat generic response (63,64). 

However, many other cell types are equipped to respond to these changes in the body. 

Non-immune cells, such as fibroblasts and epithelial cells also play key roles in innate 

immunity (65,66). 

 

Most cells have some capacity to recognise and distinguish between pathogen-associated 

molecular patterns (PAMPs) derived from infectious agents, and damage-associated 

molecular patterns (DAMPs) derived from damaged cells and tissues (67–69). PAMPs is 

a broad term for exogenous, pathogen-associated molecules which can be easily 

identified by germline-encoded receptors (70–72). Some common PAMPs which can 

stimulate the release of cytokines are viral nucleic acids, lipopolysaccharides (LPS) and 

other structures found on or within the pathogen. Similarly, DAMPs can take various 

forms, yet these molecules are all derived from the host as a result of damage or other 

aberrant alterations to tissue like tumorigenesis (73–75). Infections and other diseases 
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may occur or become prolonged if the response is not adequate to the threat indicated by 

the two categories of signal stimulants. Additionally, autoimmune diseases can arise from 

excessive innate responses or aberrant recognition of self-molecules as DAMPs (74). 

 

Innate immune cells have evolved complex and tightly regulated signal transduction 

pathways which help minimise excessive or dysregulated activation leading to disease. 

These cascades are composed of interactions between a variety of receptors, adaptor 

proteins, kinases, and protein complexes (76). They are dependent on distinctive post-

translational modification (PTM) events without which the formation of complexes or 

activation of adjacent or downstream pathway components would not occur (77–79). A 

major outcome of innate signalling pathway activation is the transcription of target genes 

ultimately resulting in the release of characteristic cytokines and chemokines from the 

cell which orchestrate the innate response. Thus, it is crucial that the transduction of 

information is well calibrated and tightly controlled, yet rapid. 

 

The transcription of innate immune response genes, in most cases, requires the 

translocation of activated transcription factors from the cytoplasm into the nucleus. The 

two major families involved in inflammation and the anti-viral immune response are NF-

B and the IRF family members (80). The NF-B and IRF family pathways utilise similar 

signalling regulators at the early stages of activation. Nevertheless, the nature and degree 

of bifurcation in innate signalling pathways to activation of NF-B and IRF members 

delivers distinct downstream immune responses. 

 



11 
 

1.2.2 The NF-κB family 

The NF-B transcription factor family is composed of five members and divided into two 

subgroups (81). RelA (p65), RelB and c-Rel make up group one. The second group 

consists of NF-B1 (p50) and NF-B2 (p52). p105 and p100 undergo proteolytic changes 

before they reach a mature state as p50 and p52, respectively. NF-B subunits form 

homodimers or heterodimers, for example p65-p50 or p50-p50, each dimeric association 

possessing unique functionality. The activated dimers typically translocate from the 

cytoplasm to the nucleus and bind to accessible promoter regions of target genes 

containing cognate consensus sequences (82,83). NF-B is typically cytosolic as the 

dimers are sequestered in the cytoplasm when in an inactive state. However, in some 

instances NF-B subunits can be found in mitochondrial subcellular fractionations or pre-

existing in the nucleus (84,85). 

 

NF-B dimers are broadly considered pro-inflammatory transcription factors as they are 

most commonly associated with pro-inflammatory cytokine, chemokine and adhesion 

molecule gene expression (86). In PRR signalling, these transcription factors can be 

activated via different routes and by multiple PAMPs and DAMPs. Some examples of 

extracellular NF-B pathway stimulants include bacterial pathogens (Mycobacterium 

tuberculosis, Neisseria gonorrhoea), virus particle components (HIV), multicellular 

parasites (Trypanosoma cruzi) as well as interleukin 1 (IL-1), IL-18 and tumour necrosis 

factor  (TNF) (87–92). NF-B activation occurs through one of two distinct pathways, 

canonical or noncanonical/alternative.  
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Figure 1.3. Simplified comparison of the canonical and noncanonical NF-B pathways. The 

canonical pathway is activated by ligands such as TNF, IL-1b and lipopolysaccharide (LPS). 

The signal is conveyed through TAK1 which feeds the information to the IKK complex: IKK, 

IKKβ and IKK (NEMO). After the activation of the IKK complex, IKKβ phosphorylates IB 

causing it to undergo proteasomal degradation and allowing NF-B members, for example p65-

p50 dimer, to translocate into the nucleus. The noncanonical pathway is activated through the 

TNFR family. The signal is carried through NIK to IKK which causes p100 to undergo 

proteolytic changes eventually leading to NF-B, p52-RelB, nuclear translocation. The image 

was created using BioRender (biorender.com). 

 

The canonical pathway is linked to pro-inflammatory cytokines, such as IL-1β or TNF, 

and PRR-signalling (93). The route primarily focuses on RelA or c-Rel-linked gene 

induction (94,95). The noncanonical pathway cannot be activated through TNF, 

however it  is regulated by specific members of the tumour necrosis factor receptor 
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(TNFR) family (96). The alternative pathway is closely related to adaptive immunity 

unlike the canonical pathway which is rooted in innate signalling and typically utilizes 

RelB/p52. The pathways also differentiate in their utilisation of inhibitory B kinases 

(IKKs). Zandi et al. have shown that IKK and IKK (also known as NF-B essential 

modulator or NEMO) are necessary for NF-B canonical pathway regulation (97). IB 

which restrains NF-B dimers in the cytoplasm is phosphorylated by activated IKK 

(98–101). This phosphorylation results in IB degradation leading to transcription factor 

release and nuclear translocation. Conversely, IKK plays a more important role in 

noncanonical NF-B activation (102). It is evident that the appropriate activation of the 

NF-B pathway is important as it is tightly regulated by processes such as auto- and trans-

phosphorylation, dimerization, and protein complex formation. The mechanism of the 

canonical pathway activation will be discussed in more detail throughout this section. 

The canonical pathway is heavily used in innate immune signalling, particularly the pro-

inflammatory response. However, it also plays important roles distinct from the induction 

of pro-inflammatory cytokines and chemokines, including IL-8, IL-6, IP-10 and TNFα 

(93,103–107). Lawrence et al. observed that lack of NF-B activity during an 

inflammatory response led to a longer resolution of inflammation time (108).  

 

1.2.3 The IRF family 

The IRF family consists of nine members in humans, IRF1-9, which play central roles in 

driving production of IFNs (109). A homologous DNA binding motif and five tryptophan 

repeats are found in all of the family members (110). Whilst in the nucleus, the IRFs bind 

to the interferon-stimulated response element (ISRE). The presence of IFNs, with IFN 

or IFNβ being the best studied subtypes, drive IFN-stimulated gene (ISG) transcription 

through type I IFN receptor (IFNAR) signalling (111–113). Apart from IFNA and IFNB 
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genes, the type I IFN family also includes IFN and IFNε (113,114). ISGs code for a vast 

array of proteins which condition cells for incoming virus infection by inhibiting the viral 

life cycle at a variety of levels and enhancing virus sensing-based responses (115,116). 

 

This project will focus on the two most prominent IRF members, IRF3 and IRF7, in 

sensing-driven immune signalling to highlight the differences in their activation in 

contrast to NF-B members. Generation of IFNs during innate signalling requires IRF3 

and/or IRF7 which are located in the cytoplasm in their inactive state (117–119). These 

two IRF family members regulate IFN and IFN transcription in various cells (120–

126). IRF7 can function in a dependant and independent manner with IRF3 depending on 

cell type (127–129). IRF3 drives transactivation of IFNA and IFNB recruiting IRF7 to 

form a positive feedback loop leading to a stronger IFN response. The transcription 

factors are activated through phosphorylation of serine residues found in the C-terminal 

region (128,130,131). 

 

It is also important to note that NF-B can act as a co-regulator for type I IFN production 

(132,133). Indeed, the combined activity of both IRFs and NF-B are needed for robust 

IFN production (133). The IFNB gene contains four positive regulatory domains 

(PRDs), whereas IFNA has two PRD I- and PRD III-like elements (134,135). IRFs use 

different PRD sites to NF-B members, for example PRD I is linked to IRF family 

members versus PRD II which is NF-B related. Studies have shown that NF-B 

activation is also required for early IFN expression as the rapid induction of IFN and 

initiation of the anti-viral state is reduced in the absence of NF-B (136,137). 

Furthermore, Iwanaszko et al. observed the potential role of IRF3 as a negative regulator 

of NF-B members (80).  
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IRF Function 

IRF1 NF-B inhibition  

Anti-viral ISG regulation (e.g. BST2) 

Oncogenesis regulation 

IRF2 IL-7 

Cell cycle regulation 

Oncogenesis regulation 

IRF3 IP-10 

Type I IFN production 

IRF4 Lymphoid, myeloid and DC cell differentiation 

IRF5 IL-6, IL-12, TNF release 

Type I IFN production 

IRF6 Protective role in LPS-induced endotoxic shock 

Macrophage activation through suppressing PPAR 

Embryonic development 

IRF7 Type I IFN production 

Secondary role in positive feedback loop after IRF3 activation 

IRF8 Myeloid cell differentiation 

IRF9 Type I IFN response through ISGF3, STAT1 and STAT2 

 

Table 1.1. Roles of IRF family members (138,139,148–150,140–147). 

 

As noted previously, pathways leading to activation of the NF-B and IRF families often 

share the same components at the early stages of signal transduction. These systems 

include receptors like toll-like receptors (TLRs) which are involved in both pro-

inflammatory signalling as well as interferon induction subject to the stimulated TLR 
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(151–153). Cytosolic nucleic acid sensor pathways also activate both NF-B and IRF 

signalling. These include retinoic acid-inducible gene 1 (RIG)-I-like receptors (RLRs) or 

the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) axis 

(154–157).  

 

1.2.4 Toll-like receptor signalling 

One of the best studied innate immune receptor families is the TLR family. In humans, 

this group is composed of 10 germline-encoded pattern recognition receptors (PRRs) 

some of which are plasma membrane-bound while others are located intracellularly. 

TLRs which are located on the plasma membrane and within the cell on endosomes, the 

endoplasmic reticulum (ER) and lysosomes. The core structure of these PRRs is highly 

conserved. They can be identified by the presence of a horseshoe-like ectodomain (158). 

The leucine-rich repeat (LRR) motif-containing N-terminal, 22-29 amino acids, allows 

for PAMP and DAMP detection (158,159). Homo and hetero-dimerization is induced by 

ligand binding and occurs via the LRR motifs causing the other domains to neighbour 

each other (160). The TLRs also share a transmembrane region composed of a short chain 

of hydrophobic amino acid residues. This helical structure is responsible for inter-

receptor interactions through the use of UNC93B in nucleic acid responsive TLRs (161). 

Lastly, these type I integral membrane proteins share a common cytoplasmic Toll/IL-1 

receptor (TIR) domain within their C-terminal. This domain is used by the receptor dimer 

to recruit TIR domain-containing adaptor and bridging proteins (162). Therefore, the 

domain is vital for functionality as it enables the initiation of signal transduction 

intracellularly. The TIR domain is closely related to the signalling regions in interleukin-

1 receptor (IL-1R) members. The conservation of the TIR domain throughout evolution 
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as well as its presence in several TLR-proximal signalling proteins further highlights its 

importance in innate signalling (163).  

 

TLRs can be broadly categorised into two subfamilies: cell surface TLRs and intracellular 

TLRs.  TLRs 1, 2, 6 and 10 target the same or similar ligands to each other. The same 

can be observed with TLRs 7, 8 and 9. Due to the similar homology of the TLR1/2/6/10 

receptors, they are also capable of heterodimerising with each other. Heterodimerization 

of TLRs, outside of this subgroup, is uncommon and has been shown to have a more 

harmful rather than helpful effect. One exception to this rule is the heterodimerisation of  

TLR2 and TLR4, this rare event allows recognition of a broader range of potential 

PAMPs (164). An example of injury inducing heterodimerisation is the dimerization of 

TLR4 and TLR6 which mediates sterile inflammation in response to DAMPs (165). 

 

TLR1/2/6 are mostly found on the cell surface and recognise lipopeptides, like 

lipoteichoic acid. Furthermore, TLR2 is only able to work in association with 

nonhomogeneous receptors meaning that TLR2 does not signal as a product of 

homodimerization (160). TLR4 is widely known for its association with LPS. TLR4 is 

unique due to its use of a co-receptor. Myeloid differentiation protein 2 (MD-2, also 

called LY96) is necessary for LPS signal mediation through TLR4 (166). TLR5 binds to 

bacterial flagellin, stimulating innate signalling during bacterial infections. The last 

plasma membrane-located receptor in this subgroup is TLR10. This receptor is relatively 

less well characterised as it was the last human-associated TLR to be discovered 

(167,168). TLR10 has been shown to function with TLR2, however, unlike TLR1 and 

TLR6, this drives anti-inflammatory responses rather than the release of pro-

inflammatory cytokines (169). 
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Figure 1.4. TLR signalling to NF-B and IRF family members. TLRs found on the plasma 

membrane often signal through the MyD88 pathway. TLR2 heterodimers and TLR4 require 

MAL/TIRAP to allow for MyD88 binding to the receptors. MyD88-driven signalling induces the 

Myddosome which includes IRAK4, IRAK1/2 and TRAF6. The activation of the Myddosome 

releases TRAF6 from the complex subsequently recruiting TAK1, TAB2/3 and TAB1 to TRAF6. 

This allows the IKK complex to drive NF-B translocation into the nucleus by freeing it from its 

IB inhibitor. TLR2 heterodimers can also bind TRAM. This association leads to endocytosis of 

the receptor. Interestingly, MyD88 binds to TRAM eventually causing IRF7 dimerization and 

nuclear translocation. TLR7/8/9 are also able of signalling through the Myddosome similarly to 

the cell surface TLRs. Additionally, TLR7/8/9 can also activate IRF5 through MyD88, IRAK4 

and TRAF6 binding. This subgroup of TLR receptors also regulates IRF3 and IRF7 (not depicted 

on the figure). Similarly to TLR2, TLR4 becomes endocytosed after activation on the cell surface. 

Once it is enclosed in the endosome, TLR4 signals through TRAM-TRIF to activate IRF3 and 

IRF7. The same pathway is used by TLR3 with the exception of TRAM, as TLR3 does not require 

a bridging protein to allow for TRIF binding. TRAF3 in combination with 
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NAP1/TBKBP1/TANK regulates TBK1 (also known as NF-B activating kinase or NAK) and 

IKKε (also called IKKi) kinases which directly activate IRF transcription factors. The image was 

created using BioRender (biorender.com).  

 

As mentioned previously, some TLRs have an intracellular localisation. The receptors 

located on the endosomal membrane are TLR3 and TLR7/8/9, although TLR3 can also 

be found on the cell surface (170–173). TLRs 7, 8 and 9  exist as stable dimers (174,175). 

TLR3 initiates inflammatory responses in the presence of double-stranded ribonucleic 

acid (dsRNA) produced during infection. It is important to note that TLR3 cannot be 

activated by ligands <40 bp providing protection against an inflammatory response to 

endogenous nucleic acids (176). Like TLR3, TLR7/8/9 also recognise nucleic acids. The 

innate immune response to viral or bacterial single-stranded RNA (ssRNA) is triggered 

via TLR7 and TLR8. Immune cell TLR7/8 response can also be driven through the use 

of synthetic immunomodulatory compounds such as imidazoquinolinone (177). Lastly, 

unmethylated CpG-rich DNA is the only known natural agonist of TLR9. The ligand-

TLR7/8/9 complex requires an acidic environment for signalling to occur, which is 

provided by the endosomal compartments (178,179).  

 

Doyle et al., observed a difference in NF-B and IRF3 roles in TLR3 and TLR4 (152). 

They concluded that both TLR3 and TLR4 lead to ISRE promoter binding of IRF3, 

however, TLR3 stimulation led to a faster and more potent IRF3 activation (152). This 

suggests that TLR3 and TLR4 play different roles in IRF signalling. Based on our current 

knowledge, it appears that the TLRs found on the cell surface focus more on NF-B 

signalling and therefore are more involved in pro-inflammatory gene regulation, whereas 

endosomal TLRs are more prone to induce IRF activation (180–183). Although 
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TLR3/7/8/9 can drive inflammatory responses, they are more commonly associated with 

driving interferon responses. Similarly, the signalling outcome for TLR4 changes 

depending on its localisation. It was previously believed that TLR4 fulfilled its function 

from the cell surface from where it preferentially drives NF-B activation over IRF 

signalling. Conversely, when endocytosed, TLR4 alters its signalling pathway leading to 

a more IRF-activating response (184,185).  

 

The TIR domain, responsible for downstream signalling, also features in TLR adaptor 

proteins. The five accessory proteins (MyD88, MAL, TRIF, TRAM, SARM) involved in 

innate signalling directly downstream of the receptors all contain TIR domains. Almost 

all TLRs are dependent on myeloid differentiation factor 88 (MyD88) to culminate an 

inflammatory response (186). The only exception is TLR3 which will be discussed 

further later. MyD88 has a central role in downstream cascade activation culminating in 

NF-B and IRF translocation into the nucleus. It binds to the receptors through TIR-TIR 

interaction (187). However, another important binding domain in this accessory molecule 

is the death domain (DD) (188,189). This domain is essential for the formation of the 

Myddosome which is an oligomeric complex assembled in response to MyD88 TIR 

domain receptor binding (190,191). MyD88 recruits members of the interleukin-1 

receptor-associated kinase (IRAK) family after binding to the receptors.  

 

The Myddosome is composed of six MyD88, four IRAK4 and four IRAK2 DDs (190). 

Activation of these kinases occurs through the DDs in MyD88 and the IRAKs. 

Myddosome formation cannot occur in TLR4 signalling without a bridging molecule 

called MyD88 adaptor-like protein (MAL), also known as TIR-containing adaptor protein 

(TIRAP) (192–194). Like MyD88 and the TLRs, MAL contains a TIR domain in its C-
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terminus, allowing for strict signal regulation. MAL also forms TIR:TIR interactions with 

TLR2 heterodimers as well as TLR5 (193,195). IRAK1 and IRAK4 have been shown to 

be indispensable in interleukin-1 receptor (IL-1R)-mediated NF-B activation (188). 

Loiarro et al. investigated the role of different DD residues in IRAK initiation. The group 

reported that disrupting Glu52 and Tyr58 residues in the DD halted NF-B activation 

usually activated through this pathway (188). Therefore, the auto and cross 

phosphorylation of IRAK members aiding the assembly of the Myddosome regulates 

gene expression through NF-B and IRFs.  

 

Once in the Myddosome, IRAK1 or IRAK2 become phosphorylated. This induces 

conformational changes that allow for tumour necrosis factor receptor (TNFR)-

associated factor 6 (TRAF6) to bind to the complex. Consequently, this mediates a release 

of the IRAK kinases along with TRAF6 from the oligomer. Uematsu et al. investigated 

the effects of IRAK1 deficiency in TLR7 and TLR9 signalling (196). The group observed 

that IRAK1 is necessary for the activation and nuclear translocation of IRF7 as it directly 

associates with the transcription factor, IRF7 also associates with MyD88 and TRAF6 

(196,197). They also showed no effect on MyD88-dependent NF-B activity in the 

absence of IRAK1 during TLR7 and TLR9 signalling. Furthermore, IRAK2 has been 

shown to be essential for NF-B signalling as it drives TRAF6 ubiquitination (198). 

Interestingly, inhibition of the kinase proved to have no effect on IRF activation (198). 

 

TRAF6, a ubiquitin E3 ligase, polyubiquitinates lysine-63 residues (K-63) on associated 

signalling proteins in the pathways through its RING domain (199). Innate signal 

transduction downstream of TRAF6 completely separates into two distinct pathways, 

NF-B and IRF. In canonical NF-B signalling, free TRAF6 recruits the assembly of the 
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Figure 1.5. TLR signalling to NF-B and IRF family members through MyD88. TLRs 1, 2, 

4, 5, 6, 7, 8 and 9 can signal through the MyD88 adaptor protein. TLR2 heterodimers as well as 

TLR4 require a bridging protein, MAL or TRAM, before they can interact with MyD88. 

Activation of MyD88 induces the Myddosome: IRAK4, IRAK1/2 and TRAF6. This drives the 

release of TRAF6 which binds to TAK1, TAB1 and TAB2/3. The signal is then conveyed through 

the IKK complex causing IB phosphorylation and degradation. The free NF-B dimer 

translocates from the cytoplasm to the nucleus. TLR7/8/9 can also signal to the IRF family 

members through MyD88 by recruiting IRAK1/4 and TRAF6. Endocytosed TLR2 heterodimers 

drive IRF3 translocation via TRAM and MyD88. The image was created using BioRender 

(biorender.com). 

 

transforming growth factor-β (TGF-β)-activated kinase 1 (TAK1) complex. The complex 

is composed of the serine/threonine kinase TAK1 along with TAK1-binding proteins 

(TAB) 1, 2 and 3. TRAF6, an E3 ligase, drives polyubiquitination of TAB2/3 leading to 

TAK1 activation. The formation of this complex is swiftly followed by activation of the 
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IKK complex. TAK1, which is a member of the mitogen-activated protein kinase kinase 

kinase (MAP3K) family, phosphorylates IKKβ (200). The IKK complex is made up of 

two catalytic subunits, IKK and IKK, and a regulatory subunit, NEMO (97). NF-B 

dimers are sequestered in the cytoplasm as a result of inhibitory IB association (201). 

The activation of the IKK complex drives the release of NF-B members from their 

inhibitor, as the activated complex phosphorylates serine 32 and 36 on IB  leading to its 

degradation by the 26S proteasome (202). 

 

In addition to regulating NF-B, TRAF6 can also play a role in IRF7 activation (197). 

This inflammatory response appears to involve less variables in the pathway. Unlike NF-

B, IRF7 is capable of binding to a MyD88-containing complex described as cytoplasmic 

transduction-transcriptional processor (CTTP) which integrates MyD88, IRAK4, TRAF6 

and IRF5/7 (203). Furthermore, lack of TRAF6 during signalling to NF-B and IRF 

family members reduces production of pro-inflammatory cytokines and chemokines 

(203). Schoenemeyer et al. established IRF7 as an important factor in TLR7-MyD88 

signal transduction (204). IRF3-independent-IRF7 remains tightly linked to type I IFN 

production. Unsurprisingly, IRF7 expression can be predominantly seen in plasmacytoid 

DCs (pDCs), as pDCs are capable of releasing large volumes of type I IFNs in response 

to viral stimulants (205,206). 

 

A second TLR-associated adaptor protein is TIR-domain-containing adaptor-inducing 

interferon- (TRIF). This specialised accessory molecule plays a role in TLR3 and 

intracellular TLR4 signalling (184,207,208). TLR3 is the only MyD88-independent 

member of this receptor family and operates exclusively through TRIF. Conformational 

changes to the death domain in MyD88 showed no effect on TLR3-TRIF induced gene 
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expression (188). Conversely, TLR4 and TLR5 are the only known receptors able to 

induce a response through both MyD88 and TRIF (184,209). Indeed, TLR4 is the only 

known TLR receptor which utilises all five of the TIR-containing adaptor proteins. The 

receptor recruits MyD88 and MAL when associated with LPS at the plasma membrane 

but once it is imported into the cell through invagination it is then able to signal through 

TRIF and TRIF-related adaptor molecule (TRAM; or TICAM2) (210). Signalling 

mediated through TLR4 is therefore even more tightly regulated in comparison to some 

other members of this receptor family. Work by Kagan et al. provided insight into the 

importance of TRAM in prompting an IRF3-driven innate immune response (211). 

 

In addition to the C-terminal TIR domain, the 712 amino acid accessory protein is also 

equipped with an N-terminal domain and a TRAF-binding motif (212). TRAF3 is another 

member of the TRAF kinase family, predominantly involved in IRF signalling. TRAF3 

is not exclusively present in the TLR-TRIF axis (71). This E3 ligase also plays a central 

role in MyD88-dependant signalling as well as aiding non-TLR family PRRs. Recent 

studies by Fochi et al. have shown a link between TRAF3 presence and NF-B activity 

in relation to human T-cell leukaemia virus (HTLV) Tax proteins however, this ligase 

has also been shown to serve a role as a negative regulator of NF-B (213,214). 

Additionally, it has been studied in connection to the IRF family member activation, 

especially IRF3, maintaining its position as a core regulator of type I IFN production 

(214). TRAF3 is essential for IRF activation, as it regulates two key kinases within the 

IRF family pathway, IKKε and TRAF-associated NF-B activator (TANK)-binding 

kinase 1 (TBK1) (215,216). The localisation of the ligase dictates the need for 

endosomal-based TLRs. TRAF3 conducts both MyD88- and TRIF-mediated signals,  

playing a significant role in IFN production (215). As mentioned previously, TRAF6 
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plays a major role in TLR-MyD88 driven signalling, however, it appears to be more 

tightly linked to cell surface receptors. In contrast, TRAF3 has been observed to closely 

work with endosomal TLRs including the TLR3, TLR7/8/9 as well as endocytosed TLR4.  

 

 

 

Figure 1.6. TLR-TRIF signalling to IRF family members. TRIF-driven signal transduction is 

typically observed with intracellular TLRs. TLR2 heterodimers can bind to the bridging protein 

TRAM which leads to the endocytosis of the receptor. Similarly to TLR2, TLR4 becomes 

endocytosed after activation on the cell surface. Endocytosed TLR2 heterodimers and TLR4 

signal through TRAM-TRIF to activate IRF3 and IRF7. The full TLR2-TRIF signalling pathway 

is not well described. TRIF-driven TLR3 and TLR4 signalling recruits TRAF3 as well as 

NAP1/TBKBP1/TANK. This activates TBK1 and IKKε regulating IRF transcription factors. The 

image was created using BioRender (biorender.com).  

 

It is now evident that TLR2 is also capable of signalling through TRAM-TRIF after 

endocytosis to drive a type I IFN response (217,218). A study has shown that a type I 
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IFN response can be driven through TLR2-TRAF3 (211). The team investigated the role 

of TRAF3 in ISRE and NF-B activation. As expected, they recorded wild-type TRAF3 

driving ISRE activation while showing no induction of NF-B luciferase activation. 

Interestingly, using a plasma-membrane localised TRAF3 mutant, pleckstrin homology 

domain of phospholipase C-δ1(PLC- δ1) was bound to the amino terminus of the kinase, 

they not only noted stronger activation of ISRE but also saw a significant spike in NF-

B luciferase activation (211). Although it is still not clear if TRAF3 is involved in TLR2 

signalling after endocytosis, a link between the two proteins has been made during 

macrophage reprogramming (219). 

 

With regard to TLR3 signalling, the TLR3-TRIF TIR:TIR domain interaction leads to an 

arrangement of a protein complex incorporating two IB kinase homologs: IKKε and 

TBK1 (220,221). It was previously believed that both aforementioned kinases were 

primarily implicated in NF-B pathway regulation. However, it is now clear that their 

activity is vital to the phosphorylation of transcription factors IRF3 and IRF7, triggering 

an anti-microbial and anti-viral response (117,152,200,222).  Perry et al., demonstrated 

TBK1 is non-redundant for a TLR3/4-IRF3-mediated IFN response. TBK1 was initially 

believed to play a part in NF-B activation. The group looked at NF-B activity in LPS 

and poly I:C stimulated bone marrow derived macrophages and saw no difference 

between TBK1+/+ and TBK1-/- cells (223). Another research group examined the 

subcellular localisation of IRF3 and IRF7 in the presence and absence of TBK1 or IKKε. 

They saw an increase in nuclear translocation of the transcription factors in the presence 

of either of the kinases (224). Movement of IRF3 from the cytoplasm into the nucleus 

appears to be related to the phosphorylation of serine residues 386 and 396. The 
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phosphorylation leads to dimerization allowing for transcription factor translocation 

(220,224). 

 

TBK1 is associated with a number of other proteins including: TANK (I-TRAF), 

TBKBP1 (SINTBAD), NAP1 (TBKBP2; AZI2) (225–228). The PTM and binding of 

TBK1 with the various adaptors can affect its role and IFN signal response. The three 

proteins all contain a specially designed TBK1/IKKε-binding domain (TBD) leading to 

inherent competition between them to bind to the C-terminal coiled-coil 2 region of 

TBK1 (229). Mutations of the TBD region led to changes in interactions between the 

proteins and the two kinases (228). These scaffold proteins constitutively interact with 

the kinases working in a regulatory fashion, similar to the role NEMO plays in the IKK 

complex (230,231). Mouse studies have shown that TANK is used as a negative regulator 

of TLR-mediated NF-B activation. Stimulation of TLR7 (synthetic R-848) in TANK-/- 

macrophages as well as TANK overexpression in human embryonic kidney (HEK293) 

cells showed a correlation between TANK and TRAF6 ubiquitination (232). Here, 

TRAF6 ubiquitination appears to be inhibited in the presence of TANK in TLR 

signalling. 

 

TNF receptor type 1-associated death domain protein (TRADD) has also been described 

as a TRIF adaptor protein for TLR3 and TLR4 signalling (233,234). TRADD mediates 

K-63-linked polyubiquitination of receptor-interacting serine/threonine-protein kinase 1 

(RIP1), a process necessary for NFB activation (235). The use of TRADD and RIP1 by 

TLR3 and TLR4 is very intriguing as it leads to NF-B signalling but not IRF3 activation 

(236). 
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1.2.5 RIG-I receptor signalling 

Retinoic acid-inducible gene 1 (RIG-I)-like receptors (RLRs) are another class of PRRs 

that activate both NF-B and IRFs. Unlike TLRs, this group of receptors is never found 

on the cell surface but rather all RLR members are exclusively found within the cytosol. 

The most studied member of this group is the RIG-I receptor. Other members include 

melanoma differentiation-associated gene 5 (MDA5) and laboratory of genetics and 

physiology 2 (LGP2) (237). RLR signalling is not triggered by a broad range of stimuli 

like the TLRs. As nucleic acid sensors, these proteins respond to viral nucleic acids 

meaning their primary role is to generate an anti-viral response. However, an RLR-

mediated response to self-RNA has also been observed in recent studies (238–241). 

 

RIG-I is maintained in the cytoplasm in an inactive state until a stimuli is presented (156). 

In the presence of short 5’-triphosphate single-stranded RNA (ssRNA) or double-

stranded RNA (dsRNA) the receptor dimerises. Polyubiquitination of RIG-I at lysine-63 

in the N-terminal CARD-like region by tripartite motif containing 25 (TRIM25), an E3 

ubiquitin ligase, permits the receptor to bind to MAVS, a mitochondrial membrane 

protein (242). RIG-I can also induce IFN production through both NF-B and IRF3 

signalling in a TRIM25-independent manner; when the C-terminal of RIG-I undergoes 

ubiquitination by Riplet/RNF135 (243). Poly(dA:dT), dsDNA, has been shown to 

stimulate RIG-I-mediated signalling through RNA polymerase III (244). It is transcribed 

into 5’-triphosphate dsRNA capable of initiating an RLR signal. This is important to note 

as HEK293T cells are not equipped with TLR3, TLR9 or cGAS sensing machinery, 

therefore, Poly(dA:dT)-stimulated NF-κB or IRF activity likely occurs through this 

pathway. 
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Figure 1.7. RIG-I signalling to NF-B and IRF family members. The RLR receptor undergoes 

TRIM25- or Riplet/RNF135-mediated ubiquitination which activates the signalling cascade and 

drives MAVS to form hetero-tetramers with RIG-I on the mitochondrial surface. The signal 

bifurcates into NF-B and IRF members downstream of MAVS. NF-B activation requires the 

involvement of TRADD, FADD and RIPK1 in addition to TRAF6 and the IKK-complex. MAVS 

utilizes TRAF3, NAP1 and TANK to convey the signal to IRF3 and IRF7. The image was created 

using BioRender (biorender.com). 

 

Both RIG-I and MDA5 are mitochondrial anti-viral signalling protein (MAVS) 

dependent (200). MAVS, formerly known as - IFN promoter stimulator 1 (IPS-1) and 

VISA, plays a similar role in RLR signal transduction as MyD88 and TRIF do in TLR 

signalling (245–248). MAVS contains an N-terminal CARD domain, a proline-rich 

region, and a C-terminal transmembrane domain. The protein is localised to 

mitochondrial outer membranes, peroxisome membranes and mitochondrial-associated 
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membranes via the transmembrane domain (249,250). The protein is necessary for the 

production of IFN through NF-B and IRF3 in a TLR-independent manner (247). 

MAVS is essential for the production of IFN in most cell types (except pDC cells) 

during RLR anti-viral signalling (251). RLR activation triggers MAVS dimerization, 

providing a platform for subsequent adaptor proteins to bind.  

 

Different TRAF family members can be recruited downstream of MAVS: TRAF3 and 

TRAF6 (247,252). The TRAF3-MAVS axis leads to IFN induction through the binding 

of the TRAF domain on TRAF3 and the TRAF-interaction motif (TIM) domain on 

MAVS (252). Saha et al. showed that changes in the TIM domains altered IRF7 (IFNA4 

promoter luciferase) activity and NF-B luciferase activity (252). The E3 ligase activity 

of TRAF3 eventually leads to the activation of TBK1-IKKε-driven IRF3 and IRF7 

activity (220,253,254). Similarly to TLR signalling, it appears that TRAF6 is once again 

more tightly linked with NF-B activation rather than IRF signalling. A study conducted 

on mouse embryonic fibroblasts (MEFs) investigated the role of TRAF6 in viral immune 

responses (255). The group showed that TRAF6-deficient MEFs had a comparable level 

of IRF3 translocation as that of wild-type MEFs. In contrast, p65 translocation was 

greatly affected in the absence of TRAF6. The study also looked at activation of IFN 

promoter with IRF3 and NF-B in relation to TRAF6. Based on their findings, the group 

further demonstrated that both IRF3 and NF-B activation, as well as ATF-2/c-Jun, are 

needed for the correct activation of IFN promoter in response to intracellular dsRNA 

(134,255,256). 

 

MAVS acts upstream of the TBK1-IKKε as well as the IKK complex (249). Similar to 

TLR signalling, TBK1-IKKε are responsible for IRF3 activity and work with TANK and  
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NAP1 (227,229,231). In vitro experiments showed a direct association between NAP1 

and RLR proteins (226). These studies also showed signs of binding between NAP1 and 

MAVS leading to IRF3 signalling and IFN production (226). 

 

It has been recently determined that NEMO also plays a role in TBK1-IKKε signalling 

to the IRF transcription factors and is necessary for the activation of IRF3 and IRF7 (257). 

Zhao et al. showed that it was NEMO and not NF-B that was needed for the IRF activity 

(257). The group investigated the relationship between NEMO and the IKK complex-

related kinases. They observed that the signal passed on from NEMO to TBK1-IKKε is 

mediated through TANK. Furthermore, the TRAF3-TANK IRF activation in RLR 

signalling requires the recruitment of TRADD (258). Similarly, activation of NF-B 

requires TRADD recruitment to MAVS for Fas-associated death domain (FADD) and 

RIP1 to form a signalling complex with MAVS, via interaction with the C-terminal 

domain of MAVS (245,258,259). FADD deficient MEFs showed a attenuated response 

to viral infection (259,260). Additionally, knockdowns of TBK1 and MAVS did not 

affect NF-B activation after TNF, peptidoglycan or PMA stimulation (228). 

 

1.2.6 cGAS-STING signalling axis 

Another route of intracellular DNA sensing is through the cyclic GMP–AMP synthase 

(cGAS)-stimulator of interferon gene (STING) pathway. This pathway can also lead to 

NF-B and IRF activation via their corresponding kinase complexes. This is the most 

recently discovered sensor system signalling to NF-B and IRF family members. 

Although the exact mechanism is still under investigation, it is clear that the cGAS-

STING axis uses similar tools to TLR- and RLR-mediated viral responses including 

TRAFs and IKK/TBK1 kinases. 
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Figure 1.8. Bifurcation of cGAS-STING signalling into NF-B and IRF members. In the 

presence of free dsDNA, cGAS activates STING through the upregulation of a secondary 

messenger called cGAMP. IRF3 dimers are formed as a result of STING-TBK1 binding which 

occurs in the endoplasmic reticulum-Golgi intermediate compartment (ERGIC). NF-B requires 

additional aid from the IKK-complex to allow for signal transduction and eventual transcription 

factor translocation. The image was created using BioRender (biorender.com). 

 

cGAS-triggered signal activity is dependent on dsDNA length as peptides <20 bp do not 

activate signal transduction through cGAS as well (155). Binding of the PAMP induces 

structural changes in cGAS allowing for better affinity for adenosine triphosphate (ATP) 

and guanosine triphosphate (GTP) interaction (154,261). This interaction activates a 

secondary messenger known as cyclic GMP-AMP (cGAMP) (262). Ubiquitination of 

cGAS at the Lys335 residue by TRIM56 is required for IFN/ production during viral 

infections (263). 
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STING becomes activated in the presence of cGAMP and relays this signal to TBK1 once 

again leading to IRF3 oligomerisation and translocation (220,264–266). Inactive STING 

is found in the endoplasmic reticulum (ER) (267). Oligomerisation of STING recruits 

TBK1 which is used to phosphorylate STING allowing for IRF3 binding 

(265,266,268,269). STING activation can also drive NF-B release however, this process 

is less well understood (270). TRAF3 and TRAF6 have been linked to STING-induced 

p65 and IRF3 activity (264). An increased luciferase activity was observed in the 

presence of both STING and TRAF3/6.  IL-6 and IFN levels dropped in the absence of 

TRAF6, with IFN levels remaining stable in the absence of TRAF3. These researchers 

concluded that TRAF6 appears to play a greater role in dsDNA-STING-mediated NF-B 

activity than in IRF3 signalling (264). 

 

Research conducted on NF-B signalling through this axis has shown that the 

transcription factor subunit p65 could be recruiting different regulatory proteins 

depending on the stimulant (264). IKK and IKK were both involved in p65 nuclear 

translocation after stimulation with poly(I:C) and dsDNA. Furthermore, TBK1-deficient 

MEFs showed a decreased level of NF-B nuclear translocation when stimulated with 

dsDNA. Additionally, stimulation of TBK1 deficient MEFs with both stimulants showed 

to have a massive impact on IRF3 translocation (264). 

 

1.2.7 The importin family 

NF-κB and IRF transcription factors translocate from the cytoplasm into the nucleus to 

convey the signal passed through the stimulated pathways. In order for this to occur, they 

require help from the importin family. Importin proteins, also known as karyopherins, are 

subdivided into two subtypes: importin subunit α (karyopherin α [KPNA]) and importin 
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subunit β (karyopherin β [KPNB]). There are seven importin α subunits and twenty 

importin β subunits found in humans (271). KPNAs are further divided into three 

subfamilies: α1, α2 and α3. Subfamily α1 relates to KPNA2 and KPNA7 which share 

54.7% identity (272). KPNA3 and KPNA4 compose the α2 subfamily and share an 85.8% 

homology. Lastly, KPNA1, KPNA5 and KPNA6 make up the α3 subfamily with 80.7-

84.5% similar identity (Table 1.2). Gabriel et. al. showed that virus host adaptation 

changes the required KPNA isotype for virion replicate within the host (273). The group 

observed a KPNA4 specificity in avian viruses in contrast to favoured KPNA6 after 

mammalian adaptation of tested virus. 

 

 KPNA1 KPNA2 KPNA3 KPNA4 KPNA5 KPNA6 

KPNA1 100      

KPNA2 45.7 100     

KPNA3 47.9 49.5 100    

KPNA4 47.5 50.9 85.8 100   

KPNA5 80.7 48.1 48.4 48.7 100  

KPNA6 82.1 47.3 47.8 48.2 84.5 100 

KPNA7 42.6 54.7 43.7 43.7 41.4 42.5 

 

Table 1.2. KPNA isoform homology represented as percentage. Colour legend: Blue 

represents importin subfamily α1, orange represents importin subfamily α2, green represents 

importin subfamily α3. Table modelled on figure from Kelley et. al. (272). 

 

Importin α subtypes have been previously described as adaptor proteins, however, studies 

have shown that both subtypes can transport cargo independently or in collaboration with 

each other (274,275). Nevertheless, the best studied cargo transport method is nuclear 

localisation sequence (NLS)-dependent KPNA-KPNB complex nuclear transport. During 

this event, NLS-cytoplasmic cargo binds to a KPNA member. This interaction recruits a 
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KPNB isoform to join through the importin β binding (IBB) domain forming a cargo-

KPNA-KPNB complex (276). The complex migrates through the nuclear pore complex 

(NPC), a large multimeric structure, approx. 60 MDa, situated within the nuclear 

membrane (277,278). Once in the nucleus, small RanGTP regulates KPNB detachment 

from the trimeric complex leading to the disassembly of the protein complex (279). 

Released cargo, for example p65 or IRF3, can now freely regulate gene expression in 

response to the initial stimulus. Conversely, KPNA and KPNB are separately exported 

out of the nucleus by RanGTP (280). RanGTP is converted into RanGDP while escorting 

KPNAs and KPNBs back into the cytoplasm, disassociating with the importin members 

post cytoplasmic migration, independently returning to the nucleus (279). In humans, the 

canonical-NLS-dependent NF-κB translocation strongly relies on the KPNA2-KPNB1 

complex (281). 

 

Host IPO5 aids porcine circovirus type 2 in translocating into host nucleus, therefore, 

advancing viral replication (282). KPNA2 and KPNA6 have been described as the 

primary nuclear transporters of p65 (281). Knockdown of KPNA2 and KPNA6 in A549 

cells showed p65 sequestered within the cytoplasm in 81% and 74% of cells, respectively. 

To date only one poxviral protein has been identified to interact with human KPNAs. In 

2019, VACV protein A55 was shown to reduce p65-KPNA2 interaction (283). Disruption 

of p65-KPNA2 binding blocked TNFα-stimulated p65 nuclear translocation. Pallett et. 

al. presented the adverse effects on host CD8+ T cells when presented with A55. No other 

KPNA proteins were found to interact with A55 (283).  

 

Recent studies have shown viruses outside of the Poxviridae family to interact with 

KPNA proteins restricting human immune responses. African swine fever virus protein 
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MGF360-12L competitively interacts with KPNA2, KPNA3 and KPNA4 inhibiting their 

interaction with p65 consequently diminishing IFN-β production (284). HIV has been 

observed to utilise importin α (unspecified) to migrate into the nucleus gaining access to 

host DNA for viral replication (285). Membrane protein found in severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) coprecipitated with both KPNA2 and KPNA6 

(286). However, the interaction between the SARS-CoV-2 protein and the KPNAs had 

different effects on their relationship with IRF3. In the presence of membrane protein, 

KPNA6 could no longer bind to IRF3 disrupting the SeV-induced IRF3 nuclear 

translocation. This was strongly reflected in cell ability to produce IFN-β. Yu et. al. 

presented the use of host KPNA6 by influenza protein ANP32A/B to maintain efficient 

viral polymerase activity (287). Furthermore, KPNA6 CRISPR/Cas9 knockout inhibited 

viral polymerisation. The use of human KPNA and IPO proteins by pathogens is an 

effective solution to host immune system evasion.  

 

1.3 MCV immune evasion 

Unlike some other pathogens, such as Mycobacterium tuberculosis and Herpes simplex 

virus (HSV), MCV cannot remain latent or dormant in the body (15,288,289). Once the 

Mollusca have been cleared the virus is no longer present in the host. MCV is a prime 

example of a human adapted virus and a master at evading the immune system 

demonstrated by infection resolution time and low levels of inflammation. There are two 

primary ways in which MCV can do this: the infection site and the use of 

immunomodulatory proteins.  MCV affects keratinocytes in the epidermis not crossing 

into the deeper layers of skin tissue and not infecting any other cell type (2). The virus 

encodes 182 genes some of which are involved in immune evasion (2).  
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Targeting of the IKK complex is commonly observed in viral immune evasion strategies 

as it is the key regulator of NF-κB signalling. VACV protein N1L inhibits innate 

signalling through direct targeting of IKK complex ultimately blocking activation of NF-

κB (290). Homologs of this protein have also been encountered in other poxviruses (291). 

Therefore, it is not surprising that MCV would also encode open reading frames (ORFs) 

to target the IKK complex. Brady et. al. investigated the role of MC005 in human PRR- 

and pro-inflammatory cytokine signalling (292). The study showed that MC005 directly 

interacts with NEMO (292). MC005-NEMO binding inhibits a crucial conformational 

change in the IKK complex inhibiting signal transduction. Similarly, MC008 was also 

shown to target NEMO specifically inhibiting the ubiquitination of the protein (293).  

 

MCV 

Protein 
Role/Function 

Human 

Interacting 

Protein(s) 

Reference 

MC005 

Prevents IKK complex 

conformational changes.  

Inhibits NF-κB-mediated pro-

inflammatory cytokine release. 

IKKγ (NEMO) (292) 

MC007 

Induces sequestration of tumour 

suppressor protein at mitochondrial 

membrane. 

Promotes cell survival. 

Retinoblastom

a protein 
(294) 

MC008 

Disrupts ubiquitination of IKKγ. 

Inhibits NF-κB-mediated pro-

inflammatory cytokine release. 

IKKγ (NEMO) (293) 

MC053 
Inhibits IL-18-mediated IFNγ 

production. 
IL-18 (295) 

MC054 
Inhibits IL-18-mediated IFNγ 

production. 

IL-18 

Heparin 
(296) 
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Binds glycosaminoglycans on cell 

surface. 

MC080 

Prevents MHC-I antigen 

presentation. 

Downregulates HLA-I and HLA-E. 

Impacts T cell and NK cell anti-viral 

response. 

Tapasin (297,298) 

MC132 

Induces p65 degradation. 

Inhibits NF-κB-mediated pro-

inflammatory cytokine release. 

p65 (RelA) 

 
(299) 

MC148 Inhibits cellular chemotaxis. 
CXCL12α 

CCR8 
(300–302) 

MC159 

Prevents IKKγ polyubiquitination. 

Inhibits NF-κB-mediated cell 

apoptosis. 

Inhibits TBK1 phosphorylation. 

IRF3 signal inhibition. 

IKKγ (NEMO) 

TRAF2 

TBK1 

IKKε 

(2,60,303–

306) 

MC160 

Prevents IKKα-IKKβ interaction. 

Inhibits NF-κB-mediated cell 

apoptosis. 

Inhibits TBK1 phosphorylation.  

IRF3 and IRF7 signal inhibition. 

Hsp90 
(2,60,306,3

07) 

MC163 

Inhibits mitochondria-mediated cell 

apoptosis. 

Inhibits TNFα-stimulated NF-κB 

signalling. 

IKKα (308,309) 

 

Table 1.3. Comprehensive description of MCV-derived protein roles in immune system 

evasion.  

 

MC159 studied by Shisler et. al., is another MCV immunomodulator which directly 

affects NEMO (303). The protein competes with cellular inhibitor of apoptosis protein 1 
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(cIAP1), an E3-ubiquiting ligase, for NEMO binding. MC159-NEMO interaction 

prevents cell apoptosis by inhibiting polyubiquitination of the kinase (305). Another well 

characterised viral FLICE inhibitory protein (vFLIP) is MC160. This MCV-derived 

inhibitor also stops virally infected cells from undergoing apoptosis. Once again, the IKK 

complex is affected, however, MC160 has not been shown to interact with NEMO like 

the previously mentioned MCV proteins. Instead, the inhibitor prevents IKKα-IKKβ 

interactions through induction of IKKα degradation (310). Cell apoptosis is blocked by 

another MCV-derived protein, MC163, as it prevents mitochondrial membrane 

permeabilization subsequently stopping cleavage of caspase-3 and poly(ADP-ribose) 

polymerase 1 (PARP-1) (309). Additionally, cell proliferation is supported by MC007 in 

a manner often observed in oncogenesis (294). The protein targets retinoblastoma protein 

through an LxCxE motif disrupting the cell cycle. Other cell surface proteins targeted by 

MCV include glycosaminoglycans such as heparin (296). Glycosaminoglycans regulate 

cell cycle events such as cell growth and proliferation, therefore, MC054-heparin binding 

could potentially affect these events. 

 

Inhibitory function at a lower stage of signal transduction enables the virus to block a 

wider range of response stimuli. MC132 works downstream of the IKK complex as it 

directly interacts with NF-κB transcription factor member p65 (299). The MCV protein 

mediates p65-ubiquitination by the cullin-5-elongin-B/C complex leading to p65 

proteasomal degradation. MCV is not the only poxvirus which exploits host ubiquitin 

ligases as an immune evasion strategy. VACV protein A55 interacts with cullin-3 leading 

to proteasomal degradation of target proteins (311). 
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IRF family members, primarily IRF3 and IRF7, are responsible for type I IFN responses 

during viral infections. IRF signalling has also been shown to be highly targeted by 

poxviruses, for example VACV protein N1L inhibiting TLR-mediated IRF3 activity 

(290). MCV-proteins MC159 and MC160 effect NF-κB and IRF signalling, however, 

both proteins use different domains for each type of signalling (306). These proteins 

prevent phosphorylation of the IKK-related kinase TBK1.  

 

Adaptive immunity has also been shown to be impacted by MCV. MC080 is homologous 

to major histocompatibility complex class I (MHC-I) molecules found in wombats and 

wild boars (297). Surface availability of the antigen presenting molecule is reduced in 

cells expressing MC080 (298). Lower surface expression of MHC-I protects MCV 

infected cells from cytotoxic T cell and NK cell recognition. MC053 and MC054 could 

also impact NK cell activation and T cell response (295). The two proteins interact with 

pro-inflammatory cytokine IL-18 inhibiting IFNγ production. MC148R1 and MC148R2, 

found in MCV subtype I and II respectively, have also shown potential in deregulating a 

monocyte and dendritic cell response (301,302). Both MCV-encoded ORFs lead to 

inhibition of chemokine-mediated chemotaxis (300). Chemokine activity modulation has 

been seen in other poxviruses such as VACV or VAR (312–314).  

 

As previously mentioned, MCV encodes for 182 proteins, 105 of which appear to be 

homologues of orthopoxviruses. Although not all may translate into immunomodulatory 

proteins, less than 15 MCV-derived proteins have been closely studied to uncover and 

understand their immune evasion properties. Protein MC009 is a small 21 kDa protein 

encoded for by a short 184 amino acid sequence. Senkevich et. al. predicted the protein 

to be non-globular (51). The only known homologue of MC009 comes from a closely 
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related Molluscipoxvirus member called EMCLV which is also not well characterised in 

literature. It is not yet understood how potently MC009 affects the immune system nor 

its mechanism of inhibition. MC009 is an under-studied MCV protein with potential for 

the development of autoimmune therapies. 
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1.4 Thesis aims 

Based on the presented information about MCV and its use of immunomodulatory 

proteins this project aims to investigate the MCV protein MC009 and its role in MCV 

immune system evasion. Through this research, I aim to further our understanding of the 

host virus as well as use the immunomodulator as a tool to uncover more information 

about human innate signalling. Furthermore, a goal of this project is to be a stepping-

stone in the development of MCV-derived anti-inflammatory therapeutic agents. 

 

Thesis Hypothesis: MC009 is an MCV-derived immunomodulatory protein capable of 

inhibiting the activation of pro-inflammatory and anti-viral immune responses through 

targeting NF-κB and IRF signalling.  

 

Aims: 

• To investigate the effect of MC009 on NF-κB and IRF3/7 signalling using gene 

reporter assays. 

• To examine the effect of MC009 on pro-inflammatory cytokine and type I IFN 

production using sandwich ELISA assays, IFNα/β bioassays and gene reporter 

assays. 

• To determine a point of interaction between MC009 and the human innate system 

using confocal microscopy and co-immunoprecipitation experiments. 
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2.1 Materials 

2.1.1 List of materials 

Product Product Code Manufacturer/Supplier 

0.05% Trypsin-EDTA 25300054 Invitrogen 

0.2µm Filter 83.1826.001 Sarstedt Ltd. 

1,2-diaminocyclohexane-

N,N,N’,N’-tetraacetic acid 

319945-25G Merck 

1,4-Dithiothreitol (DTT) 10592945 Fisher Scientific 

6-well Plate 10578911 Corning/Fisher 

8-well Nunc Lab-Tek II 

Chamber Slide 

16260661 Fisher Scientific 

12-well Plate 3513 Corning Costar 

24-well Plate 3524 Corning Costar 

96-well Cell Culture Plate 10687551 Corning/Fisher Scientific 

96-well Immuno ELISA 

Plate 

10468075 Fisher Scientific 

96-well Round-Bottom plate 83.3925.500 Sarstedt Ltd. 

10 cm Cell Culture Dish CLS430167-500EA Corning/Merck 

10 cm Petri Dish 82.1473.001 Sarstedt Ltd. 

5 mL Stripette 13400297 Thermo Fisher 

10 mL Stripette 10677341 Corning/Fisher Scientific 

15 mL Falcon Tube 62.554.502 Sarstedt Ltd. 

20 mL Syringe 300613 BD Biosciences 

25 mL Stripette 10732742 Corning/Fisher Scientific 

50 mL Falcon Tube 62.548.004 Sarstedt Ltd. 

β-glycerophosphate 

Disodium 

G9422-100G Sigma-Aldrich 

Acetyl Coenzyme A Lithium 

Salt 

A2181-100mg Sigma-Aldrich 

Adenosine 5'-Triphosphate 

Disodium Salt (ATP) 

A2383 Sigma-Aldrich 

Alcohol Burner Wick WHEA237071 VWR 
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Alexa FluorTM 488 nm Anti-

Mouse 

A11029 Life Technologies 

Alexa FluorTM 488 nm 

Conjugated Anti-FLAG 

MA1-142-A488 ThermoFisher 

Alexa FluorTM 568 nm Anti-

Mouse 

A11031 Invitrogen 

Alexa FluorTM 647 nm 

Conjugated Anti-HA 

26183A647 ThermoFisher 

Alexa FluorTM 647 nm 

Conjugated Anti-Rabbit 

A31573 Thermo Fisher 

Ammonium Persulfate  A3678-25G Sigma/Merck 

Ampicillin Sodium 

Crystalline 

A9518-25G Sigma 

Anti-β-actin Antibody A5316 Sigma-Aldrich 

Anti-DYKDDDDK (FLAG; 

M2) Antibody 

F3165 Sigma-Aldrich 

Anti-HA.11 Epitope Tag 

Antibody 

901515 BioLegend 

Anti-IκBα Antibody 4814S Cell Signalling 

Anti-KPNA6 Antibody 12366-2-AP Proteintech 

Anti-Karyopherin B3 (IPO5) 

Antibody 

sc-17802 Santa Cruz 

Anti-p65 Antibody, Rabbit 8242S Brennan&Co 

Anti-p65 Antibody, Mouse sc-8008 Santa Cruz 

Anti-phospho-IκBα, S32 2859T Cell Signalling 

Anti-phospho-p65 Antibody, 

S468 

3039S Cell Signalling 

Anti-phospho-p65 Antibody, 

S536 

3033S Cell Signalling 

Aprotinin 4139/10 Tocris/Bio-Techne 

Autoclave Tape 15691934 Fisher Scientific 

Benzonase 70746-3 Merck 

Blasticidin ant-bl-1 InvivoGen 
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Bromophenol Blue 32712 Riedel-de Haen 

Bovine Serum Albumin 

(BSA) 

12659-M Merck 

Cadmium Chloride (CdCl2) 655198-5G Sigma 

Coelenterazine Native 10110-1 Biotium 

Copper Sulfate C8027-500g Sigma 

Cryovials 72.380.002 Sarstedt Ltd. 

D-Luciferin Firefly FL08607 Biosynth Carosynth 

Dimethyl Sulfoxide (DMSO) 10213810 Fisher Scientific 

Disodium Phosphate 

(Na2PO4) 

S7907 Sigma-Aldrich 

Dulbecco’s Modified Eagle 

Medium (DMEM) 

61965059 Gibco 

DuoSet® ELISA, Human IL-

8/CXCL8 

DY208 R&D Systems/BioTechne 

DuoSet® ELISA, Human 

CXCL10/IP-10 

DY266 R&D Systems/BioTechne 

Escherichia coli, DH5 18265017 ThermoFisher 

Eppendorf Tube, 1.5 mL 11351904 Axygen/Fisher Scientific 

Ethylenediaminetetraacetic 

acid (EDTA) 

15575020 Sigma/Fisher Scientific 

Ethanol 64-17-5 TCD Estates and Facilities 

Ethanol (molecular grade) E7023-500ML Honeywell/VWR 

FLAG M2 Beads A2220 Sigma 

FLAG Peptide F3290 Sigma 

Foetal Bovine Serum F9665-500ML Sigma 

GeneJuice® Transfection 

Reagent 

70967-4 Merck 

Glycerol 10336040 Fisher Scientific 

Glycine G8898-1KG Sigma/Merck 

HEK-BlueTM IFN-α/β Cells hkb-ifnabv2 InvivoGen 

Hemacytometer Z359629-1EA Merck 

Hemacytometer Coverslips Z375357-1EA Merck 
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Hydrochloric Acid 15693640 Fisher Scientific 

Hygromycin B Gold ant-hg InvivoGen 

Inoculation L-Spreader HA05088C Microspec 

Inoculation Loop 86.1562.010 Sarstedt Ltd. 

IRDye® 680RD Anti-Mouse 

Secondary Antibody 

926-68070 Li-Cor 

IRDye® 680RD Goat Anti-

Rabbit Secondary Antibody 

926-68071 Li-Cor 

IRDye® 800CW Anti-Rabbit 

Secondary Antibody 

926-32211 Li-Cor 

Isopropanol BP2618-1 Fisher Scientific 

Isopropanol, Mol. Grade BP2618-1 Fisher Scientific 

Kanamycin K1377-1G Sigma-Aldrich/Merck 

Kimwipes 4AJ-9413021 Carl Stuart Ltd. 

LB Agar 11758902 Fisher Scientific 

LB Broth 12801660 Fisher Scientific 

LipofectamineTM 2000 11668019 Invitrogen/Bio-Sciences 

Magnesium Carbonate 

Hydroxide Pentahydrate 

[(MgCO3)4Mg(OH)2.5H2O] 

M5671-500G Sigma-Aldrich 

Magnesium Sulfate 

Heptahydrate (MgSO4.7H2O) 

63138-250G Sigma-Aldrich 

Methanol M/4000/21 TCD Estates and Facilities 

Freezing Container ‘Mr. 

Frosty’ 

5100-0001 Nalgene/Bio-Sciences 

Nitrocellulose Membrane 10600012 Cytivia/SLS 

NormocinTM ant-nr-1 InvivoGen 

NP-40 (IGEPAL) CA-630 Merck 

P10 Tips 11577442 Fisher Scientific 

P200 Tips 70.760.002 Sarstedt Ltd. 

P1000 Tips 11548442 Fisher Scientific 

Parafilm® ASE165.15 Lennox Lab Supplies 

Paraformaldehyde Solution, 15670799 ThermoFisher 



48 
 

4% (PFA) 

Penicillin-Streptomycin 15140122 Gibco 

Phenylmethylsulfonylfluoride 

(PMSF) (C7H7FO2S) 

P7626-5G Sigma-Aldrich 

Phosphate Buffered Saline 

(PBS) (Sterile) 

10010056 Invitrogen 

Phosphoric Acid 15686710 Fisher Scientific 

Poly(dA:dT) P0883-10UN Sigma/Merck 

Poly-L-Lysine P8920-100ML Sigma-Aldrich/Merck 

Potassium Chloride (KCl) 193780010 Acros Organics 

Potassium Phosphate 

Monobasic (KH2PO4) 

P0662-500G Honeywell 

ProLongTM Mounting Media 

with DAPI 

P36931 Invitrogen 

Protein Ladder 11852124 ThermoFisher 

ProtoGel 30% Solution NAT1260 SLS 

PureLink™ Expi Endotoxin-

Free Maxi Plasmid 

Purification Kit 

A31231 Invitrogen/Bio-Sciences 

Recombinant Human IFNβ  8499-IF/CF R&D Systems/Bio-Techne 

Recombinant Human TNFα 570104 BioLegend 

Reservoirs, Individually 

Packed 

E2310-1010 Starlab/Cruinn Diagnostics 

Reservoirs, Multi-pack SPL-23050 Medical Supply Co Ltd. 

siRNA, KPNA6 Silencer 

Select Pre-designed siRNA 

s24241 

4392420 Ambion/ThermoFisher 

siRNA, KPNA6 Silencer 

Select Pre-designed siRNA 

s24242 

4392420 Ambion/ThermoFisher 

siRNA, Silencer Select 

Negative Control #1 siRNA  

4390843 Ambion/ThermoFisher 

Sodium Chloride (NaCl) 194090050 Acros Organics 
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Sodium Dodecyl Sulfate 

(SDS) 

L4509-500G Sigma-Aldrich 

Sodium Fluoride (NaF) GSK5130-1G Merck 

Sodium Hydrogen Phosphate, 

Anhydrous 

13437 Alfa Aesar/ThermoFisher 

Sodium Hydroxide (NaOH) S5881-500G Sigma-Aldrich 

Sodium Orthovanadate 

(Na3VO4) 

450243-10G Sigma-Aldrich 

Storage Box, 9x9 95.64.981 Sarstedt Ltd. 

T175 Flask 83.3912.002 Sarstedt Ltd. 

T75 Flask 15350591 Fisher Scientific 

Tetramethylbenzidine (TMB) 

Substrate Solution 

N301 Fisher Scientific 

Tricine T0377-1KG Sigma-Aldrich 

Tris Base 10376743 Fisher Scientific 

Triton X-100 SIGT8787 Sigma 

Trypan Blue 15250061 Invitrogen/Bio-Sciences 

Tween® 20 NAT1082 SLS 

QUANTI-BlueTM Solution Rep-qbs InvivoGen 

VirkonTM 12358667 Day ImpexTM/Fisher 

Scientific 

Water bath Disinfectant 

Conditioner 

4AJ-9858040 Julabo GmbH/Carl Stuart 

Ltd. 

Wypall Paper Roll 16366158 Wypall/Fisher Scientific 

Zeocin® ant-zn-1 InvivoGen 
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2.2.2 Buffers and solutions 

1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid 

1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid powder was dissolved in 1 M 

sodium hydroxide. The stock was kept at room temperature until needed. 

 

Co-immunoprecipitation lysis buffer 

A stock of coimmunoprecipitation (Co-IP) lysis buffer was made using: 50 mM Tris, 150 

mM NaCl, 5 mM EDTA, 10% v/v glycerol, 0.5 % v/v NP-40 (IGEPAL) and deionised 

H2O (d H2O). The stock was kept at 4°C until needed. On the day of use the following 

chemicals were added per 10 mL of stock buffer: 30 mM of 1M NaF, 1 mM of 200 mM 

Na3VO4, 1 mM of 100 mM C7H7FO4S (PMSF), 1% v/v of 2 mg/mL aprotinin and 40 

mM of 1 M b-glycerophosphate. 

 

Firefly luciferase substrate (Luciferase Assay Mix) 

The following chemicals were added in the order in which they are listed to make up 2X 

luciferase assay mix (LAM): 20 mM tricine, 2.67 mM MgSO4.7H2O, 0.1 mM EDTA (pH 

8.0), 33.3 mM DTT, 530 mM ATP, 270 mM acetyl coenzyme A, 30 mg luciferin. 

Solution was made up to the desired volume using dH2O. After the contents were diluted 

in water, 2 M NaOH was added. This was followed by an addition of 50 mM magnesium 

carbonate hydroxide. LAM was stored in 25 mL aliquots in falcon tubes covered in tin 

foil at -20°C. The solution was thawed in a water bath at 37°C and diluted 1 in 2 in dH2O 

before use. 
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Growth media 

Sterile Dulbecco's Modified Eagle Medium (DMEM) media was used for all cell 

culturing. A 50 mL aliquot of DMEM was removed from the bottle before additions were 

made. This was used as serum free media (SFM) for cell transfections. Additionally, 10% 

foetal bovine serum (FBS) and 1% penicillin-streptomycin were added to the media. The 

media was kept refrigerated in between use.  

 

Passive lysis buffer 

Passive lysis buffer was made using 25 mM tris-phosphate (pH 7.8), 2 mM DTT, 2 mM 

1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid, 10 % glycerol and 1% triton X-100. 

The ingredients were dissolved in dH2O.  

 

Phosphate buffered solution (PBS) 

To prepare 1 L of 10x-PBS the following chemicals are needed: 80 g sodium chloride 

(NaCl), 2 g potassium chloride (KCl), 14.4 g disodium phosphate (Na2PO4) and 2.4 g 

monopotassium phosphate (KH2PO4). The chemicals were dissolved in dH2O to make up 

1 L. 

 

Renilla luciferase substrate 

Coelenterazine powder was diluted in 500µL molecular grade ethanol to make a 2 mg/mL 

coelenterazine solution stock. The powder and liquid forms of coelenterazine were stored 

at -20°C. The liquid stock of coelenterazine was diluted 1 in 1000 in PBS before use. 
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Running buffer 

The running buffer is prepared in a 10x stock using 10 g sodium dodecyl sulphate (SDS), 

30.3 g Tris base and 144.1 g glycine. The buffer is made up to 1 L using dH2O. 

 

Transfer buffer 

Transfer buffer was prepared using running buffer. Methanol was added to the running 

buffer, making a 20% methanol:80% running buffer solution.  

 

Tris-phosphate 

Tris base was dissolved in dH2O. The pH was adjusted using phosphoric acid to the 

required pH.  

 

Western blot sample buffer 

Sample buffer was prepared in two parts. Firstly 1 M Tris-HCl (pH6.8) was added to 2% 

SDS (10% stock), 10% glycerol, 0.1% bromophenol blue and made up to 20 mL with 

dH2O. Before use, 10% 1M DTT and 1% Benzonase are added to the buffer. 
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2.2 Methods 

2.2.1 Cell culture techniques 

HEK293T cells were cultured in DMEM supplemented with 10% FBS and containing 

1% penicillin-streptomycin. Cells were washed with pre-warmed sterile PBS and 

detached from the flask using 5 mL of pre-warmed 0.05% trypsin-EDTA. Cells were left 

to incubate with trypsin-EDTA for 2-5 minutes while the flask was placed back in the 

incubator at 37°C and 5% CO2. Once trypsinisation was complete, the cells were 

resuspended in 10 mL of complete media, making the total volume of liquid 15 mL. The 

cells were centrifuged at 1,300 rpm for 5 minutes at room temperature.  

 

To seed cells in plates shown in Table 2.1, after centrifugation, cells were resuspended 

in 20-30 mL DMEM depending on the size of the cell pellet. Cells were prepared for 

counting using 10 µL of resuspended cells mixed with 10 µL trypan blue dye. Half of the 

mixture was placed on a grid haemocytometer and a light microscope was used to count 

the cells. The average cell count was multiplied by two to account for the dilution caused 

by trypan blue.  

To calculate the number of cells needed to seed a plate, the following calculation was 

used: 

 

X (Average cell count x 104 cells/mL) = Total volume needed (mL)(Seeding density cells/mL) 

X = mL of cells needed from resuspension 

Total volume needed – X = Amount of DMEM needed 
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Cells were diluted accordingly in a fresh falcon tube and seeded in plates. The plates were 

incubated at 37°C and 5% CO2 overnight.  

Seeding 

Vessel 
Cell Type 

Surface area 

(cm2) 

Seeding 

density 

(cells/mL) 

Growth 

media per 

well (mL) 

10 cm Dish HEK293T 56.7 4x106 10 

6-well Plate HEK293T 9.6 5x105 2 

24-well Plate HEK293T 1.9 1x105 1 

96-well Plate HEK293T 0.32 2x105 0.2 

96-well Plate HEK-Blue IFNα/β 0.32 4x105 0.12 

8-well 

Chamber Slide 
HEK293T 0.7 1.8x105 0.5 

 

Table 2.1. Cell seeding density for all vessel types used.  

 

2.2.2 LiNO2 cell storage  

A flask of cells was cultured for the purpose of freezing down healthy cell stocks. Cell 

culture was conducted as described. After centrifugation the cell pellet was resuspended 

in freezing solution. Freezing solution was made by adding 500 µL DMSO to 5 mL FBS. 

Resuspended cells, 500 µL, were poured into cryovials and labelled with cell type, date 

and initials of researcher performing the protocol. The vials were immediately moved to 

a -80°C freezer in a ‘Mr. Frosty’ container and left overnight. The cells were moved to a 

liquid nitrogen tank the following day. HEK293T cells were frozen down for easy 

accessibility when new cells were needed.  

 

2.2.3 Plasmids and oligonucleotides 

Prior to commencing this research, a library of open reading frames (ORFs) from MCV 

subtype 1 MC009L was custom synthesized by GenScript and subcloned into KpnI and 
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NotI sites of the pCEP4 expression vector (Invitrogen # V04450) with a C-terminal 

FLAG (DYKDDDDK) or an HA (YPYDVPDYA) epitope tag and pMEP4 (a kind gift 

from Professor Paul Farrell, Imperial College London) for CdCl2-inducible expression. 

Similarly, MCV subtype 1 MC020L was cloned in the same manner into the pCEP4 

vector. MC132 and MC005 were made as previously described (292,299). MC009 

truncations were constructed prior to commencement of this work by amplifying 

indicated regions with flanking KpnI and NotI sites (see Figure 3.14). Plasmids 

expressing IKKα-FLAG, IKKβ-FLAG, IKKε-FLAG, TAB2-FLAG, TRAF2-FLAG, and 

TRAF6-FLAG were from Tularik Inc. The sources of other expression plasmids were as 

follows: TRIF-FLAG, S. Akira (Osaka University, Osaka, Japan); and ISRE-luciferase, 

L. O’Neill (Trinity College Dublin, Dublin, Ireland); CD4-TLR3, R. Medzhitov (Yale 

University, CT); MAVS-FLAG and cGAMP synthase (cGAS), J. Chen (UT 

Southwestern Medical Centre); RasHa, D. Cantrell (University of Dundee, Dundee, 

United Kingdom). KPNA1-6-FLAG plasmids were received from C. Basler (Icahn 

School of Medicine at Mount Sinai, USA). The human STING coding region was 

amplified by PCR from full-length I.M.A.G.E. cDNA clones (IRATp970D0274D and 

IRAVp968F0688D; imaGenes) and cloned into the vector pCMV-myc (Clontech). The 

kB–luciferase reporter gene was obtained from R. Hofmeister (Universitat Regensburg, 

Germany), the pFR-luciferase reporter and pFA2-Elk1 were from Agilent. Full-length 

NEMO-FLAG and NEMO-HA were from K. Fitzgerald (University of Massachusetts, 

Amherst, MA). The K277A mutant NEMO was generated as previously described.(292)   

 

2.2.4 Bacterial transformation 

Plasmids for cell transfections were prepared from stocks maintained in the lab. LB broth 

and LB agar plates (10 cm dishes) were prepared before bacterial transformation. Both 
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liquids were autoclaved. In a sterile flow-hood, 5 mL of LB broth was poured into a sterile 

falcon tube and 50 mg/mL ampicillin was added to the LB agar and remaining LB broth.  

 

To begin the bacterial transformation, the bench space was sterilised using 70% ethanol. 

A Bunsen flame was lit during the procedure. Sterile Eppendorf tubes were labelled 

accordingly in preparation. All plasmids and competent cells (DH5 E. coli) were kept 

on ice. Depending on plasmid concentration, 0.5-2 µL plasmid was added to 10 µL 

competent cells in a sterile labelled Eppendorf tube. The tubes were left on ice for 30 

minutes. Following this, the cells underwent heat shock by placing them in a water bath 

at 42°C for 45 seconds. The tubes were then returned to ice for an additional 5 minutes. 

Under a Bunsen flame, 150 µL sterile LB broth (without antibiotic) was added to the 

Eppendorf tubes. They were placed in a shaker-incubator at 225 rpm and 37°C for 1 hour. 

Once ready, 50-100 µL of cells was added to previously prepared 10 cm agar plates (with 

ampicillin or kanamycin where appropriate) under a Bunsen flame. The cells were spread 

using a sterile spreader. The labelled plates were incubated overnight at 37°C in the 

incubator. 

 

2.2.5 Plasmid purification 

Day 1: The bench was sterilised, and a Bunsen flame was lit to allow for bacterial pre-

culture preparation. Aliquots, 5 mL of LB broth with ampicillin, were prepared in 15 mL 

falcon tubes and the tubes were labelled accordingly. The bacterial plates were retrieved 

from the incubator (see section 2.2.4 Bacterial Transformation) and one bacterial colony 

from the plates was added to the corresponding falcon tube. The tube cap was closed 

loosely and taped down. The tubes were placed in a shaker-incubator at 225 rpm for 7-8 

hours at 37°C. When ready, 2 mL of pre-culture was added to 200 mL LB broth (with 
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ampicillin or kanamycin) in sterile 250 mL conical flasks under a Bunsen flame. The 

flask tops were covered in tin foil and left in a shaker at 140 rpm and 37°C overnight. 

 

Day 2: Each conical flask was equally divided into labelled 50 mL falcon tubes and 

centrifuged at 4,000 rpm for 15 minutes. The medium was discarded and sterilised with 

virkon. The pellets were resuspended and purified as per PureLink™ Expi Endotoxin-

Free Maxi Plasmid Purification Kit protocol. 

 

2.2.6 Generation of MC009-expressing stable cell lines 

HEK293T cells were used as parental cells for the generation of MC009-expressing 

stable inducible cells. A T75 flask of HEK293T cells was transfected with pMEP4-

MC009-FLAG plasmid using GeneJuice® as the transfection reagent. The cells were 

selected with 100-300 ug/mL Hygromycin B Gold to obtain MC009-expressing cells. 

The cells were cultured as per the standard cell culture protocol with Hygromycin B Gold 

to maintain stable expression. Expression of pMEP4-MC009-FLAG was induced with 1 

µM CdCl2. 

 

2.2.7 Reporter gene assay 

Day 1: Normal cell culture protocol was carried out and HEK293T cells were seeded at 

2x105 cells/mL in 96-well plates. The plates were incubated at 37°C and 5% CO2 

overnight.  

 

Day 2: Plates were inspected under a light microscope to check cell density, morphology, 

and lack of contamination. Plasmids and master mixes required for transfection were 

made outside of the hood. Stocks of 100 ng/µL were made up with sterile dH2O for all 
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plasmids used for transfection to allow for easy calculation and handling. The reporter 

master mix contained 40 ng/mL TK Renilla luciferase and 80 ng/mL second reporter 

plasmid, for example NF-B luciferase, in a 1:2 ratio respectively. The activator master 

mix was made using the reporter master mix. Different concentrations of reporter 

activators were used as indicated; the concentrations ranged between 0.1-50 ng/mL. The 

transfection master mix was made inside of the flow-hood, this was made in a 2:1 

GeneJuice® to DNA ratio. The amount of transfection master mix needed was calculated 

with 1.76 µL/well GeneJuice® (220 ng DNA/well x 4 wells x 2:1 GeneJuice® to DNA 

ratio) and 30 µL/well serum free media (SFM; DMEM without FBS and antibiotics). The 

master mix was vortexed and left to incubate for 5 minutes in room temperature in the 

hood. The reporter master mix, activator master mix, 100 ng/mL MCV ORF plasmid, 

CMV empty vector and transfection master mix were added accordingly to a new sterile 

transfection plate. The empty vector was added to certain wells to allow for equal DNA 

concentration between wells. An example of transfection plate additions can be seen in 

Table 2.2. Assays using non-transfected stimulants, like TNFα or Poly(dA:dT), were not 

transfected with an ‘activator master mix’ on day 2. The plate was incubated at room 

temperature in the flow-hood for 15 minutes. After the incubation was complete, 8 µL of 

each well was transferred to the corresponding well of the 96-well plate seeded the day 

prior. Each well was made to allow for triplicates. The plate was incubated for 20-24 

hours at 37°C and 5% CO2. 
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Reporter 

Master 

Mix 

Activator 

Master 

Mix 

MCV 

Inhibitor 

Empty 

vector 

Transfection 

Master Mix 

   µL   

Neg. control 4.8 - - 4 31.76 

Pos. control  - 6.8 - 2 31.76 

MC009 10 ng - 6.8 0.4 1.6 31.76 

MC009 25 ng - 6.8 1 1 31.76 

MC009 50 ng - 6.8 2 - 31.76 

MC020 10 ng - 6.8 0.4 1.6 31.76 

MC020 25 ng - 6.8 1 1 31.76 

MC020 50 ng - 6.8 2 - 31.76 

 

Table 2.2. Representative table of luciferase assay transfection plate additions. This table 

represents the additions made to each well for a luciferase assay experiment using 50 ng/µL 

activator master mix. MC009 is used as the studied inhibitor while MC005, MC132 and MC020 

act as controls. The additions made of the MC009, MC005, MC020 and MC132 are represented 

by MC009 and MC020 in the above table. CMV HA-tagged (empty vector; EV) is used to balance 

the DNA concentration between wells. The negative control well only contains the reporter 

master mix and EV. The positive control well contains the activator master mix which includes 

the reporter DNA and the EV. Transfection master mix is added to all wells.  

 

Day 3: Cells not transfected with an activator plasmid were stimulated with TNFα or 

Poly(dA:dT). TNFα was diluted in SFM and incubated for 5 minutes at room 

temperature. The final concentration of TNFα was 50 ng/mL. TNFα stimulated plates 

were incubated at 37°C and 5% CO2 for 6 hours. Plates requiring Poly(dA:dT) were 

treated with 1 µg/mL of  DNA. LipofectamineTM 2000 was used as the transfection 

reagent for Poly(dA:dT) at a 1:1 ratio. LipofectamineTM 2000 was incubated at room 

temperature in SFM for 5 minutes prior to the addition of DNA. The DNA-lipid complex 
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was incubated for a further 15 minutes at room temperature. Poly(dA:dT) was added to 

the transfected wells and cells were incubated at 37°C and 5% CO2 for 24 hours.  

 

The remainder of the protocol was carried out on the bench in non-sterile conditions. The 

plates were removed from the incubator and observed under a light microscope. The 

supernatant was discarded, and the plate was tapped lightly on tissue paper to remove 

excess media. Previously thawed passive lysis buffer was added to the plate wells, 50 

µL/well. The plate was placed on a shaker for 15 minutes. When ready, 20 µL of lysed 

samples was transferred to two white 96-well white luminometer plates. One plate was 

used for a luciferase read-out and 40 µL of luciferase assay mix was added to each well. 

The plate was then inserted into the luminometer and read. Diluted coelenterazine was 

added to the second plate, 40 µL/well and the same procedure was repeated. The data 

was analysed using Microsoft Excel and graphed in GraphPad PRISM. 

 

 

Figure 2.1. Graphic representation of luciferase regulation during reporter gene assays. A 

promoter region upstream of a luciferase reporter must be activated for the cell to produce 

luciferase. In the presence of an inhibitor of the tested pathway (activator-promoter region 

reporter, for example, TRIF-ISRE luciferase promoter) luciferase activity released from the cell 

lysate will be lower as the production of the enzyme is downregulated. Image was created using 

BioRender (biorender.com). 
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2.2.8 Immunoblotting 

Sample buffer was prepared prior to retrieving the plate from the incubator (see Western 

Blot Sample Buffer in Section 2.2.2. Buffers and Solutions). The supernatant was 

aspirated from the plate and the plate was placed on ice. The plate was placed at an angle 

to aspirate the remainder of media. Cells were lysed using the Western blot sample buffer. 

The wells/plates were scraped using a sterile scraper. The samples were transferred into 

labelled Eppendorf tubes. The tubes were boiled at 95-100°C for 5 minutes. Samples 

were used thereafter or stored at -20°C until needed.  

 

SDS-PAGE gels were prepared in the order as seen in Table 2.3. APS and TEMED were 

added immediately before pouring the gels to allow for sufficient time to mix and pour 

the gels before they solidified. The resolving gel was poured into the cassette first. 

Isopropanol was poured on top of the resolving gel while it set. Once the gel was 

polymerised, the isopropanol was poured off. Any remaining isopropanol was absorbed 

using filter paper. The stacking gel was poured directly on top of the resolving gel and a 

comb of adequate size was inserted into the gel immediately. The resolving and stacking 

gels took approximately 15-20 minutes to set. The gels were placed in the SDS-PAGE 

tank. The cassettes were placed, openings with combs facing each other, into the 

electrophoretic tank and running buffer was added to the middle chamber and allowed to 

run over the cassettes into the side chambers. The combs were then removed. For a 15-

well comb, 1.5 µL protein ladder was used and 20 µL samples in the remaining wells. 

The gels were electrophoresed at 30 mA/gel for 60-95 minutes. 

 

Nitrocellulose membrane was used for gel transfer. A western blot sandwich was made 

up in the following order: sponge, filter paper, gel, membrane, filter paper, sponge. 
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Transfer buffer was poured into the tank and an ice pack was placed inside of the filled 

tank. The transfer was conducted at 350 mA for 60-90 minutes. The membrane was 

blocked in 3% BSA dissolved in PBS for 60 minutes on a shaker at room temperature. 

The membrane was placed in 50 mL falcon tube with protein side facing in. Primary 

antibody diluted in blocking solution was added to the tube. The tube was left on a roller 

overnight at 4°C. 

 

 

Stacking 

Gel 

Resolving  

Gel 

 5% 6% 8% 10% 12% 15% 

H2O (mL) 2.7 5.3 4.6 4.0 3.3 2.3 

30% Acryl-

bisacrylamide (mL) 
0.67 2.0 2.7 3.3 4.0 5.0 

1.5 M Tris, pH 8.8 

(mL) 
0.5 2.5 2.5 2.5 2.5 2.5 

10% SDS (mL) 0.04 0.1 0.1 0.1 0.1 0.1 

10% APS (mL) 0.04 0.1 0.1 0.1 0.1 0.1 

TEMED (mL) 0.004 0.008 0.006 0.004 0.004 0.004 

Total Volume (mL) 4.0 10.0 10.0 10.0 10.0 10.0 

 

Table 2.3. Recipes for resolving and stacking gels for denaturing SDS-PAGE; as per Roche 

Lab FAQs 3rd edition. 

 

Day 2: The primary antibody was removed, and the membrane was washed three times 

with 0.05% Tween® 20 and PBS on a roller. Secondary antibody was diluted in blocking 

solution and added to the tube and placed on a roller. The membrane was incubated in 

secondary antibody in room temperature for 1 hour. The membrane was washed again, 3 

x 5 min washes, and imaged using Li-Core or Bio-Rad imaging technology. If necessary, 

the blot was stored in wash buffer at 4°C. 
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Antibody Antibody Type Host Species Dilution Factor 

HA Tag Primary Mouse 1:1,000 

DYKDDDDK Tag Primary Mouse 1:7,000 

β-actin Primary Mouse 1:10,000 

KPNB1 Primary Rabbit 1:1000 

IκBα Primary Mouse 1:1000 

IPO5 Primary Mouse 1:200-1000 

KPNA6 Primary Rabbit 1:1000 

p65 Primary Mouse 1:1000 

p65 Primary Rabbit 1:1000-50,000 

Phospho-p65 S536 Primary Rabbit 1:1000 

Phospho-p65 S468 Primary Rabbit 1:1000 

Phospho-IκBα Primary Rabbit 1:1000 

UBR5 Primary Mouse 1:1000 

Anti-mouse IRDye® 

680RD 

Secondary Goat 1:10,000 

Anti-rabbit IRDye® 

680RD 

Secondary Goat 1:10,000 

Anti-rabbit IRDye® 

800CW 

Secondary Goat 1:30,000 

 

Table 2.4. Primary and secondary antibody description for immunoblotting; manufacturer 

name and catalogue number as seen in section 2.1.1 List of Materials. 

 

2.2.9 Immunoprecipitation 

Standard tissue culture protocol was followed. Cells were transfected with 8 µg DNA 

using GeneJuice® and were incubated for 24 hours. Immunoprecipitation sample 

preparation was conducted on ice or at 4°C. Before the protocol was begun, necessary 

equipment was pre-cooled: labelled Eppendorf tubes, beaker with ice water, cell scraper, 

co-immunoprecipitation (Co-IP) sample buffer. Cells were lysed using Co-IP buffer (see 

section 2.2.2 Buffers and Solutions) and left on ice for 15 min. Samples were centrifuged 
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at 13,000 rpm for 10 min at 4°C. The supernatant was divided between “control lysate” 

samples and “beads” samples.  

 

Anti-FLAG M2 affinity gel beads, 20 µL of affinity gel per sample, were used to bind 

any FLAG-tagged protein and its interactors. The beads were equilibrated with Co-IP 

lysis buffer. To equilibrate the beads, 1 mL of lysis buffer was added to the beads and the 

tube was inverted until the tube contents were homogenous. The Eppendorf tube was then 

centrifuged in a benchtop mini centrifuge for 20 seconds. The process was repeated three 

times. After the last equilibration step, the beads were resuspended in lysis buffer, 100 

µL Co-IP lysis buffer x number of samples. The FLAG beads were added to ‘IP lysate’ 

samples and kept on a roller at 4°C overnight.  

 

The following day, the beads were washed. The samples were centrifuged at 3,000 rpm 

for 5 minutes at 4°C. The centrifuged samples were place on ice and the supernatant was 

aspirated leaving behind the bead pellet. The beads were washed with cold Co-IP lysis 

buffer. The wash process was repeated three to five times. FLAG peptide was then added 

to the beads and rolled at 4°C for 30 min. Samples containing the beads were centrifuged 

and the supernatant was transferred to fresh tubes labelled “IP lysates”. The sample beads 

were frozen. Sample buffer was added to the “IP lysate” supernatant and “control lysate” 

samples. Previously described immunoblotting protocol was conducted to visualise 

results.   
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Figure 2.2. Graphical representation of immunoprecipitation; the graphic was created using 

BioRender (biorender.com). 

 

2.2.10 Confocal microscopy (coverslip method) 

Day 1: Cell culture was conducted as normal. Placed a single coverslip (kept in ethanol) 

per well of a 24-well plate. The coverslips were washed twice with 1 mL sterile PBS. 

Coated the coverslips in poly-L-lysine and left on for 10 minutes. Aspirated the poly-L-

lysine off and allowed the coverslips to dry. The wells were seeded with 1x105 cells/mL 

HEK293T cells. The cells were incubated overnight at 37°C and 5% CO2. 

 

Day 2: The wells were transfected using the same method as cell transfection for 

luciferase assays. Each well contained 1 µg of DNA. 
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Day 3: The wells were washed with non-sterile PBS twice and were fixed in 2% 

paraformaldehyde (PFA) in PBS for 30 minutes. The wells were washed with 1 mL PBS 

three times. The coverslips were then permeabilised and blocked in 2% BSA in 0.3% 

Triton X-100 in PBS for 30-60 minutes. Alexa FluorTM conjugated antibodies were 

diluted in 2% BSA in PBS. The plate was covered with tin foil and left overnight in 4°C. 

 

Day 4: The antibody solution was discarded. The coverslips were washed in PBS three 

times. Hoechst stain (blue) was used to stain the nucleus. The stain was diluted 1:1000 in 

PBS, 1 mg/mL, and left to incubate in room temperature for 20 minutes. The wells were 

washed with PBS three times. Mounting slides were labelled accordingly. A drop of 

mounting media, 4 µL, was placed in the centre of the slide and a coverslip was placed 

facedown onto the media. The slides were left to dry overnight. 

 

Day 5: The edges of the coverslips were sealed using clear nail varnish. The slides were 

imaged using a Leica SP8 scanning confocal microscope and LAS X software.  

 

2.2.11 Confocal microscopy (chamber slide method) 

Cell culture was conducted following standard protocol. Cells were seeded in 8-well 

chamber slides at 1.8x105 cells/mL. The cells were incubated overnight at 37°C and 5% 

CO2. Slides were transfected using the luciferase assay transfection protocol; each well 

contained 1 µg of DNA. Cells were transfected for 20-24 hours. Confocal slides 

stimulated with TNFα were treated with 50 ng/mL of the stimulant. Stock TNFα was 

diluted in SFM. The cells were stimulated with TNFα for various lengths of time 

depending on the experiment, 0-120 minutes.  
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Media was gently aspirated off and the wells were washed with non-sterile PBS. The 

cells were fixed in 4% PFA in PBS for 15 minutes. The chambers were washed with PBS. 

The cells were then permeabilised and blocked in 0.3% Triton X-100 in 2% BSA in PBS 

for 60 minutes. The permeabilization-blocking solution was removed before slide 

staining was begun. Unconjugated primary antibodies were diluted in 2% BSA and left 

on slides for 60 minutes at room temperature. 

 

Antibody Host 
Dilution 

Factor 

Alexa FluorTM 

nm 

Assigned 

Colour 

p65 Rabbit 1:1,000 - - 

p65  Mouse 1:1,000 - - 

KPNA6 Rabbit 1:1,000 - - 

Anti-HA Tag Mouse 1:500 647 Red 

Anti-FLAG Tag Rat 1:1,000 488 Green 

Anti-Rabbit Donkey 1:1,000 647 Red 

Anti-Mouse Goat 1:1,000 488 Green 

Anti-Mouse Goat 1:1,000 568 Yellow 

 

Table 2.5. Immunofluorescence assay antibody description: manufacturer name and catalogue 

number as seen in section 2.1.1 List of Materials. 

 

Once the initial staining was complete, the unconjugated antibodies were aspirated off. 

Alexa FluorTM conjugated antibodies were diluted in 2% BSA and added to the chambers. 

The slides were then wrapped in tinfoil (reducing light interaction with present 

fluorophores) and maintained at 4°C overnight. The antibody solution was discarded, and 

wells were washed with PBS. Slides were mounted using ProLongTM mounting media 

with DAPI. Once dry, slides were sealed. The slides were imaged using a Leica SP8 

scanning confocal microscope and LAS X software. 
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2.2.12 Sandwich ELISA 

Cell culture was carried out using the standard protocol. Stable-inducible cells were used 

in ELISA sample generation. The cells were seeded in 96-well plates or 6-well plates and 

incubated at 37°C and 5% CO2 for 24 hours. pMEP4-MC009-FLAG containing cells 

were induced with 1 mM CdCl2 and incubated in the same conditions for a further 24 

hours. Once induced, the cells were stimulated with 50ng/mL TNFα or 1µg/mL 

Poly(dA:dT) for 24 hours and were maintained at 37°C and 5% CO2. The supernatants 

were aspirated and transferred into pre-labelled Eppendorf tubes. Samples were kept in a 

-20°C freezer until needed. 

 

Day 1: The capture antibody was reconstituted in PBS creating a stock and aliquoted. The 

aliquots were stored at -20°C. The stock capture antibody was further diluted to the 

required working concentration using PBS. A 96-well flat bottom high binding assay 

plate was coated with 50 µL of the desired capture antibody. The plate was wrapped in 

tinfoil and incubated at room temperature overnight. 

 

Day 2: Capture antibody was discarded, and the wells were washed with 250 µL 0.05% 

Tween® 20 in PBS and left for 5 minutes. The wash step was repeated three times. After 

the last wash step was complete the plate was inverted and blotted against paper towels 

until all liquid was fully removed. The plate was blocked using 250 µL/well 1% BSA in 

PBS. During blocking the plate was covered in tinfoil and left on a shaker at room 

temperature for 1 hour. The wash step was repeated as previously described. Standards 

were reconstituted in deionised water and further diluted in 1% BSA to the working 

concentration range using a serial dilution. Following, 50 µL of standards or sample were 
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added to their respective wells. The plate was once again covered and left at 4°C 

overnight. 

 

 
 

Figure 2.3. Graphical representation of ELISA standards preparation for IL-8 DuoSet® kit; 

the image was created using Microsoft PowerPoint. 

 

Day 3: The wash step was repeated three times as before. Detection antibody was 

reconstituted and diluted in reagent diluent, 1% BSA, before 50 µL of the antibody was 

added to each well. The plate was sealed with tinfoil and left on a shaker at room 

temperature for two hours. The wells were washed and dried as previously described. 

Light-sensitive streptavidin horseradish-peroxidase (HRP) was diluted in reagent diluent 

and 100 µL was added per well. The plate was immediately covered in tinfoil and left to 

incubate at room temperature for 20 minutes. The aspiration and wash step were repeated 

for the last time. A tetramethylbenzidine (TMB) substrate solution, 100 µL, was added 

to all wells. Once again, the plate was sealed to and left to incubate at room temperature 

for 20 minutes. The reaction was stopped using 50 µL 1M H2SO4. The optical density 

(OD) was determined using a microplate spectrophotometer set to 450 nm. The data was 

analysed using Microsoft Excel and GraphPad PRISM software.  
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ELISA Type 
Stock 

concentration 

Working 

concentration 

Dilution 

Factor 

Dilution 

Liquid 

Mouse Anti-Human 

IL-8 Capture 

Antibody 

480 µg/mL 4 µg/mL 1:120 PBS 

Recombinant 

Human IL-8 

Standard 

100 ng/mL 
31.2-8000 

pg/mL 
1:12.5 1% BSA 

Biotinylated Goat 

Anti-Human IL-8 

Detection Antibody 

0.6 µg/mL 10 ng/mL 1:60 dH2O 

Mouse Anti-Human 

IP-10 Capture 

Antibody 

240 µg/mL 2 µg/mL 1:120 PBS 

Recombinant 

Human IP-10 

Standard 

110 ng/mL 
31.2-8000 

pg/mL 
1:13.75 1% BSA 

Biotinylated Goat 

Anti-Human IP-10 

Detection Antibody 

1.2 µg/mL 20 ng/ml 1:60 1% BSA 

Streptavidin-HRP N/A N/A 1:40 1% BSA 

 

Table 2.6. IL-8 and IP-10 ELISA reagent dilutions. 

 

2.2.13 IFNα/β bioassay 

Primary samples were prepared in stable inducible MC009 cells. Cells were seeded in 6 

well plates at 6x105 cells/mL and incubated at 37°C and 5% CO2 for 24 hours. CdCl2 was 

added to the necessary wells to induce pMEP4-MC009-FLAG expression. The plate was 

incubated for an additional 24 hours using the same conditions. Selected wells were 

stimulated with 1 µg/mL Poly(dA:dT). The plate was placed back in the incubator for 24 
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hours. Supernatants from each well were aspirated off and transferred into pre-labelled 

tubes. 

 

HEK-BlueTM IFN-α/β cells were used for the bioassay preparation and read-out. The 

growth media, DMEM with 10% FBS and 1% penicillin-streptomycin, was 

supplemented with additional antibiotics: 30 µg/mL Blasticidin, 100 µg/mL NormocinTM 

and 100 µg/mL Zeocin®. The supplemental antibiotics were not added into the media for 

plate seeding.  

 

HEK-BlueTM IFN-α/β cells were plated in 96-well plates with 120 µL of cells 

resuspended in test medium, DMEM with 10% FBS and 1% penicillin-streptomycin. A 

serial dilution of 0.2 mg/mL recombinant human IFNβ standard stock was conducted 

ranging from 10,000 pg/mL to 4.9 pg/mL. An 80 µL aliquot of each standard was added 

per allocated well. Similarly, 80 µL of thawed primary samples from stable cells were 

added into the necessary wells. Additions of standards and samples were conducted in 

triplicates. Test medium was used as a negative control. The prepared plate was incubated 

at 37°C and 5% CO2 for 24 hours. The supernatants were collected, secondary samples. 

 

A fresh 96-well flat bottom culture plate was used for the incubation of samples with 

Quanti-Blue solution. Once again 200 µL of liquid was added per well: 50 µL supernatant 

of secondary samples and 150 µL Quanti-Blue solution. The plate was covered in tinfoil 

and incubated at 37°C for 10-25min. SEAP levels were quantified using a microplate 

spectrophotometer at 620 nm.  
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2.2.14 siRNA optimisation  

SiRNA was resuspended in nuclease-free water and was stored at -20°C. HEK293T cells 

were seeded at 8x104 cells/well in 24-well plates. Plates were left to incubate at 37°C and 

5% CO2 overnight. The transfection protocol used was based on the ‘Silencer Select Pre-

Designed, Validated, and Custom Designed siRNA’ protocol (protocol publication 

number MAN0007836 rev. 1.0) written by Ambion by Life Technologies. 

LipofectamineTM 2000 was used as the transfection reagent. LipofectamineTM 2000 was 

added to SFM and incubated at room temperature for 5 minutes. SiRNA was diluted using 

SFM. The diluted siRNA was added to the incubated LipofectamineTM 2000 at a 1:1 ratio. 

The siRNA-lipid complex was incubated at room temperature for a further 5 minutes 

before it was added to the plate wells. The plate was incubated at 37°C and 5% CO2 for 

24-72 hours. The samples were prepared and analysed using standard western blot 

protocol. 

 

2.2.15 Statistical analysis  

Gene Reporter Assay: Raw data was normalised using Microsoft Excel. First, values 

obtained from plate with LAM were divided by the values obtained from coelenterazine 

plate allowing for data normalisation of reporter gene expression against Tk Renilla. The 

average of the triplicates was obtained, and all results were normalised to the negative 

control well. Results were transferred into GraphPad PRISM software version 8.0.2 and 

graphed with SEM error bars. Statistical significance of results was obtained using a one-

way ANOVA and Dunnett’s multiple comparisons test. To conduct a one-way ANOVA 

each normalised average value was compared to the negative control value. The results 

were graphed using bar charts. The y-axis represented percentage (%) activity of the 

samples with the samples plotted along the x-axis. Statistical significance was indicated 
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by * <0.05, ** < 0.01, *** <0.001, and **** <0.0001. Replicates of the same experiment 

were not combined as a representative should be used to present data obtained from gene 

reporter assays. 

 

ELISA and IFNα/β bioassay: The values obtained by the spectrophotometer were input 

into a Microsoft Excel spreadsheet and normalised by subtracting the mean value of 

negative control wells. This represented the background activity produced by the liquid 

in the wells. The normalised data was transferred into GraphPad PRISM where the 

standard curve was created. The data was interpolated with a second order polynomial 

(quadratic) standard curve. The interpolated values were graphed using bar charts 

showing SEM error bars. The y-axis presented the observed concentration of the 

investigated cytokine/IFN while the samples were plotted along the x-axis. Statistical 

significance was analysed through the comparison of the mean results with the stimulated 

control mean using one-way ANOVA. Statistical significance was indicated by * <0.05, 

** < 0.01, *** <0.001, and **** <0.0001. 
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Chapter 3: Involvement of MC009 in NK-κB and IRF 

Signalling. 
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3.1 Introduction 

Innate immunity is composed of complex pathways designed to tightly regulate a healthy 

response against pathogens or self-emerged molecules. Three different routes of signal 

induction are implicated in MCV anti-viral defences: nucleic acid-sensing TLRs, RLRs 

and the cGAS-STING axis (71,72,197,237,249,315). The similarities and differences 

between these pathways can be utilised as a guide for pathway mapping experiments in 

determining where MCV immunomodulators fit into human innate signalling. Gene 

reporter assays are a commonly used technique for pathway mapping experiments. Their 

efficacy and advantages can be observed in MCV literature and beyond (293,316,317). 

 

TLR3 and TLR9 are both intracellular DNA-sensing receptors (171,318). TLR9 depends 

on the adaptor protein MyD88 (171,186). The signal is then transmitted to IRAK proteins 

and downstream TRAF6 (182,197). TRAF6 is also a vital kinase in RIG-I and cGAS-

STING signalling (255,319). RIG-I signals to TRAF6 through a mitochondrial protein 

MAVS, whereas STING-associated TBK1 interacts directly with TRAF6 (78,248,264). 

In both RIG-I and cGAS-STING signalling, TRAF6 can directly regulate the IKK 

complex. Conversely, TLR9 signalling requires proteins such as TAK1 and TAB2 to 

allow for signal transduction to the IKK complex (320). 

 

TLR3 exclusively signals through adaptor protein TRIF which in turn communicates with 

kinase TRAF3 (215,321). Likewise, sensing molecules RIG-I and cGAS can also induce 

a reaction through TRAF3. Once again, RIG-I uses an adaptor protein, in this case  

MAVS, to interact with the kinase whereas cGAS relies on STING to convey the 

information to TRAF3 (245,322,323). The signalling cascades use varied combinations 

of the same machinery downstream of TRAF3. TLR and RIG-I-PAMP sensing utilise 
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TANK, NAP1 and/or TBKBP1, individually or in conjunction with each other to regulate 

TBK1 and IKKε (226–228,232). The cGAS-STING axis also regulates IRF activity with 

help from scaffold proteins TANK, NAP1 or TBKBP1 (315,324). This signalling axis 

differs from its counterparts as it does not require IKKε to signal to IRF family members 

(325,326). 

 

Unlike the innate signalling pathways, mitogenic pathways through RAS-ELK1 does not 

respond to the same ligand stimuli making it a perfect control for pathway mapping (327–

329). The cascade is activated through the binding of growth factor receptor relaying the 

massage to RAS protein (330). Additionally, the growth factor stimulus does not lead to 

pro-inflammatory or type I IFN gene regulation but rather activation of ELK1 

transcription factor (331–333). The mitogenic transcription factor does not regulate pro-

inflammatory cytokines (such as IL-8 and IP-10) or type I IFNs (IFNα and IFNβ) released 

during a viral infection (331). 

 

A limited number of MCV immunomodulators have been studied to date, multiple of 

which have been identified in the host lab. Studying these inhibitors has broadened not 

only our understanding of how MCV evades the human immune response but also of 

human innate signalling. This chapter concentrates on the effect of MC009 on human 

innate signalling pathways. 

 

3.2 MCV ORF plasmid screen identifies MC009 as an inhibitor of NF-κB and IRF 

activation. 

Previous work conducted in the lab involved screening expressed MCV subtype 1 ORF 

products against primary innate immune sensing and pro-inflammatory pathways (data 
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not shown). The screen was performed on 31 out of the 182 predicted MCV ORFs and 

identified several inhibitors of NF-κB and IRF activation from both sets of signalling 

pathways (51). One such inhibitor, MC009, inhibited both NF-κB and IRF activation, 

distinct from other inhibitors identified in this screen which targeted activation of only 

one transcription factor family. The MC009L ORF encodes a 184 amino acid protein with 

a predicted molecular weight of 21 kDa. MCV subtype 1 MC009 has a 94% similarity to 

its equivalent predicted protein sequence in MCV subtype 2 and a 47% similarity to 

EMCLV010L from the recently sequenced Equine molluscum contagiosum-like virus 

(Figure 3.1) (44).   

 

 

Figure 3.1. Multiple sequence alignment of MCV subtype 1, subtype 2 and EMCLV010L. 

EMCLV010L encoded by Equine molluscum contagiosum-like virus is the only known homolog 

of MC009. Key Legend: (-) gap in sequence, (.) amino acids of weakly similar properties, (:) 

amino acids of similar properties, (*) fully conserved amino acid. Sequence alignment was 

conducted using Clustal Omega (EBI-EMBL). 

 



78 
 

To begin investigating the protein, all MC009 plasmids found in the available frozen 

stocks collected by the host lab were tested to ensure they exhibited equivalent levels of 

expression and effect on innate pathways. First, MC009 ORF plasmids were tested for 

inhibitory ability with gene reporter assays (Figure 3.2A). HEK293T cells were 

transfected with a B-luciferase reporter plasmid or ISRE-luciferase reporter plasmid 

(which parse NF-B and IRF transcription factor activity, respectively) as well as a TK-

Renilla luciferase reporter plasmid. TK-Renilla was used as a means of normalising 

reporter luciferase data as it possesses a broadly zero-order expression promoter and thus 

adjusts for transfection levels of all plasmids in the assay. The TLR3 adaptor protein 

TRIF was utilised to activate NF-κB and IRF3 in both reporter assays. A small 

concentration, 10 ng/well, of TRIF was used as overexpression of the protein can lead to 

cell toxicity thus leading to skewed results (318). Each MC009 plasmid was tested at two 

concentrations, 25 ng and 50 ng. In wells transfected with a lower dose of MC009, CMV-

HA empty vector (empty vector; EV) was also added to maintain a comparable DNA 

concentration transfected per well. 

 

As seen in Figure 3.2, the activity levels of MC009 plasmids varied greatly between the 

plasmid samples. Samples titled ‘MP 9HA’, ‘9 100 GB’ and ‘pCEP4 9F B’ showed the 

most promising results for TRIF-mediated NF-B signalling inhibition. This was also 

observed in TRIF-mediated ISRE signalling with ‘MP 9HA’, ‘9 100 GB’ and ‘pCEP4 9F 

B’ having the strongest impact on activity levels even at lower MC009 doses. A ≥50% 

NF-κB or ISRE activity decrease can be seen in the presence of each of these plasmids 

(Figure 3.2A and B). In contrast, ‘MP 9FLAG’ and ‘9 FLAG OK’ showed no inhibitory 

activity at either of the two MC009 amounts for both κB- and ISRE-luciferase assays.  
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To further investigate why there were such high discrepancies between the plasmids, 

protein expression from each was assessed. Once again, the MC009 plasmids were 

transfected at two concentrations, however, this time in 6-well plates instead of 96-well 

plates therefore, with plasmid amount adjusted for scale of transfection. Cell lysates were 

also blotted for β-actin as a loading control verifying protein level consistency per well. 

A notable difference was observed between the expression levels of the various MC009 

plasmids which were trialled. Following the trend seen during luciferase assay testing, 

‘MP 9HA’, ‘9 100 GB’ and ‘pCEP4 9F B’ showed high levels of MC009 expression. In 

contrast, plasmids ‘MP 9FLAG’ and ‘9 FLAG OK’ showed no MC009 expression 

(Figure 3.1C). Thus, plasmids ‘MP 9HA’ and ‘9 100 GB’ (tagged with HA and FLAG 

respectively) were used for experimental work. 
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Figure 3.2. MC009 plasmid activity and expression comparison. A. HEK293T cells were used 

to check for variability between MC009 plasmid activity. The cells were transfected with 80 ng 

κB-luciferase, 40 ng TK-Renilla and 10 ng TRIF. The plotted bars show the mean value of 

technical triplicates with SEM error bars. The graph is representative of n=1. B. Cells were 

transfected with 80 ng ISRE-luciferase, 40 ng TK-Renilla and 10 ng TRIF. The plotted bars show 

the mean value of technical triplicates with SEM error bars. The graph is representative of n=1. 

C. HEK293T cells were grown in 6-well plates and were transfected with 3g DNA. They were 

incubated for 24h. Blots were imaged using an Odyssey Li-Cor Western blot imaging system and 

Odyssey software. The blots are representative of n=1. 

 

3.3 MC020 identified as inhibitor control. 

To further examine the effect of MC009 on innate signalling pathways, an MCV-ORF 

control expressing at an equivalent level with no effect on the investigated pathways was 

required. During the previously conducted MCV ORF screen, multiple ORFs showed no 

inhibitory properties for NF-κB or IRF activating pathways, including MC014, MC020, 

MC052 and MC063. Previously published work from the host lab used MC014 and 

MC020 as non-inhibitory controls (292,293,299). 

 

Four MCV ORFs were tested for effects on B- and ISRE-luciferase reporter activation. 

As per the MC009 plasmid screen, TRIF was used to activate both pathways and plasmids 

were transfected at the same two concentrations at which MC009 plasmids were 

previously tested. MC052 and MC063 showed moderate levels of inhibition of TRIF-

mediated κB- and ISRE-luciferase activation (Figure 3.3A and B). Surprisingly, MC014 

presented with inhibitory properties for both luciferase reporters (Figure 3.3A and B). 

In contrast, MC020 showed no significant inhibition of either pathway, and showed 

elevated but broadly comparable expression to MC009 at three different concentrations 
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(Figure 3.3C). Thus, MC020 was selected as the negative control for pathway mapping 

experiments. 

 

 

Figure 3.3. Identification of negative control MCV ORF. A-B. HEK293T cell line was used 

to test various MCV proteins as potential negative controls for MC009 experiments. Cells were 

transfected with 80 ng κB-luciferase or ISRE-luciferase, 40 ng TK-Renilla and 10 ng TRIF. Data 

is presented as the percentage of reporter activation with error bars representing SEM. The plotted 

bars show the mean value of technical triplicates. The graph is representative of n=1. C. 

HEK293T cells were grown in 6-well plates. The wells were transfected with 0.6, 1.5 or 3 µg of 

MCV plasmid. CMV-HA (empty vector) was used to balance the DNA concentration, 3 µg DNA 

per well. Cells were lysed using western blot sample buffer and resolved on a 15% SDS-PAGE 
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gel. Blots were imaged using an Odyssey Li-Cor Western blot imaging system and Odyssey 

software. The blots are representative of n=1. 

 

3.4 MC009 does not inhibit a Ras-activated Elk1 control pathway.  

As MC009 inhibited both NF-κB and IRF-activating pathways, it was necessary to 

determine if the MCV protein was non-specifically disrupting all cell signalling. Thus, 

the effect of MC009 on the Ras-activated Elk-1 mitogenic pathway was investigated. 

HEK293T cells were transfected with pFR-luciferase plasmid and Elk1-GAL plasmid, 

allowing Elk1 to bind to the luciferase plasmid through the GAL4 binding sites. The 

signal was stimulated using HA-tagged Ras protein. MC013 was used as a positive 

inhibitory control based on unpublished preliminary data observed by the host lab.  

 

 

Figure 3.4. Mitogenic Elk1 pathway used as a control for MC009 inhibitory properties. 

HEK293T cells were transfected with 80 ng pFR-luciferase, 40 ng TK-Renilla and 5 ng Elk1 

plasmid. The pathway was activated using 50 ng Ras-HA and the DNA concentration was 

equilibrated using an EV plasmid. Additions of MCV proteins were made at 10, 25 and 50 ng. 

MC013 was used as a positive control based on unpublished preliminary data from the Brady lab. 
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MC020 was used as a negative control. Data is presented as the percentage of reporter activation 

with error bars representing SEM. The graph is representative of n=3. 

 

Ras-driven Elk1-pFR activity remained stable in the presence of MC009 at all 

concentrations. A clear difference in percentage activity could be observed between 

MC009 and MC013 treated cells, with MC013 having a strong inhibitory effect on 

luciferase activity even at the lowest concentration.  

 

3.5 MC009 is an inhibitor of NF-B activation by pro-inflammatory and innate 

sensing pathways.  

NF-B is activated by multiple innate pathways including pro-inflammatory (for example 

TNFα) and primary sensing pathways via TLRs, RLRs and the cGAS-STING axis 

(315,334–336). The effect of MC009 on NF-κB activation by both pro-inflammatory and 

sensing pathways was investigated (Figure 3.5). Ligand stimulation and overexpression 

of defined signalling proteins from innate pathways were used to drive NF-κB activation. 

MC132 was used as a positive control for NF-κB pathway mapping as it has been shown 

to target NF-κB p65 for degradation (299). 

 

A pro-inflammatory cytokine stimulus, TNFα, was used to begin the NF-κB pathway 

mapping. The signal was inhibited in a dose-dependent manner by MC009 (Figure 3.5A). 

Likewise, MC009 inhibited NF-κB activation by the constitutively active CD4-TLR3 and 

its associated adaptor TRIF (Figure 3.5B and C). The MCV protein also showed great 

potential for inhibiting downstream TLR adaptor proteins MAL and MyD88, with >30% 

activity decrease after the addition of MC009 (Figure 3.5 D and E). To investigate the 

cGAS-STING axis both cGAS and STING were transfected into the system to drive 
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activation of this pathway. Similarly, cGAS-STING-driven κB-luciferase activity was 

potently inhibited by MC009 (Figure 3.5F).  The effect of MC009 on RLR pathway 

activation of NF-κB were investigated by activation using transfected Poly(dA:dT), 

which is known to stimulate RIG-I in HEK293T cells, and overexpressed MAVS 

observing inhibition of both with MC009 expression (Figure 3.5G and H) (337). 
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Figure 3.5. MC009 inhibits early stages of TLR, RLR and cGAS-mediated NF-κB 

signalling. A-H. HEK293T cells were transfected with 80 ng κB-luciferase, 40 ng TK-Renilla 

and EV. The signal was activated by overexpressing adaptor proteins or by stimulating with 1 

µg/mL Poly(dA:dT) or 50 ng/mL TNFα . Poly(dA:dT) was transfected in using Lipofectamine 

2000. The concentration of each activator was as stated on the figure panels. Additions of MCV 

proteins were made at 10 ng, 25 ng and 50 ng. MC132 was used as a positive control based on 

published data. MC020 was used as a negative control. Cells treated with TNFα were stimulated 

for 6 hours whereas Poly(dA:dT) stimulation lasted 24 hours. The plotted bars show the mean 

value of technical triplicates. Data is presented as the percentage of reporter activation with error 

bars representing SEM. Statistical significance was indicated by * <0.05, ** < 0.01 and **** 

<0.0001. All panels except panels D and F represent n=3; panels D and F are representative of 

n=4. 

 

As MC009 appeared to be inhibiting NF-B by both pro-inflammatory and sensing 

pathway activation of NF-B below the level of pro-inflammatory and sensing pathways 

activation, I next investigated its effect on activation further down these pathways. 

Activation of all pathways under investigation utilise two major regulatory proteins, 

TRAF2 and TRAF6 (264,338). As overexpression of TRAF6 drives a strong B-

luciferase activation with 50 ng, the concentration used was reduced to 10 ng to avoid 
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overstimulating the system and making the interpretation of inhibitory effects more 

challenging. Interestingly, MC009 potently inhibited TRAF2- and TRAF6-mediated κB-

luciferase activation, even more than the highly potent inhibitor MC132 in the case of 

TRAF6 (Figure 3.6A and B). Next, NF-κB activation was investigated by TAB2 which 

activates at the level proximal to the IKK complex (339), again observing inhibition by 

MC009 (Figure 3.6C).  
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Figure 3.6. MC009 inhibits TRAF2, TRAF6 and TAB2 mediated NF-κB signalling. A. 

Schematic representing innate signalling pathways regulating NF-κB activity. B-D. HEK293T 

cells were transfected with 80 ng κB-luciferase, 40 ng TK-Renilla and EV. The NF-κB pathway 

was activated using 50 ng TRAF2, 10 ng TRAF6 or 50 ng TAB2. Additions of MCV proteins 

were made at 10 ng, 25 ng and 50 ng. MC132 was used as a positive control based on published 

data. MC020 was used as a negative control. One-way ANOVA was used to determine statistical 

significance. Data is presented as the percentage of reporter activation with error bars 

representing SEM. Statistical significance was indicated by ** < 0.01 and **** <0.0001. The 

plotted bars show the mean value of technical triplicates. All graphs in this figure are 

representative of n=3. 

 

The IKK complex is formed from IKK, IKKβ and NEMO. This complex is the main 

NF-B activity regulator and is utilised by TLR, RLR and cGAS pathways to upregulate 

inflammatory responses through NF-B members (81,97,200,340). All three kinases 

were initially tested at 50 ng, however, due to potent signal stimulation the concentration 

was decreased to 10 ng (data not shown). IKK and IKKβ activation was, again, 

significantly inhibited by MC009 (Figure 3.7A and B). As overexpression of NEMO did 

not activate an B-luciferase, a constitutively active form of NEMO (previously made in 

the host lab) was used to activate signalling downstream of this protein (292). MC009 

virtually silenced activation of NF-B from this activator, like MC132 and MC005 which 

is known to directly target NEMO (Figure 3.7C) (292).  
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Figure 3.7. MC009 inhibits NF-κB signalling mediated through the IKK complex. A-C. 

HEK293T cells were transfected with 80 ng κB-luciferase, 40 ng TK-Renilla and EV. The NF-

κB pathway was activated using 10 ng IKKα, 10 ng IKKβ and 10 ng mutant IKKγ. Additions of 

MCV proteins were made at 10 ng, 25 ng and 50 ng. MC005 and MC132 were used as a positive 

control based on previously published data. MC020 was used as a negative control. Data is 

presented as the percentage of reporter activation with error bars representing SEM. Statistical 

significance was indicated by ** < 0.01, *** <0.001 and **** <0.0001. The plotted bars show 

the mean value of technical triplicates. Panels A-B are representative of n=3; panel C is 

representative of n=4. 

 

I next assessed the effect of MC009 on activation of B-luciferase by the of NF-B 

transcription factor itself by overexpressing p65/RelA. A range of concentrations were 
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used to observe the full effects of MC009 on overexpressed p65. Previous work in the 

host lab showed that MC132, which directly targets p65, inhibited at low levels of p65 

expression but inhibition was bypassed at higher levels of expression (299).   

 

 

Figure 3.8. MC009 inhibits direct κB-luciferase reporter activation by p65 inhibition like 

the p65-targetting MCV inhibitor MC132. HEK293T cells were transfected with 80 ng κB-

luciferase, 40 ng TK-Renilla and EV. The NF-κB pathway was activated using 0.1, 1, 5 and 10 

ng p65. Additions of MCV proteins were made at 10 ng, 25 ng and 50 ng. One-way ANOVA was 

used to determine statistical significance. The plotted bars show the mean value of technical 

triplicates. Data is presented as the percentage of reporter activation with error bars representing 

SEM. Statistical significance was indicated by * <0.05 and ** < 0.01. This graph is representative 

of n=3. 

 

3.6 MC009 is an inhibitor of IRF activation. 

Unlike the inhibitors previously discovered in the host lab (MC005, MC008 and MC132) 

which were specific inhibitors of NF-B signalling, MC009 also inhibited IRF activation. 
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Following the same pathway mapping protocol as for NF-B, the investigation began 

with receptor adaptor proteins and an outside DNA stimulant.  

 

The initial stages of TLR, RLR and cytosolic DNA sensing for IRF family signalling 

overlap with those regulating NF-κB activation (80,341). Similarly, Poly(dA:dT) and 

overexpressed MAVS were used to test MC009 effects on RLR-associated IRF 

activation. As with NF-κB activation by these stimuli, MC009 potently inhibited ISRE 

activation (Figure 3.9A and B). Unfortunately, a positive control was not used for the 

IRF pathway mapping as a suitable MCV protein was not available. Likewise, MC009 

inhibited ISRE activation by CD4-TLR3, TRIF and cGAS-STING (Figure 3.9 C-E).  
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Figure 3.9. MC009 inhibits IRF activation by TLR, RLR and cGAS pathways. A. Schematic 

representing innate signalling pathways regulating IRF3 and IRF7 activity. B-F. HEK293T cells 

were transfected with 80 ng ISRE-luciferase, 40 ng TK-Renilla and EV. The IRF pathway was 

activated using 25 ng cGAS, 25 ng STING, 10 ng MAVS, 50 ng CD4 TLR3 and 10 ng TRIF. 

Additions of MCV proteins were made at 10 ng, 25 ng and 50 ng. The plotted bars show the mean 

value of technical triplicates. Data is presented as the percentage of reporter activation with error 

bars representing SEM. Statistical significance was indicated by * <0.05 and ** < 0.01. Panels 

A-E are representative of n=3; panel F is representative of n=4. 

 

IRF activation, in contrast to NF-B, occurs through IKK-related kinases, TBK1 and 

IKKε (220,230). The kinases themselves are also regulated by various combinations of 

upstream proteins, including TRAF3, TBKBP1, NAP1 and TANK, depending on the 

signal stimulus (227,228,322). Thus, activation of the pathway using TRAF3, TBKBP1, 

NAP1 and TANK was investigated. However, activation of ISRE-luciferase by 

overexpression of these proteins was not observed (data not shown). TBK1 and IKKε 

hold functionally equivalent roles in IRF family signal transduction as the IKK complex 

in NF-B signalling. A dose dependant inhibition of TBK1 was observed (Figure 3.10A). 

A significant inhibition of signalling was also observed for IKKε-driven ISRE activation 

(Figure 3.10B). 
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Figure 3.10. MC009 inhibits IRF family signalling by TBK1 and IKKε. A-B. HEK293T cells 

were transfected with 80 ng ISRE-luciferase, 40 ng TK-Renilla and EV. The IRF pathway was 

activated using 50 ng TBK1 or 10 ng IKKε. Additions of MCV proteins were made at 10 ng, 25 

ng and 50 ng. The plotted bars show the mean value of technical triplicates. Data is presented as 

the percentage of reporter activation with error bars representing SEM. Statistical significance 

was indicated by * <0.05 and **** <0.0001. Both panels are representative of n=3. 

 

Lastly, two IRF transcription factors were tested, IRF3 and IRF7. The IRF family 

members were chosen based on their involvement in pro-inflammatory responses during 

viral infections (72,128,152,341). Constitutively active forms of the IRFs were used to 

look at their ability to overcome MC009 inhibition, or lack thereof. As for p65 and B-

luciferase (Section 3.4 Figure 3.8), four concentrations of activator plasmids were tested. 

MC009 inhibited both constitutively-active IRF3 and IRF7 at every concentration used 

(Figure 3.11). Addition of MC020 showed no inhibition of the pathway (data not shown). 
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Figure 3.11. MC009 inhibits direct ISRE-luciferase activation by IRF3 and IRF7 signalling. 

A-B. HEK293T cells were transfected with 80 ng ISRE-luciferase, 40 ng TK-Renilla and EV. 

The IRF pathway was activated using constitutively active IRF3-5D and IRF7-4D. The 

experiment was trialled at four concentrations 0.1, 1, 5 and 10 ng. Additions of MCV proteins 

were made at 10 ng, 25 ng and 50 ng. The plotted bars show the mean value of technical 

triplicates. Data is presented as the percentage of reporter activation with error bars representing 

SEM. Statistical significance was indicated by ‘ns’ non-significant, * <0.05, ** < 0.01 and *** 

<0.001. Both panels are representative of n=3. 
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3.7 MC009 impairs cytokine and IFN-α/β release.  

Pathway mapping not only suggested that MC009 targets downstream of NF-κB and IRF 

family activation, but also provided insight into the potency of the inhibitor relative to 

previously identified inhibitors in the case of NF-κB. Next, the consequences of MC009 

inhibition on cytokine production was investigated. IL-8/CXCL8 was used as a 

representative NF-κB associated cytokine, whereas IP-10/CXCL10 was a representative 

of NF-κB and IRF family-regulated cytokine. Stable CdCl2-inducible pMEP4-MC009-

FLAG cells were used to prepare samples for ELISA cytokine production analysis. 

MC009 expression was confirmed using western immunoblotting (Figure 3.12A). IL-8 

production was stimulated by the addition of TNFα for 24 hours. MC009 potently 

inhibited Poly(dA:dT)-induced IP-10 production with more modest effects on TNFα-

induced IL-8 production (Figure 3.12B and C). 
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Figure 3.12. Induction of MC009 expression leads to diminished IL-8 and IP-10 cytokine 

production. A. HEK293T-pMEP4-MC009-FLAG cells were maintained with 200 µg/mL or 300 

µg/mL of Hygromycin B Gold solution. MC009 expression was induced with 1µM CdCl2 for 24 

hours. B-C. Stable cells were seeded in 6-well plates and selected for with 200-300 µg/mL of 

Hygromycin B Gold solution. Protein expression was induced with 1µM CdCl2 for 24 hours 

before stimulating with 50 ng/mL TNFα or 1 µg/mL Poly(dA:dT) for an additional 24 hours. 

Supernatants were probed for IL-8 or IP-10 using a sandwich ELISA; read at 450 nm. The plotted 

bars show the mean value of technical triplicates. Data is presented as the percentage of reporter 

activation with error bars representing SEM. Statistical significance was indicated by *** <0.001 

and **** <0.0001. Panel B is representative of n=3; panel C is representative of n=2. 
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The effect of MC009 on type I IFN production was investigated with the use of IFN-β 

promoter luciferase assays and an IFN-α/β bioassay (Figure 3.13). IFN-β promoter 

luciferase activity mediated by cGAS-STING overexpression was inhibited in a dose 

dependent manner by MC009 (Figure 3.13A). Likewise, Poly(dA:dT)-driven IFN-β 

signalling was significantly reduced in the presence of MC009 in contrast to the controls 

MC132 and MC020 (Figure 3.13B). Lastly, the effect of MC009 on Poly(dA:dT)-

stimulated IFN-α/β production was inspected using stable inducible pMEP4-MC009-

FLAG cells. Supernatants were added to HEK-Blue IFN-α/β cells and incubated for 24 

hours and measured for SEAP production (which directly correlates with IFNα/β levels). 

A significant reduction in the signal produced by IFN-α/β HEK-Blue cells stimulation 

was observed in samples expressing MC009 (Figure 3.13C). 
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Figure 3.13. IFN-α/β response is weakened in the presence of MC009. A-B. HEK293T cells 

were transfected with 80 ng IFN-β-luciferase, 40 ng TK-Renilla and EV. The IRF pathway was 

activated with overexpressed cGAS-STING. Additions of MCV proteins were made at 10, 25 and 

50 ng. B. Cells were stimulated with 1 µg/mL Poly(dA:dT) and incubated for an additional 24 

hours. Lipofectamine 2000 was used as a transfection reagent for Poly(dA:dT). C. HEK293T-

pMEP4-MC009-FLAG cells were maintained with 200 µg/mL of Hygromycin B Gold solution. 

Cells were seeded in 6-well plates. MC009 expression was induced with 1µM CdCl2 for 24h 

before stimulating with 1 µg/mL Poly(dA:dT) for an additional 24h. Supernatants were added to 

HEK-Blue IFN-α/β cells and incubated for 24h. SEAP production was recorded at 620 nm. The 

plotted bars show the mean value of technical triplicates. The plotted bars show the mean value 
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of technical triplicates. Data is presented as the percentage of reporter activation (A-B) with error 

bars representing SEM (A-C). Statistical significance was indicated by * <0.05, ** < 0.01 and 

**** <0.0001. Panels A-B are representative of n=3; panel C is representative of n=4. 

 

3.8 Identification of functional regions of MC009.  

To identify important regions of MC009 for inhibition of NF-κB and IRF activation, the 

host lab previously generated a series of MC009 truncations. To do this, discrete regions 

of the MC009 nucleotide sequence were amplified and subcloned to generate ten MC009 

truncations (Figure 3.14A). All ten truncation plasmids (M1-10) were screened using 

MAVS-activated B- and ISRE-luciferase assays (Figure 3.14B and C). The truncations 

were tested at three concentrations to maintain consistency with previous experiments. 

Full length MC009 and MC020 were used as positive and negative controls, respectively. 

Truncation M1 (1-86 aa) maintained the same B- and ISRE-luciferase inhibitory effect 

of full length MC009 peptide (Figure 3.14B and C). Inhibition was also observed with 

truncation M8 (1-51 aa) and M9 (1-42 aa) (Figure 3.14C). Expression of MC009 

truncations was investigated, however, due to their size they were too small to resolve 

during SDS-PAGE electrophoresis (data not shown). Interestingly, M8 and M9 inhibitory 

function was more consistent against IRF signalling than NF-κB. Although M1, M8 and 

M9 share a common sequence region, M1 is 36 amino acids longer than M8 and 45 amino 

acids longer than M9. Truncations M4, M5 and M6 also share this common region 

however, they showed no inhibitory potential of NF-κB activity and moderate effects on 

ISRE activity. 
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Figure 3.14. MC009 inhibitory function is held in the N-terminal of the genetic sequence. A. 

A visual representation of ten MC009 peptide truncations in comparison to the full length MC009. 

The full length MC009 peptide is 184 amino acids long. Truncations are shown in order from M1 
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to M9. Sequence region required for inhibitory function is highlighted in red. B-C. HEK293T 

cells were transfected with 80 ng κB- or ISRE-luciferase reporter plasmid, 40 ng TK-Renilla and 

EV. Both pathways were activated using 25 ng MAVS. Additions of MCV proteins were made 

at 10, 25 and 50 ng. The plotted bars show the mean value of technical triplicates. Data is 

presented as the percentage of reporter activation with error bars representing SEM. Both panels 

are representative of n=3. 

 

3.9 Discussion 

MCV appears to be incredibly adept at evading or inhibiting human immunity 

(60,292,293,299,304). Proteins such as MC005, MC132, MC159 and MC163 are just a 

few of the well-studied inhibitors encoded by this virus (292,299,304,308). These four 

ORFs all exhibit the ability to inhibit NF-B or IRF in immune signalling using distinct 

mechanisms. Inhibition of transcription factor activation hampers cytokine and 

chemokine production necessary for a well balance inflammatory response. It is not yet 

clear how MCV uses these inhibitors in vivo or whether they act at the same time, in 

combination with each other or completely separately. Interestingly, like MC159 and 

MC160, but distinct from MC005 and MC132, the work presented in this chapter 

confirms that MC009 can inhibit both NF-B and IRF activity. As the NF-B system is 

better characterised than the IRF-activating pathways, new inhibitors of IRF-activation 

like MC009 could shed more like on this pathway and the relationship between NF-B 

and IRF in response to viral infections. 

 

All available MC009 plasmids, DYKDDDDK (FLAG) or HA tagged, were investigated 

for inhibitory activity (Figure 3.2A and B). Two plasmids, ‘MP 9HA’ and ‘9 100 GB’, 

were chosen for further work and as stocks for future additional MC009 plasmids as one 

contained a HA-tag and the other a FLAG-tag. Some tested stocks may have been 
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replicates of each other as original plasmids as well as 100 ng stocks were analysed. 

However, due to poor labelling and material transfer between multiple freezers it was not 

possible to distinguish which 100 ng stock aliquot was related to which original MC009 

stock. Therefore, all acquired plasmids were tested. This underlined the importance for 

sample labelling and inventory maintenance for the MC009 project. Storage of inactive 

MC009 plasmids led to confusion and unnecessary use of larger quantities of reagents 

for the optimisation assay. 

 

In preparation for MC009 pathway mapping, four MCV plasmids were screened as 

potential negative controls: MC014, MC020, MC052 and MC063 (Figure 3.3A and B). 

MC020 was chosen as the negative control as it consistently had no inhibitory effect at 

‘low’ (25 ng) and ‘high’ (50ng) concentrations, showing the same trend in both B- and 

ISRE-luciferase assays. Similarly to MC009 plasmids, multiple stocks of each MCV 

protein were found in the host lab freezers. Some plasmids were not labelled with the 

date of plasmid purification. Once again this highlighted the necessity for correct reagent 

storage and inventory. 

 

I hypothesised MC009 to be an inhibitor of innate signalling pathways, therefore, a 

control signalling pathway was vital for the continuation of this project. To test this, the 

Ras-activated Elk1 mitogenic pathway was examined. The ternary complex factor Elk1 

is a transcription factor dependent on post-translational modifications (331,342). It is 

downstream of a Ras protein which is inactive until bound to GTP (343). MC009 behaved 

in a similar manner to MC020 during Ras-mediated Elk1 activation (Figure 3.4) 

confirming the specificity of MC009 as an inhibitor of innate signalling pathways. If 

MC009 inhibited all types of signalling, including mitogenic pathways, the project would 
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no longer be specific to human innate immunity. Additionally, inhibition of all routes of 

signal transduction would prove to be difficult and dangerous if the MC009 peptide was 

investigated further as a potential therapeutic agent for autoimmune disorders. The Ras-

Elk1 assay marginally varied from κB- and ISRE-luciferase assays. The control assay 

required the addition of a pFA-Elk1 plasmid and a pFR-luciferase reporter plasmid rather 

than just the addition of one luciferase reporter plasmid. In contrast to κB- and ISRE-

luciferase, 80 ng of reporter plasmid was distributed among two plasmids (pFA-Elk1 and 

pFR-luciferase reporter) rather than one (κB- or ISRE-luciferase reporter).  

 

Signalling cascades are composed of a plethora of proteins. Testing all proteins involved 

in innate signalling would have been redundant and unproductive as a larger volume of 

reagents would be required. Conducting more assays would also lead to an extended 

experimental period which was not viable due to the time restraints of a PhD degree. 

Therefore, only key members of TLR, RLR and cytosolic DNA sensing signalling were 

examined for MC009 pathway mapping. TLR-mediated NF-κB activity was tested 

through an artificial TLR3 dimer (CD4-TLR3), TRIF, MAL and MyD88 and a dose-

dependent reduction in signal output was exhibited after the addition of MC009 (Figure 

3.5). Unlike the other activators, the presence of two proteins was necessary for cGAS-

induced luciferase activity (Figure 3.5 D). Strong NF-κB activation was observed after 

cells were transfected with both plasmids, cGAS and STING, simultaneously. TNFα, was 

tested as a pro-inflammatory cytokine simulating cellular response usually evoked during 

viral infections (Figure 3.5A). In all cases, signal reduction indicated that the MCV 

protein inhibits TLR, RLR and cGAS-STING-mediated NF-κB activity. Furthermore, it 

demonstrated that MC009 functions downstream of all above-mentioned proteins.  
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The cascades utilise common downstream proteins to regulate the IKK complex. During 

the NF-κB mapping stage three key proteins were chosen for the investigation of this 

stage of signalling (TRAF6, TRAF2 and TAB2) all of which were inhibited by MC009 

(Figure 3.6). TRAF6 was chosen as it plays a crucial role in TLR, RLR and cGAS NF-

κB signalling. TRAF2 was chosen to further our understanding of M009 effects on the 

TNFR pathway, while TAB2 provided more information about the TLR cascades. This 

narrowed down the pathway mapping at the middle stage of the cascades to optimise 

experimental time. If MC009 did not inhibit all three activators, other proteins such as 

TAK1 or TAB1 would have been investigated. 

 

MC005 was added as an additional control during IKK kinase screens as it has been 

shown to interact with NEMO (Figure 3.7) (292). The IKK kinases are imperative to NF-

κB signalling as their activity directly dictates whether NF-κB transcription factors are 

release by IκBα (97,344). Wild-type NEMO does not lead to signal induction as it 

requires a ubiquitin-mediated conformational change to move into its active state (345). 

To counteract the lack of signal induction by wild-type NEMO a constitutively active 

kinase was used. The mutant NEMO contained a point mutation in the CC2 domain of 

the kinase which forced the kinase to remain in its active state mediating an NF-B signal. 

Inhibition of the IKK complex by MC009 inferred the inhibitor operated at the 

transcription factor level. 

 

Finally, the transcription factor subunit p65 was investigated (Figure 3.8). P65 remains 

sequestered in the cytoplasm when bound to IκB in an inactive state (346). However, as 

the gene reporter assay uses an overexpressed p65 activator not endogenous, therefore, 

this did not complicate the experiment. MC132 directly inhibits p65 by forcing the 
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transcription factor into proteasomal degradation (299). Based on MC132 data, I 

understood that if MC009 inhibited p65 in a likewise pattern as MC132 then it was more 

likely that MC009 directly affects p65 activity. However, if MC009 was able to inhibit 

low and high concentrations of p65, then the inhibitor likely worked by disrupting p65 

activity by proxy. MC009 similarities with MC132 indicated that the inhibitor worked 

alongside or downstream of the transcription factor member. Unfortunately, Brady et. al. 

also examined MC132 p65-inhibition at 25ng which was not tested during MC009 

pathway mapping. Based on the data, I could conclude that MC009 inhibited NF-κB 

signalling at the transcription factor level. However, I could not definitively conclude if 

MC009 directly affected p65 or not purely based on this stage of the project. 

 

IRF signalling was investigated using the same rationale as NF-κB pathways. cGAS-

STING-driven ISRE-luciferase was inhibited by MC009 (Figure 3.9E). In comparison, 

Poly(dA:dT) and MAVS-mediated cascades saw an even more significant drop in activity 

levels with MC009. ISRE activity level dropped by ~75% after cell treatment with the 

lowest dose of MC009 (Figure 3.9B). TLR-related adaptor proteins were also hindered 

by the inhibitor (Figure 3.9C and D). Comparable effects of MC009 on IRF and NF-κB-

activating pathways indicated that MC009 inhibited both at a further point in the signal 

cascade. Downstream of the adaptor proteins are TRAF3, TBKBP1, NAP1 and TANK 

responsible for regulating TBK1 and IKKε (341). The effect of MC009 on the signal 

mediated by these proteins was inconclusive as they did not drive an adequate ISRE-

luciferase signal.  

 

TBK1 and IKKε, often referred to as ‘IKK-related kinases’, hold an equivalent role to the 

IKK complex present in NF-B signalling (Figure 3.10) (230,254). The two kinases are 
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directly upstream of IRF family members regulating transcription factor activity. IRF3 

and IRF7 are the dominant IRF family members during viral infections driving a type I 

IFN response (128,152,347). IRF transcription factors dimerise before they translocate 

into the nucleus. Similarly to the constitutive NEMO mutant, phosphomimic mutants 

IRF3-5D and IRF7-4D were used as they did not require the phosphorylation of the 

serine/threonine residues by TBK1 or IKKε (Figure 3.11). ISRE activity was 

significantly reduced in HEK293T cells transfected with MC009 for both IRF3 and IRF7. 

This was once again indicative of MC009 directly affecting the transcription factors or 

interacting with proteins preventing transcription factor activity. In the future, a higher 

concentration of IRF activators should also be tested to determine if MC009 inhibition is 

bypassed. 
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Figure 3.15 MC009 inhibition of signalling pathways activating NF-B and IRF 

transcription factors. PRR- and cytokine-induced anti-viral pathways convene at the IKK 

complex in NF-κB signalling or the IKK-related kinases in IRF3 and IRF7 signalling. MCV-

derived protein, MC009, targets innate immune signal transduction at the transccription factor 

level. Schematic created using Biorender (biorender.com). 

 

MC009 demonstrated potent inhibitory function for both NF-κB and IRF signalling, it 

was crucial to investigate the consequences of pathway inhibition on pro-inflammatory 

cytokine and type I IFN production (Figure 3.12 and Figure 3.13). IL-8/CXCL8 and IP-

10/CXCl10 were chosen as representatives of NF-κB- and IRF-governed cytokines. 

MC009 inhibited IL-8, IP-10 and IFN-α/β release demonstrating the effect of the inhibitor 

on the production of key cytokines in human innate immunity. Inhibition of pro-

inflammatory cytokine and chemokine release as well as a diminished type I IFN 

response was complimentary to the lack of evident immune responses observed during 

an MCV viral infection (43). Only two experimental replicates were conducted of the IL-

8 assay, a third could be conducted in future studies to confidently conclude the result. 

The experiments were controlled by using cells with and without CdCl2. Another 

worthwhile example of a control for CdCl2-inducible assays would have been parent cells 

(HEK293T cells) not transfected with pMEP4-MC009-FLAG. 

 

Functional region(s) of MC009 were also investigated. The initial step was to compare 

the inhibitory potential of MC009 truncations to full length MC009 peptide. MAVS drove 

strong and consistent signal activity in the pathway mapping stage; therefore, it was an 

ideal candidate for truncation screening. Furthermore, MAVS also allowed for direct 

comparison of inhibitory effects on κB- and ISRE-luciferase (Figure 3.14). Most of the 

truncation sequences contained overlapping regions with one another, for example, M1 
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overlapped with all other nine truncations. Conversely, M10 only overlapped with 5 other 

sequences. Using multiple sequences for the screen allowed for the discrimination 

between parts of the MC009 peptide sequence necessary for its inhibitory function and 

parts not involved in the process. Peptide M1 showed the most potent inhibition with M8 

and M9 also showing dose dependent inhibition in ISRE-luciferase screening. The three 

peptides share 42 amino acids found at the N terminal of the full-length sequence (Figure 

3.14A). The screen was also conducted using IKK-β to mediate NF-κB activity which 

showed M9 to maintain a similar level of inhibition to full length MC009 peptide (data 

not shown). M4, M5 and M6 also show some inhibitory ability however, this was not 

consistent and was clearer in the ISRE system rather than the NF-κB screens. Importantly, 

truncation M10 which shares the same N terminal region with M1, M8 and M9 showed 

no inhibitory ability in either NF-κB or ISRE signalling. Considering the above-

mentioned results, the functional region for MC009 was narrowed-down to an 11 amino 

acid-long region. It is important to note, while the functional region was hypothesised to 

be the 11 amino acid sequence, I could not conclude this finding definitively as it required 

more research. Short peptides can lead to misaligned protein folding disrupting protein 

activity and function. Additionally, due to the length of the peptides expression blots of 

the truncations could not be conducted. PCR testing could have been used to confirm 

peptide presence. 

 

3.10 Conclusion  

The project started by identifying HA- and FLAG-tagged MC009 plasmids with potent 

inhibitory ability. MC020 was shown to be a reliable negative control for further MC009 

investigation. Pathway mapping elaborated the point at which MC009 exerts its 

inhibitory function on TLR, TNFR, RLR and cGAS-STING signalling all of which are 
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involved in an anti-viral innate response. Furthermore, the inhibitor was observed to work 

at the transcription factor level inhibiting p65, IRF3 and IRF7 luciferase activity. 

Inhibitory signalling effect was reflected in IL-8, IP-10 and IFN-β production levels 

shedding light as to how MCV potentially evades a strong inflammatory response during 

infection. Protein-protein interactions required investigation to further understand the 

relationship between MC009 and p65 or IRF3. 
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Chapter 4: MC009 Inhibits TNFα-induced p65 Nuclear 

Translocation. 
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4.1 Introduction 

The localisation of MCV inhibitors pre- and post-signal induction can aid in deciphering 

the function and mechanism of the protein. MC005 and MC132 are exclusively observed 

in the cytoplasm of HEK293T cells (292,299). The same was observed by Phelan et. al. 

for MCV-derived inhibitor MC008 (293). Conversely, MC014 sequesters within the 

nucleus of the cell without prior cell stimulation (299). However, the localisation of 

MC009 remained unknown. 

 

Phosphorylation events play a key role in controlling pro-inflammatory signalling. P65 

activity is dependent on the inhibitory protein IκBα. The transcription factor member is 

sequestered in the cytoplasm as a result of IκBα binding. Phosphorylation of the kinase 

at site S32 and S36 releases p65 allowing it to translocate into the nucleus (348). 

Furthermore, the phosphorylation of p65 can also inhibit its role within the signalling 

cascade. A study presented by Lu et. al. underlined the importance of p65 and IRF3 

phosphorylation for a healthy anti-viral response (349). The study showed a significant 

decrease in TNFA and IFNB1 expression after PTM inhibition. Oppositely, the group 

observed higher cytokine production levels in cells where p65 and IRF3 phosphorylation 

was not disrupted.  

 

Transcription factors are common targets of viral immunomodulators consequently 

inhibiting signal transduction. MC132 disrupts pro-inflammatory cytokine release by 

driving p65 degradation (299). The NF-κB member is recruited to the Cullin-5-Elongin 

B-Elongin C complex where it undergoes proteasomal degradation. Orf virus encoded 

protein ORFV002 also directly targets p65 inhibiting NF-κB gene regulation (350). 
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ORFV002 affects the acetylation of p65 disrupting the p65-p300 binding thus interfering 

with transcription factor activity.  

 

The previous chapter discussed the inhibitory effect of MC009 on TLR, RIG-I and cGAS-

STING anti-viral signalling as well as its consequence on cytokine, chemokine and IFN 

production. However, the exact mechanical effect of MC009 on transcription factors 

remained unknown. The aim of this chapter was to focus investigations on the 

relationship between MC009 and p65, as well as subsequent changes in p65-mediated 

signalling events, to further elucidate the molecular mechanisms of MC009 inhibition of 

pro-inflammatory innate signalling. 

 

4.2 Confocal microscopy protocol optimisation. 

Confocal microscopy was used to better understand where MC009 functions in cells. The 

protocol involved coating glass coverslips with Poly-L-Lysine for cell adhesion. 

HEK293T cells were seeded and transfected with MC009-FLAG as per standard cell 

culture and transfection protocol. The results obtained showed two major problems. The 

signal received in the 488 nm FLAG channel was weak while also showing a lot of 

background activity (Figure 4.1). This was especially evident in the EV control as the 

FLAG channel should have had no fluorescent activity. Secondly, HEK293T cells grew 

in clumps across the glass coverslips rather than in a single layer evenly spread over the 

surface.  
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Figure 4.1. HEK293T cells did not maintain a 2D in vitro model morphology when using 

‘Confocal Microscopy (Coverslip method)’ protocol.  HEK293T cells were seeded at 1x105 

cells/mL on Poly-L-Lysine-coated glass coverslips in 24-well plates. The wells were transfected 

with 1 µg MC009-FLAG or EV. The slides were fixed in 2% paraformaldehyde, then blocked 

and permeabilised in 0.3% TritonX-100 in 2% BSA before staining. The cells were stained for 

FLAG (488 nm) and DAPI (405 nm). The images were taken with a 40x objective on a Leica SP8 

scanning confocal microscope and LAS X software. This figure is representative of n=1. 

 

Based on the observations made during the initial MC009 localisation attempt, the 

protocol for confocal microscopy required optimisation. The protocol was optimised 

using HEK293T cells grown in two cell culture vessel types, chamber slides and 24-well 

plates with coverslips, and cell growth was investigated 24 hours after cell seeding. 

Coverslips were treated under various conditions for cell growth optimisation. One glass 

coverslip was placed per well in a 24-well plate with separate plates used to accommodate 

different testing conditions. As the coverslips were stored in ethanol, firstly, all wells 



114 
 

were washed with PBS to remove any remaining ethanol still present. To test if the glass 

from which the coverslips were manufactured was hydrophilic and suited for cell 

adhesion one plate was seeded without chemical treatment. HEK293T cells attached to 

the coverslip surface however, compared to regular cell culture the cells were not as 

spread out and more cells were overlapping (Figure 4.2A). 

 

Poly-L-Lysine was tested as an adhesive reagent as it accommodates stronger 

electrostatic interactions between the cell membrane and the culture vessel (351). Three 

coverslips were coated with an adhesive reagent Poly-L-Lysine which was dried in 

different conditions. The cells seeded on coverslips coated with Poly-L-Lysine which 

was dried at room temperature for 15 minutes were not evenly spread over the surface in 

contrast to standard cell culture (Figure 4.2B). Next, the Poly-L-Lysine coverslip was 

dried at 50°C for 60 minutes before cell seeding, however, the cells also grew in 

aggregates (Figure 4.2C). Lastly, the attachment reagent was allowed to dry overnight 

at room temperature. The growth of the cells was better, yet the cells were still 

overlapping (Figure 4.2D). 

 

An acid wash was carried out prior to Poly-L-Lysine coating, which did not enhance cell 

adherence to the glass substrate (Figure 4.2E). The two last tests carried out on glass 

coverslips involved a PBS wash after Poly-L-Lysine coating, immediately after coating 

or after the reagent had fully dried. However, neither protocol involving a PBS wash 

showed favourable cell growth conditions (Figure 4.2F and G).  

 

The 8-well NuncTM Lab-TekTM II chamber slides are also manufactured without any 

chemicals coating of the glass surface. Instead, the glass is prepared for cell adhesion 
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through a ‘multi-stage high-purity water washing process’. Two conditions were tested 

to investigate HEK293T cell growth on chamber slides, half of the wells were coated 

with Poly-L-Lysine while the remainder were left untreated. Cell growth was improved 

in both circumstances, with cells seeded in untreated wells resembling standard cell 

culture HEK293T growth (Figure 4.2H and I). 

 

 

Figure 4.2. NuncTM Lab-TekTM II Chamber SlideTM System supports HEK293T cell 

adhesion. A-G. HEK293T cells were seeded 1x105 cells/mL in 24-well plates. Cells were grown 

on glass coverslips without any treatment (A) or on glass coated with Poly-L-Lysine with varied 

protocols: coated with Poly-L-Lysine (B), coated with Poly-Lysine and dried at 50°C for 60 

minutes prior to cell seeding (C), coated with Poly-Lysine and dried at room temperature 

overnight (D), washed with 1% HCl in 70% EtOH before coating with Poly-Lysine (E), coated 

with Poly-Lysine and immediately after washed with PBS (F) or coated with Poly-Lysine and 
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washed with PBS after reagent was completely dry (G). H-I. HEK293T cells were seeded 1.8x105 

cells/mL in 8-well chamber slides. The cells were grown in untreated wells (H) or in Poly-L-

Lysine coated wells (I).  

 

The confocal microscopy slide preparation protocol was tested on four of the previously 

examined conditions (chamber slides with/without Poly-L-Lysine and coverslips 

with/without Poly-L-Lysine). The cells were prepared for confocal microscopy by fixing, 

permeabilising and staining, and were transfected with MC009-FLAG to test plasmid 

uptake. HEK293T cells grown on uncoated glass did not have a raised appearance 

however, the cell-surface adhesion was not as strong as with Poly-L-Lysine surfaces 

(Figure 4.3). MC009-FLAG expression was not visible in cells grown on Poly-L-Lysine 

coverslips.  

 

    

Figure 4.3. NuncTM Lab-TekTM II Chamber SlideTM System provides a suitable HEK293T 

cell transfection environment. A-B. HEK293T cells were seeded 1.8x105 cells/mL in 8-well 

chamber slides. The cells were grown on Poly-L-Lysine coated wells (A) or in untreated wells 

(B). C-D. HEK293T cells were seeded 1x105 cells/mL in 24-well plates. Cells were grown on 

glass coverslips without any treatment (C) or on glass coated with Poly-L-Lysine (D). A-D. 

HEK293T cells were transfected with 1 µg MC009-FLAG. The cultured cells were fixed in 4% 
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paraformaldehyde. They were permeabilised and blocked with 0.3% TritonX-100 in 2% BSA. 

Slides were stained with Alexa Fluor 488 nm conjugated anti-FLAG antibody and mounted using 

ProLongTM Gold antifade media with DAPI stain. The images were taken with a 40x objective 

on a Leica SP8 scanning confocal microscope and LAS X software. 

 

4.3 MC009 inhibits TNFα-stimulated p65 nuclear translocation. 

It was important to visualise where MC009 localises in the cell to better understand where 

it inhibited signalling pathways. HEK293T cells were transfected with MC009-FLAG or 

MC020-FLAG, the control MCV ORF. Confocal images showed MC009 to be evenly 

distributed throughout the cell cytoplasm. Although MC020 was also localised in the 

cytoplasm, it displayed punctate distribution (Figure 4.4).  

 

Figure 4.4. MC009 localises in the cytoplasm of HEK293T cells. HEK293T cells were seeded 

at 1.8x105 cells/mL in 8-well chamber slides. The wells were transfected with 1 µg MC009-

FLAG or MC020-FLAG. The slides were fixed in 4% paraformaldehyde, then blocked and 

permeabilised in 0.3% TritonX-100 in 2% BSA before staining. The cells were stained for FLAG 

(488 nm). ProLongTM Gold DAPI mounting solution was used for nuclear staining. The images 
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were taken with a 40x objective on a Leica SP8 scanning confocal microscope and LAS X 

software. This figure is representative of n=3. 

 

As previously described, MC009 inhibited the induction of both NF-κB and IRF 

pathways, even after directly activating the system by overexpressing p65, IRF3 or IRF7 

(Figure 3.8 and Figure 3.11). The MCV inhibitor was also shown to inhibit cytokine 

and IFN production (Figure 3.12 and Figure 3.13).  NF-κB activity can be acutely 

stimulated by TNFα, leading to relatively rapid nuclear translocation and NF-κB-

dependant gene expression (352–355). Thus, I next investigated the effect of MC009 on 

NF-κB nuclear translocation. 

 

Multiple controls were utilised throughout the experimental procedure. Firstly, a CMV-

HA (empty vector; EV) plasmid was used to observe background staining present in the 

488 nm channel. MC020 was tested to differentiate if any changes to p65 localisation 

were a direct effect of MC009 expression. The p65 response to TNFα stimulation was 

controlled with unstimulated HEK293T cells. Lastly, a TNFα time course was conducted 

to visualise p65 translocation at set timepoints (Figure 4.5).  

 

NF-κB subunit p65 was localised in the cytoplasm in unstimulated HEK293T cells 

transfected with MC009, MC020 and EV (Figure 4.5A).  Transcription factor subunit 

nuclear translocation was not observed after a 10-minute TNFα stimulation but was 

observed from the 20-minute timepoint onward (Figure 4.5B and C). Notably, nuclear 

translocation was unaffected by EV or MC020 transfection at any timepoint of TNFα 

stimulation. In contrast, MC009 inhibited TNFα-induced p65 translocation past the 20-

minute timepoint (Figure 4.5C-G).  
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Figure 4.5. MC009 inhibits TNFα-induced p65 nuclear translocation. A-B. HEK293T cells 

were seeded at 1.8x105 cells/mL in 8-well chamber slides. The wells were transfected with 1 µg 

MC009-FLAG, MC020-FLAG or CMV-HA. Cells were stimulated with 50 ng/mL TNFα over a 

10-60-minute time course (B). The cells were stained for FLAG (488 nm) and p65 (647 nm). 

ProLongTM Gold DAPI mounting solution was used for nuclear staining. The images were taken 

with a 40x objective on a Leica SP8 scanning confocal microscope and LAS X software. This 

figure is representative of n=3. 
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4.4 MC009 does not inhibit NF-κB signalling through direct interaction with p65 or 

IκB degradation. 

After observing that MC009 expression was correlated to p65 sequestering in the 

cytoplasm, the mechanism of inhibition was investigated.  First, I examined whether 

MC009 was binding and potentially directly sequestering p65. HEK293T cells were 

transfected with MC009, MC020 or EV. It was noted that MC009-FLAG did not pull-

down endogenous p65 suggesting that direct interaction was not responsible for inhibition 

of translocation (Figure 4.6).  

 

 

Figure 4.6. MC009 does not interact with endogenous p65. HEK293T cells were seeded at 

4x106 cells/mL in 10 cm. The wells were transfected with 4 µg MC009-FLAG or MC020-FLAG 

and 4 µg EV.  Cells were lysed with a CO-IP lysis buffer containing phosphatase and protease 

inhibitors. Immunoprecipitants and control lysates were immunoblotted and imaged using the 

ChemiDoc Bio-Rad imaging system. This figure is representative of n=3. 
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Another potential mechanism of MC009 inhibition involved key events in NF-κB 

regulation such as p65 phosphorylation and IκBα degradation. To investigate this, 

MC009 expression was induced using stable-CdCl2-inducible pMEP4-MC009-FLAG 

cells. Phosphorylation events were tested with a TNFα stimulation time-course. 

Interestingly, no inhibition was observed for TNFα-induced IκB degradation or p65 

phosphorylation by MC009 (Figure 4.7).  

 

  

Figure 4.7. MC009 inhibits key upstream events in TNFα-induced NF-κB activation. Stable 

pMEP4-MC009-FLAG cells were seeded at 5x105 cells/mL in 6-well plates. MC009 expression 

was induced with 1 µM CdCl2 for 24h. Cells were stimulated with 50 ng/mL TNFα at 0, 5, 15, 
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30, 60 and 120 minutes. Cells were lysed and lysates were immunoblotted. Blots were imaged 

using ChemiDoc Bio-Rad imaging system. This figure is representative of n=3. 

 

4.5 Discussion 

Initial confocal microscopy MC009 localisation experiments presented flaws in the 

acquired protocol. HEK293T cells did not retain their standard morphology or growing 

pattern. Thus, the sample slides no longer represented the 2D in vitro cell culture model 

intended for this experiment. Furthermore, the overlapping of cells made it difficult to 

find MC009-FLAG expressing cells (Figure 4.1). Confocal microscopy optimisation 

examined optimal conditions for multiple steps of the protocol: cell culture optimisation, 

slide preparation optimisation and Leica SP8 scanning confocal microscope settings 

optimisation. Chamber slides and glass coverslips were tested for cell culture. HEK293T 

cells maintained a 2D in vitro model appearance when seeded on uncoated and untreated 

glass slides (Figure 4.2). Four out of nine conditions were used for confocal protocol 

optimisation. The raised cell growths on Poly-L-Lysine slides were not representative of 

standard 2D in vitro cell culture. It also prolonged the imaging process as multiple z-

planes required to be observed for MC009-FLAG activity (Figure 4.3E and G). Changes 

in HEK293T cell growth on Poly-L-Lysine treated glass were not expected as it is a 

commonly used adhesion reagent (356). The difference observed could be a result of 

expired product or incorrect product storage. HEK293T cell growth on uncoated chamber 

slides and coverslips was the most reminiscent of standard cell morphology even after 

slide preparation for microscopy. The cell-surface adhesion was not as strong on these 

slides as on Poly-L-Lysine treated glass, however, all cells were present on the same z-

plane making the imaging process more efficient (Figure 4.3F and H). Similar MC009-

FLAG transfection levels were observed on both uncoated surfaces. The chamber slide 

system was chosen as the cell culture vessel for confocal microscopy for this project as 
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it required less space, less cells per well and allowed for 8 samples to be stored on the 

same slide. 

 

MC009 and MC020 were found located in the cytoplasm of HEK293T cells (Figure 4.4). 

Expression pattern of MC009 was distinctly different from that of MC020. MC009 

remained evenly spread throughout the cytoplasm whereas MC020 had a more granular 

manifestation. Transcription factor translocation is a vital step in any pathogen defence 

system as pro-inflammatory cytokine release and type I IFN production depend on it  

(335,357). Without an active cell stimulus, p65 remains bound to IκB retaining the 

protein in the cytoplasm. The IRF proteins, although not physically inhibited by a bound 

protein, require TBK1- or IKKε-mediated phosphorylation to drive dimer formation and 

later nuclear translocation (117,220,222). P65 translocation can be stimulated with TNFα 

over a short period of time. An acute stimulation for IRF signalling was not possible with 

Poly(dA:dT), the primary IRF stimulant used in the host lab. The dsDNA required to be 

transfected into the cell and later transcribed into 5’-triphhosphate dsRNA (244). 

Therefore, the project mainly focused on the NF-κB transcription factor. Groups such as 

Lin et. al. and Zhang et. al. have conducted IRF nuclear translocation experiments using 

Sendai virus (SeV), however, these experiments also required longer stimulation times, 

8 hours and 12 hours respectively (358,359).  

 

Intriguingly, MC009 inhibited p65 from translocating from the cytoplasm into the 

nucleus (Figure 4.5). The same effect was not observed in cells expressing MC020 or 

EV. Based on the confocal images, three hypotheses seemed plausible: MC009 was 

preventing p65 from being released by IκB, MC009 interacts with p65 forcing it to 

sequester in the cytoplasm or MC009 inhibits the mechanism by which nuclear 
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translocation occurs. All above hypotheses were investigated. It is not surprising that 

viruses would directly target p65 as it is a common point for most signalling cascades. 

Proteins such as EV71 2C protein and Measles Virus V (MVV) protein are just two 

examples of viral material designed to directly interact with p65 to block downstream 

pro-inflammatory gene regulation (360,361). Firstly, the interaction between MC009-p65 

was examined, however, endogenous p65 was not co-immunoprecipitated with MC009-

FLAG (Figure 4.6). The Co-IP was conducted on endogenous p65 without any prior cell 

stimulation similarly to experiments which confirmed EV71 2C- and MVV-p65 

interactions (360,361). It would have been interesting to conduct the same experiment 

after a TNFα stimulation, testing if phosphorylation of p65 or IκBα release altered the 

co-immunoprecipitation result. 

 

The inhibitor appeared to be disrupting p65 nuclear translocation indirectly. IκB levels 

were examined in cells expressing MC009 with no changes to IκB or pIκB observed 

(Figure 4.7). As a result, two out of the three previously stated hypotheses were refuted. 

The experiment design was influenced by MC005 and MC132 research papers (292,299). 

Unlike both studies, I tested two different p65 phosphorylation sites, S536 and S468. Site 

S536 is one of the most commonly used phosphorylation sites in literature examining p65 

modification with almost 5000 citations using the same antibody as was used for this 

project (362). Residue S468 is more closely related with proteasomal degradation (363). 

Unfortunately, the latter did not give clear results (Figure 4.7). The antibody used for p-

p65 S468 did not provide a strong signal therefore, if any changes occurred, they were 

not easily visible to the naked eye. Densitometry can be used to quantify changes 

observed on western blot images, however, in comparison to the other antibodies used 
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throughout the project, the antibody did not appear to work effectively or very low levels 

of p65 was phosphorylated at S468 in the samples.   

 

4.6 Conclusion 

Confocal microscopy protocol using chamber slide culture vessels without Poly-L-

Lysine was shown to be most effective and beneficial for further confocal microscopy 

work. The optimisation set a strong foundation for p65 nuclear translocation experiments. 

MC009 was shown to inhibit TNFα-induced p65 nuclear translocation. This inhibitory 

effect corresponds to the reduced production levels of IL-8 and IP-10 observed in chapter 

3. The MCV inhibitor does not block p65 translocation through directly interacting with 

p65 or by affecting p65-inhibitor IκB. 
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Chapter 5: MC009 Interacts with Karyopherin Proteins to 

Inhibit Signal Transduction.
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5.1 Introduction 

The importin family is divided into two arms subunit α and subunit β, also known as 

KPNA and KPNB/IPO proteins. The karyopherin family has become a more popular 

research topic in recent years, like their role in specific molecular processes or availability 

in different tissues (364). KPNA7, the most newly discovered KPNA member, functions 

mainly during early development (364). Furthermore, the α-subunits also hold varied 

importance in disease states. KPNA2 has been demonstrated to play a key role in 

oncogenesis whereas KPNA6 has been recently implicated in viral immune evasion 

(286,287,365,366).  

 

KPNA1-7 are composed of an N-terminal importin β binding (IBB) region, armadillo 

(ARM) repeats and the C-terminal (272). The IBB domain is nuclear localisation 

sequence (NLS) specific to import-adaptor-proteins and is not considered a classic NLS 

(367). IBB domain competitive binding occurs between importin β proteins and RanGTP 

during nuclear cargo translocation (367). The KPNA members are largely composed of 

42 amino acid-long ARM repeats (272). The motifs consist of three α-helices ultimately 

forming a superhelix structure (368,369). Each KPNA protein contains ten ARM motifs, 

however, sequence identity is not well conserved between the α subunit members (Figure 

5.5). Nevertheless, ARM repeat proteins share a common structural similarity (370).  

 

Chapter four focused on confocal microscopy protocol optimisation necessary for further 

MC009 investigation. The inhibitory effect of MC009 on p65 nuclear translocation was 

also discussed. As an interaction between MC009 and p65 was not observed, it was vital 

to determine which host protein(s) were involved in MC009-driven signal inhibition. This 

chapter focuses on the MCV protein interactions with human innate proteins. 
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Additionally, the effect of MC009 was investigated on complex formation between two 

host proteins, KPNA6 and p65. 

 

5.2 MC009 does not interact with importin IPO5. 

Prior to project commencement, affinity purification-mass spectrometry (AP-MS) was 

conducted on MC009-co-purifying proteins from stable inducible pMEP4-MC009-

FLAG HEK293T cells. The results listed various proteins which immunoprecipitated 

with the inhibitor, although the inhibitor itself was not detected potentially due to the 

poor MC009 trypsin fragment enrichment. In contrast to the AP-MS results obtained for 

other MCV inhibitors investigated in the host lab, the number of proteins which 

immunoprecipitated with MC009 was larger than, for example, for MC132. The data 

showed a plethora of proteins, most of which were deemed ‘false positive’ interactions. 

However, two proteins were of particular interest, importin-5 (IPO5) and karyopherin 

subunit alpha 6 (KPNA6)(Figure 5.1). Both proteins are members of the importin family 

required for the translocation of transcription factors from the cytoplasm into the nucleus 

(277). As MC009 was inhibiting p65 translocation but not directly interacting with the 

transcription factor member nor affecting IκB degradation, interaction between IPO5 and 

KPNA6 with MC009 was investigated. 
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Figure 5.1. Affinity purification-mass spectrometry analysis of MC009 

immunoprecipitants. A-B. Heatmap and volcano plot illustrating potential proteins interacting 

with MC009. This data was obtained by Dr. Andreas Pichlmair in collaboration with Prof. Gareth 

Brady and has been included in this thesis to give context to the initial course of investigation. 

 

First, the interaction between endogenous IPO5 and MC009-FLAG was examined. IPO5 

is a subunit β member of the importin family. These members often work alongside of 

the α subunit proteins to transport the cargo across the nuclear membrane as a complex 

(277,371). Once again, MC020 expression was not observed in the control lysate, 

however, MC020-FLAG was present in the immunoprecipitated lysates. Although, IPO5 

was expressed in the HEK293T control lysates, the protein was not immunoprecipitated 

with MC009- or MC020-FLAG (Figure 5.2).  
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Figure 5.2. IPO5 does not interact with MC009. HEK293T cells were seeded at 4x106 cells/mL 

in 10 cm dishes. The wells were transfected with 4 µg MC009-FLAG or MC020-FLAG and 4 µg 

EV. Cells were lysed with a CO-IP lysis buffer containing phosphatase and protease inhibitors. 

Immunoprecipitants and control lysates were immunoblotted and imaged using the ChemiDoc 

Bio-Rad imaging system. This figure is representative of n=3. 

 

5.3 MC009 interacts with karyopherin KPNA6. 

As MC009 was not shown to interact with a β subunit importin another avenue was 

investigated. Representative members of both subunit families, α and β, were noted in 

the AP-MS data received by the host lab. Thus, KPNA6 was investigated next. Recent 

studies have shown viruses, such as Influenza virus or SARS-CoV-2, to target KPNA6 

in order to evade the host immune system (286,287). Thus far, no MCV proteins have 

been implicated in inhibiting nuclear cargo transport by members of the importin family, 

with only one known example of poxviral interaction with karyopherins (283). 

 

Like p65 and IPO5, the cell lysates and immunoprecipitants were probed for FLAG or 

endogenous KPNA6. Strong expression of KPNA6 was noted in the control lysates for 

all three samples. Moreover, immunoprecipitation results indicated a clear interaction 

between MC009 and endogenous KPNA6 (Figure 5.3). 
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Figure 5.3. Endogenous KPNA6 interacts with MC009. HEK293T cells were seeded at 4x106 

cells/mL in 10 cm dishes. The wells were transfected with 4 µg MC009-FLAG or MC020-FLAG 

and EV, 8 µg DNA final. Cells were lysed with a CO-IP lysis buffer containing phosphatase and 

protease inhibitors. Immunoprecipitants and control lysates were immunoblotted for anti-FLAG 

and KPNA6. Images were taken using the ChemiDoc Bio-Rad imaging system. This figure is 

representative of n=3. 

 

To further investigate the interaction between MC009 and KPNA6, MC009-HA was 

examined for interactions with overexpressed KPNA6-FLAG. Additionally, KPNA1-5 

were examined alongside KPNA6 and were intended to serve as controls. KPNA5-FLAG 

expression was not detected in the control lysate, with the expression of all FLAG-tagged 

proteins being low. Nevertheless, strong levels of all KPNA proteins were observed in 

immunoprecipitant lysates. Control lysates showed strong MC009-HA expression. 
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Unexpectedly, MC009 not only immunoprecipitated with KPNA6, but it also showed a 

strong interaction with KPNA5. A weaker expression band was also seen with KPNA1. 

No interactions were observed with KPNA2, KPNA3 or KPNA4 with the MCV inhibitor 

(Figure 5.4). 

 

 

Figure 5.4. MC009 interacts with karyopherins KPNA1, KPNA5 and KPNA6. HEK293T 

cells were seeded at 4x106 cells/mL in 10 cm dishes. The wells were transfected with 4 µg FLAG-

tagged karyopherin (KPNA) plasmid and 4 µg MC009-HA or EV. Cells were lysed with a CO-

IP lysis buffer containing phosphatase and protease inhibitors. Immunoprecipitants and control 

lysates were immunoblotted and imaged using the ChemiDoc Bio-Rad imaging system. This 

figure is representative of n=3. 
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Following the results observed in Figure 5.4, it was important to understand why MC009 

could interact with KPNA1 and KPNA5 additionally to KPNA6. ClustalOmega was used 

to conduct a sequence alignment of all known human KPNA subunits, including KPNA7 

which was not used experimentally as part of this thesis. The subunits, categorised into 

three subfamilies, are between 42.5% and 85.8% homologous with one another. The 

alignment in Figure 5.5 showed conserved amino acids within all proteins as well as key 

sites where the proteins differ. 

 

A 
KPNA Importin α Subfamily GenBank 

KPNA1 Importin α5 α3 CAG33024.1 

KPNA2 Importin α1 α1 NP_001307540.1 

KPNA3 Importin α4 α2 NP_002258.2 

KPNA4 Importin α3 α2 NP_002259.1 

KPNA5 Importin α6 α3 NP_001353234.1 

KPNA6 Importin α7 α3 NP_036448.1 

KPNA7 Importin α8 α1 NP_001139187.1 

 
B 
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Figure 5.5. Multiple sequence alignment of human KPNA1-7 amino acid sequence. A. 

Importin α subunit nomenclature with the corresponding GenBank code used for sequence 

alignment. B. Karyopherin α subunit proteins were grouped based on the subfamily they are a 

part of. The proteins are listed in the following order: KPNA1, KPNA5, KPNA6, KPNA3, 

KPNA4, KPNA2, KPNA7. Key Legend: (-) gap in sequence, (.) amino acids of weakly similar 

properties, (:) amino acids of similar properties, (*) fully conserved amino acid. Sequence 

alignment was conducted using Clustal Omega (EBI-EMBL).  

 

Next, confocal microscopy was used to investigate co-localisation of MC009 and KPNA 

family members. Endogenous KPNA6 and overexpressed KPNA1-6 were visualised to 

investigate potential co-localisation with MC009. Endogenous KPNA6 was first screened 

using FLAG-tagged MC009 with MC020-FLAG, EV and non-transfected cells operating 

as controls. During the screening process, KPNA6 was observed in the cytoplasm and the 

nucleus without any prior cell signal stimulation, therefore, MC009 localisation was 

observed in relation to both cytoplasmic and nuclear KPNA6 (Figure 5.6). In HEK293T 

cells where KPNA6 was present in the cytoplasm, MC009 also remained in the cytoplasm 

co-localising with the karyopherin (Figure 5.6 ‘Cytoplasmic KPNA6’ panel). The same 

even distribution was not noted with MC020. Although MC009 and KPNA6 were not 

shown to co-localise in cells with nuclear KPNA6, MC009 was seen to tightly cluster 

around the nucleus. Nuclear localisation of KPNA6 did not influence MC020 localisation 

(Figure 5.6 ‘Nuclear KPNA6’ panel).  
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Figure 5.6. Confocal Microscopy visualising endogenous KPNA6 and MC009 or MC020. 

HEK293T cells were seeded at 1.8x105 cells/mL in 8-well chamber slides. The wells were 

transfected with 1 µg MC009-FLAG, MC020-FLAG or EV. Slides were stained for KPNA6 (647 

nm) and FLAG (488 nm). ProLongTM Gold DAPI mounting solution was used for nuclear 

staining. The images were taken with a 40x objective on a Leica SP8 scanning confocal 

microscope and LAS X software. This figure is representative of n=2. 

 

MC009 was also examined for co-localisation with the previously tested six 

overexpressed KPNAs. In contrast, to the endogenous protein, the overexpressed KPNAs 
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exclusively localised in the nucleus of HEK293T cells. Interestingly, MC009 was also 

able to transport into the nucleus in cells expressing KPNA6 as well as KPNA1 and 

KPNA5. The nuclear translocation of the inhibitor was not observed with KPNA2, 

KPNA3 or KPNA4 for which MC009 remained in the cytoplasm (Figure 5.7). 
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Figure 5.7. MC009 co-localises in HEK293T cell nucleus with overexpressed KPNA1, 

KPNA5 and KPNA6. HEK293T cells were seeded at 1.8x105 cells/mL in 8-well chamber slides. 

The wells were transfected with 1 µg FLAG-tagged karyopherins with/without MC009-HA. The 
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cells were stained for FLAG (488 nm) and HA (647 nm). ProLongTM Gold DAPI mounting 

solution was used for nuclear staining. The images were taken with a 40x objective on a Leica 

SP8 scanning confocal microscope and LAS X software. This figure is representative of n=3. 

 

5.4 MC009 forms a complex with KPNA6 and p65.  

Although MC009 did not interact with p65 directly, it was shown to bind with three 

karyopherin α proteins. Certain karyopherins have been shown to transport p65 or IRF3 

into the nucleus (277,281,286,371–373). The interaction between KPNA6 and the two 

transcription factors, p65 and IRF3, was investigated using co-immunoprecipitation and 

confocal microscopy.  

 

The potential interaction of endogenous p65 and IRF3 with overexpressed KPNA1-6 

were investigated first. As seen in previous immunoprecipitation data, control lysate 

FLAG was not observed. Strong KPNA-FLAG expression was seen in 

immunoprecipitated lysates with low levels of p65 immunoprecipitation were visualised 

for all KPNA proteins (Figure 5.8A). However, no indication of KPNA-IRF3 interaction 

was observed (Figure 5.8B). 
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Figure 5.8. Overexpressed KPNA proteins show weak interaction with unstimulated p65. 

A-B. HEK293T cells were seeded at 4x106 cells/mL in 10 cm dishes. The wells were transfected 

with 4 µg KPNA6-FLAG and 4 µg EV. Cells were lysed with a CO-IP lysis buffer containing 

phosphatase and protease inhibitors. Immunoprecipitants and control lysates were immunoblotted 

for anti-FLAG and p65 or IRF3. Images were taken using the ChemiDoc Bio-Rad imaging 

system. Panel A is representative of n=3. Panel B is representative of n=1. 

 

Stimulant-induced transcription factors were investigated next. Poly(dA:dT) was tested 

as a stimulant for IRF3 and KPNA6 interaction. The effect of MC009 on KPNA6 and 

IRF3 coupling was also examined. Unfortunately, no immunoprecipitation was observed 

between FLAG-tagged KPNA6 and Poly(dA:dT)-stimulated IRF3 (Figure 5.9).  
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Figure 5.9. Poly(dA:dT) stimulation does not induce a KPNA6-IRF3 protein-protein 

interaction. HEK293T cells were seeded at 4x106 cells/mL in 10 cm. The wells were transfected 

with 4 µg KPNA6-FLAG and MC009-HA or EV, 8 µg DNA final. Plates were stimulated with 

1 µg Poly(dA:dT) for 24 hours. Cells were lysed with a CO-IP lysis buffer containing phosphatase 

and protease inhibitors. Immunoprecipitants and control lysates were immunoblotted. Images 

were taken using the ChemiDoc Bio-Rad imaging system. This figure is representative of n=1. 

 

TNFα was used to stimulate HEK293T cell to investigate potential stimulus-dependant 

p65 and KPNA6 interaction. Although background p65 immunoprecipitation was 

observed, increased interaction between KPNA6 and p65 was seen after TNFα 
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stimulation (Figure 5.10). Interestingly, although MC009 immunoprecipitated in the 

same complex, it did not inhibit the association of KPNA6 with p65. Importin β 1 

(KPNB1) shown to interact with KPNA6 (374), was also investigated to test KPNA6-

p65-KPNB1-MC009 complex formation. Preliminary data suggested potential 

interaction between KPNB1 and KPNA6 without being disrupted by MC009 (Figure 

5.10). 

 

 

Figure 5.10. MC009 does not disrupt TNFα-induced KPNA6 and p65 interaction. HEK293T 

cells were seeded at 4x106 cells/mL in 10 cm dishes. The wells were transfected with 4 µg 

KPNA6-FLAG and/or MC009-HA, 8 µg DNA final. P65 activity was stimulated with 50 ng/mL 
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TNFα for 20 min. Cells were lysed with a CO-IP lysis buffer containing phosphatase and protease 

inhibitors. Immunoprecipitants and control lysates were immunoblotted for anti-FLAG and 

KPNA6. Images were taken using the ChemiDoc Bio-Rad imaging system. This figure is 

representative of n=4 with the exception of KPNB1 which is representative of n=2. 

 

As a TNFα-induced interaction was observed between KPNA6 and p65, the same 

stimulant was used to examine protein co-localisation. A 30-minute TNFα stimulation 

was conducted based on p65 nuclear translocation data (Figure 4.5). Both proteins were 

exclusively present in the cytoplasm in unstimulated HEK293T cells. The level of 

endogenous KPNA6 present in the nucleus post 30-minute TNFα -stimulation was not 

equivalent to that of p65 with the proteins still mainly co-localising in the cytoplasm of 

the cell (Figure 5.11). 
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Figure 5.11. KPNA6 co-localises with p65 in HEK293T cell cytoplasm. HEK293T cells were 

seeded at 1.8x105 cells/mL in 8-well chamber slides. Slides were stained for endogenous KPNA6 

(647 nm) and p65 (488 nm). ProLongTM Gold DAPI mounting solution was used for nuclear 

staining. The images were taken with a 40x objective on a Leica SP8 scanning confocal 

microscope and LAS X software. This figure is representative of n=2. 

 

The effect of MC009 on KPNA6-p65 was also examined using confocal microscopy. 

Two approaches were used for the examination. Firstly, the Leica SP8 scanning 

microscope (utilised throughout the project) was used. KPNA6 and p65 were both 

localised in the cytoplasm of TNFα-stimulated HEK293T cells transfected with MC009-

FLAG (Figure 5.12A). A maximum of three lasers could be used at once on this 

microscope, thus, the expression of FLAG-tagged proteins could not be visualised. The 

protocol was therefore altered to stain the cells for p65, KPNA6, FLAG and DAPI. 

Additionally, a different confocal microscope was used allowing four lasers to be active 

simultaneously. Unfortunately, the addition of a fourth channel at 568 nm led to 

interference with the previously optimised 488 nm channel (Figure 5.12B). Furthermore, 

nuclear translocation of KPNA6 appeared to be independent of the 30-minute TNFα 

stimulation as the karyopherin was observed in the nucleus in unstimulated non-

transfected cells (Figure 5.12A and B). 
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Figure 5.12. KPNA6 and p65 co-localise in the cytoplasm in MC009 expressing cells. A-B. 

HEK293T cells were seeded at 1.8x105 cells/mL in 8-well chamber slides. The wells were 

transfected with 1 µg MC009-FLAG, MC020-FLAG or EV. A. Slides were stained for KPNA6 

(647 nm) and p65 (488 nm). Transfected plasmids were not stained for. ProLongTM Gold DAPI 
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mounting solution was used for nuclear staining. The images were taken with a 40x objective on 

a Leica SP8 scanning confocal microscope and LAS X software. This figure is representative of 

n=1. B. Slides were stained for FLAG (488 nm), p65 (568 nm) and KPNA6 (647 nm). ProLongTM 

Gold DAPI mounting solution was used for nuclear staining. The images were taken with a 40x 

objective on a Leica SP8 Gated ‘STED’ confocal microscope with 5 lasers and LAS X software. 

This figure is representative of n=1. 

 

5.5 KPNA6 siRNA knockdown optimisation. 

Co-immunoprecipitation and confocal imaging provided evidence of MC009-KPNA6-

p65 complex formation. Next, small interfering RNA (siRNA) were sought out to further 

investigate the involvement of KPNA6 in MCV immune system evasion. RNA 

interference is a common technique used to examine the effects of protein knockdowns 

in cell responses. Two KPNA6 siRNA peptides were tested along with a standard pre-

designed siRNA negative control which were all inspected at three concentrations. 

Optimisation was initiated by determining the appropriate transfection duration, 24 hours 

versus 48 hours, and required siRNA concentration for KPNA6 knockdown (Figure 

5.13A). Initial results showed no KPNA6 expression in HEK293T cells transfected with 

negative control siRNA and s41 siRNA. KPNA6 was also not present in non-transfected 

lysates. Changes in karyopherin levels were noted for s42 siRNA peptide with reduced 

expression with the highest peptide concentration and 48 hour incubation.  
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Figure 5.13. KPNA6 siRNA protocol optimisation. A. HEK293T cells were seeded at 1x105 

cells/mL in 24-well plates with DMEM media with 10% FBS and 1% Penicillin-Streptomycin. 

The wells were transfected with 2.5, 5 or 10 pmol siRNA peptide using Lipofectamine 2000 as a 

transfection reagent. Plates were incubated for 24 and 48 hours at 37°C and 5% CO2. A. 

HEK293T cells were seeded at 1x105 cells/mL in 24-well plates with DMEM media with 10% 

FBS and 1% Penicillin-Streptomycin. The wells were transfected with 5, 10 or 40 pmol siRNA 

peptide using Lipofectamine 2000 as a transfection reagent. Plates were incubated for 48 hours 

at 37°C and 5% CO2. C. HEK293T cells were seeded at 1x105 cells/mL in 24-well plates with 

DMEM media with 10% FBS. The wells were transfected with 10 pmol siRNA peptide using 

Lipofectamine 2000 as a transfection reagent and incubated for 48 hours at 37°C and 5% CO2. 

A-C. Cells were lysed with a western blot sample buffer. Images were taken using the ChemiDoc 

Bio-Rad imaging system. All panels are representative of n=1. 

 

The optimisation protocol was altered based on the previously obtained results. 

Transfection duration remained constant at 48 hours; however, the peptide concentration 

range was increased. KPNA6 knockdown was observed with both s41 and s42 at multiple 

concentrations (Figure 5.13). General expression levels of KPNA6 remained low. Use 

of antibiotics in cell culture media during siRNA transfections can lead to higher cell 

toxicity rates (375). Lastly, the protocol was repeated in cells cultured using only DMEM 
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with 10% FBS without Penicillin-Streptomycin. Strong KPNA6 expression was observed 

in cells treated with the negative control in contrast to little or no KPNA6 expression in 

s41, s42 and s41+s42 treated lysates (Figure 5.13C). Unfortunately, due to the time 

limitations, planned luciferase assays and confocal microscopy experiments using siRNA 

were not conducted. 

 

5.6 Discussion 

Data received from the AP-MS collaboration between the host lab and Dr. Andreas 

Pichlmair, provided a foundation for the next stage of the project (Figure 5.1). Firstly, a 

list of all potential MC009 interacting proteins was created and each individual protein 

was researched. Additionally, all proteins were searched for within a database of common 

AP-MS contaminants; Contaminant Repository for Affinity Purification (CRAPome). 

From the extensive list of probable MC009 targets, many appeared to be trivial, for 

example heat shock protein family α member 5 (HSPA5), HSP90B1 or protein disulfide 

isomerase family α member 6 (PDIA6). Nevertheless, potentially interesting hits were 

also obtained with possible links to our hypotheses, such as IPO5, KPNA6 and ubiquitin 

protein ligase E3 component n-recognin 5 (UBR5). Both IPO5 and KPNA6 are part of 

the importin family responsible for the transport of cargo from the cytoplasm to the 

nucleus (277). IPO5 is one of many subunit β members of the importin family and has 

been shown to play a role in porcine circovirus immune evasion (282,376). KPNA6, 

however, is one of seven known human importin α proteins. Recently, this karyopherin 

has been shown to be implicated in both Influenza virus and SARS-CoV-2 immune 

evasion strategies (286,287). KPNA6 is a known transporter of IRF3 (286). UBR5 is a 

E3 ubiquitin ligase involved in RIG-I-mediated anti-viral responses (377). The nuclear 

ligase was an interesting AP-MS hit as MCV has been previously shown to inhibit E3 
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ligases in order to stop NF-κB signalling (299). Furthermore, UBR5 has been shown to 

interact with KPNA1 a close homolog of KPNA6 marked as a likely target of MC009 

(378). The totality of our data suggested that MC009 works at the transcription factor 

level of both NF-κB and IRF signalling and prevented p65 nuclear translocation. 

Therefore, the three aforementioned proteins were likely to be implicated in MCV-

MC009 human immune system evasion. Multiple attempts were made at trialling a 

sample UBR5 antibody, however, endogenous UBR5 was not seen in control HEK293T 

lysates tested (data not shown). Ubiquitin protein ligases are common targets of viral 

inhibitors. UBR5 has been shown to interact with karyopherins, therefore, the AP-MS 

immunoprecipitation of UBR5 with MC009 could have been influenced by the UBR5-

KPNA interaction. Thus, UBR5-MC009 was not further investigated. 

 

Upon investigating IPO5, co-immunoprecipitation of MC009 was not detected (Figure 

5.2). In contrast, a strong interaction was noted between endogenous and overexpressed 

KPNA6 with MC009 (Figure 5.3 and Figure 5.4). Unexpectedly, an interaction was also 

observed with close homologs of KPNA6, KPNA1 and KPNA5, which share 82.1% and 

84.5% of the same sequence, respectively (272). The protein-protein interaction was not 

dependent on cell signal stimulation by TNFα or Poly(dA:dT). MC009 could therefore 

bind to the transporters prior to viral detection completely inhibiting gene regulation once 

MCV is exposed. 

 

KPNA1, KPNA5, KPNA6 are all members of the α3 subfamily. The most recently 

discovered human KPNA protein (KPNA7) was not available to test for an MC009 

interaction. KPNA7 has been shown to be the most distinct karyopherin α member from 

KPNA6 with only 42.5% shared sequence identity and is not classified to be part of the 
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same subfamily. Furthermore, KPNA7 and KPNA2 share subfamily α1 with 54.7% 

sequence homology. Based on this information, I did not seek out KPNA7 for MC009 

investigation. The biggest variation between the amino acid identity of these proteins was 

shown to be in the N-terminal importin β binding (IBB) region, the ARM4 repeat and the 

C-terminal (Figure 5.5). Thus, the similarities of the α1 subfamily members and their 

differences from the other KPNA proteins could aid in deciphering the KPNA1/5/6-

MC009 binding region. This could be further investigated with protein truncations 

similarly to MC009 peptide truncations. Protein-protein interaction could be tested with 

co-immunoprecipitation blots. The technique could prove difficult as very small proteins 

do not easily separate on SDS-PAGE gels. Nuclear translocation experiments using 

confocal microscopy could potentially visualise if the altered KPNA proteins behave in 

a similar manner to the parent protein. 

 

Co-localisation of MC009 with endogenous KPNA6 was investigated in unstimulated 

cells first. Two main observations were made. Initially, MC009 and KPNA6 were seen 

to co-localise in the cytoplasm (Figure 5.6). Secondly, a handful of cells presented with 

nuclear KPNA6. Where karyopherin nuclear translocation was observed, MC009 tightly 

surrounded the nucleus unlike the normal even dispersion throughout the cytoplasm 

previously seen in localisation experiments. The full function of KPNA6 is not yet 

completely understood. KPNA proteins can hold a variety of roles outside of anti-viral 

signalling, as such the nuclear translocation in unstimulated cells could have been 

unrelated to innate signalling. 

 

Interestingly, overexpressed KPNAs were not observed in the cytoplasm of HEK293T 

cells. Furthermore, MC009 was able to move across the nuclear membrane alongside 
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KPNA1, KPNA5 and KPNA6 (Figure 5.7). As mentioned before, nuclear translocation 

of MC009 was not observed previously during endogenous KPNA6 co-localisation 

experiments. As overexpression of proteins is a more artificial system than endogenous 

protein investigation, it is likely that the nuclear translocation of MC009 was forced by 

the abundancy of the overexpressed karyopherins. The translocation of MC009 also did 

not correlate with the previous data obtained from p65 nuclear translocation experiments 

where p65 and MC009 remained within the cytoplasm. Thus, the confocal images of 

overexpressed proteins support the immunoprecipitation data however, more work would 

be required to fully understand the movement of MC009. These changes could be 

investigated further with the addition of overexpressed p65 to observe if nuclear 

translocation of the artificial protein occurs. 

 

KPNA6 has been shown to co-immunoprecipitate with overexpressed IRF3 (286). The 

interaction between KPNA6 and IRF3 was investigated examining the effect of MC009 

on complex formation. However, immunoprecipitation was not observed between 

endogenous KPNA6 and Poly(dA:dT)-induced IRF3 in cell lysates with or without 

MC009 (Figure 5.9). Poly(dA:dT) was used as an IRF3-stimulant which does not convey 

an acute signalling response. As mentioned previously, the long incubation period and 

slow signal output proved to be difficult when working with karyopherin proteins. 

 

KPNA6-p65 coupling was investigated after 10, 20 and 30 minutes of TNFα cell 

stimulation (data not shown). A link between the proteins was seen in as little as 10 

minutes post signal induction. A stronger relationship was evident at the two longer 

timepoints (data not shown). As similar expression levels were observed at 20 and 30 

minutes, the 20-minute timepoint was chosen for further immunoprecipitation 
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investigation. The interaction between KPNA6 and p65 was not disrupted by MC009. In 

contrast, p65 immunoprecipitation levels were moderately higher when present in the 

KPNA6-p65-MC009 complex (Figure 5.10). Complex formation supports previous p65 

nuclear translocation data causing the three proteins to remain sequestered within the 

cytoplasm inhibiting gene regulation. 

 

Co-localisation of endogenous KPNA6 and p65 was investigated next. The interaction 

was observed in unstimulated cells as well as TNFα-induced HEK293T cells. KPNA6 

and p65 co-localised in the cytoplasm in both cases (Figure 5.11). A 30-minute TNFα 

stimulation was chosen for this experiment as clear p65 translocation was observed with 

this timepoint in previous data (Figure 4.5). However, as previously mentioned, co-

immunoprecipitation results showed an interaction between the proteins after 10- and 20-

minute stimulations. KPNA6-p65 binding could occur during the first 30 minutes of cell 

stimulation, however, the nuclear translocation potentially took place past this time-

frame. As a result, KPNA6 was not present in the nucleus at the examined 30-minute 

TNFα timepoint.  

 

Changes to KPNA6 and p65 co-localisation were also inspected in the presence of 

MC009. Firstly, this was attempted using the previously optimised confocal microscopy 

protocol using three lasers: 405 nm, 488 nm, and 647 nm. The effect of the inhibitor on 

KPNA6 and p65 was the focal point of this experiment, therefore, the cells were stained 

for p65 (488 nm) and KPNA6 (647 nm) (Figure 5.12A). Nuclear translocation of either 

protein was not observed in cells with MC009, however, MC009 expression could not be 

visually verified as only three lasers were available on the machine. The experiment was 

repeated, and cells were stained with four fluorophores. The staining procedure was more 
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complex as all antibodies had to be derived from various host animals and the fluorophore 

wavelengths could not strongly overlap. To allow for four lasers (405 nm, 488 nm, 568 

nm, 647 nm) to scan the sample slide simultaneously a different confocal microscope was 

required. It is important to note that results obtained using the three-laser vs four-laser 

microscope were not directly comparable. Unlike previous TNFα stimulations, p65 did 

not translocate to the nucleus even in non-MC009 containing control cells (Figure 

5.12B). Furthermore, channel interference was evident between the 488 nm and 568 nm 

channels which could have been a result of wavelength overlap or antibody hosts being 

closely related. The combination of channel feed-through and lack of p65 nuclear 

translocation ultimately rendered the results inconclusive. More optimisation 

experiments, such as antibody dilutions and microscope laser set-up, were necessary 

which was not possible due to time restraints.  

 

Utilisation of siRNA has been proven to be an effective and advantageous tool in 

examining protein involvement in cell signalling. Peptide design and protocol 

optimisation require precision and practice. Pre-designed siRNA sequences were chosen 

for KPNA6 testing with ‘70% knockdown guarantee’ by ThermoFisher. Pre-designed 

peptides were selected over manual peptide design as a commonly used KPNA6 siRNA 

or knockout sequence was not found in literature (273,287,379). Silencer Select® siRNA 

was picked over other ThermoFisher siRNA lines such as Stealth® siRNA as it was a 

more recently designed product line with higher potency rates, 5-100 fold, based on the 

information provided by the company (380). The optimisation experiments showed 

antibiotic culture media supplementation to significantly interfere with siRNA (Figure 

5.13). Unfortunately, due to time sensitivity of the project siRNA luciferase assays, co-

immunoprecipitations and confocal microscopy could not be conducted. It is unclear if 



161 
 

KPNA6 knockdown experiments would yield conclusive results as MC009 was shown 

to target other karyopherins, KPNA1 and KPNA5. Due to the lack of functional 

exclusivity, the effect of KPNA6 siRNA could have been bypassed through the use of 

KPNA1 or KPNA5. Each relevant KPNA would require siRNA testing to determine the 

order of importance during MC009 inhibition. Furthermore, experiments examining 

KPNA1, KPNA5 and KPNA6 knockdown in combination with each other would be 

necessary for comprehensive siRNA data.  

 

5.7 Conclusion 

The inhibitor interacts with members of the karyopherin subfamily α3: KPNA1, KPNA5 

and KPNA6. I propose that MC009 blocks TNFα-induced p65 nuclear translocation 

through p65-KPNA6-MC009 complex formation. MC009 is the only MCV-derived 

immunomodulator currently known to impact the importin family. Furthermore, it is the 

second poxviral protein described to interact with karyopherin proteins. MC009 could 

provide insight into the utilisation of karyopherin proteins as part of poxviral immune 

evasion strategies. 
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Chapter 6: Discussion 
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Molluscum contagiosum infections occur around the world with limited treatment 

options available. MCV is estimated to constitute for 1% of all skin disorders (22). The 

virus is not yet fully understood in comparison to its poxviral relatives such as VAR or 

VACV. A lack of potential animal models significantly hinders MCV research as it is a 

human adapted pathogen. Nevertheless, cultured cell lines can help in understanding the 

virus one protein at a time. During this project I found MCV protein MC009 to be a novel 

inhibitor of human innate immune signalling. Results obtained not only expanded our 

knowledge about MCV but also broadened our understanding of innate immune 

signalling. 

 

Five out of the eleven currently described MCV immunomodulators impede the IKK 

complex or the IKK related kinases where TLR, RLR and cGAS-STING pathways 

converge (60,292,293,306,309). With such a high proportion of the immunomodulators 

obstructing signal transduction upstream of the transcription factors, MC009 acts as a 

safety blanket. MC009 works at the final stage of signalling before nuclear transport and 

gene regulation. The inhibitor specifically targets the nuclear translocation of TNFα-

induced p65. MC009 potentially works as a final barrier in instances where signal 

transduction was uninterrupted. Furthermore, MC009 is one of three known MCV-

derived proteins capable of inhibiting PRR- and cytokine-induced NF-κB and IRF3 

signalling. Poxviruses encode for large numbers of immunomodulators showing their 

ability to quickly adapt to their environment and surpass the host immune defences. They 

are also some of the oldest human infecting viruses described with evidence of smallpox-

like rashes dating back to 900-1000 BCE (before common era) potentially accumulating 

new immunomodulators over long periods of time (381). The use of multi-faceted 
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immunomodulators, like MC009, shows the ‘intelligence’ of MCV and highlights the 

inherent drive for survival of the virus. 

 

The order of MCV immunomodulator evolution remains unclear, however, MC009 can 

be hypothesised to have been developed at a later stage of viral evolution. MC009 has 

one characterised homolog found in EMCVL, a close relative of MCV and the only other 

member of the Molluscipoxvirus genera (44). This project revealed MC009 as the first 

MCV protein to interact with karyopherins KPNA6, along with weaker interactions with 

KPNA1 and KPNA5. Surprisingly, it is only the second known poxviral protein which 

specifically targets nuclear transporters (283). Low occurrence rate of KPNA-interacting 

proteins could indicate the necessary development of these proteins as a bypass system 

when other evasion strategies were ineffective. Recent studies have shown other viruses 

such as SARS-CoV-2 and influenza virus to also target KPNA6 (286,287). Tissue type 

and molecular events influence the demand for particular KPNA family members (364). 

Viral protein interactions with KPNA6 could signify the importance of KPNA6 in anti-

viral responses. Additionally, MC009 could be utilised as a KPNA6 inhibitor in studies 

focusing on the karyopherin’s role in viral infections. 

 

Lastly, MC009 significantly impacted pro-inflammatory and type I IFN responses 

examined during this project. MC009 would not be a good treatment target for MCV 

infection therapies due to the range of immunomodulators encoded by MCV. However, 

it could be utilised as a treatment to target dysregulated responses occurring in 

autoimmune diseases. Studies focusing on systemic lupus erythematosus (SLE), 

dermatomyositis and rheumatoid arthritis present with an imbalanced type I IFN response 

(382). I show MC009 to significantly reduce IFNα/β production which can be 
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upregulated in autoimmune disorders. Furthermore, pro-inflammatory chemokines such 

as IL-8 and IP-10 have been associated with inflammatory bowel disease (IBD; Crohn’s 

disease and ulcerative colitis) and experimental autoimmune encephalomyelitis (EAE; 

disease model for multiple sclerosis [MS]), respectively (383). The production of both 

chemokines was reduced in cells expressing MC009. Cell penetrating peptides (CPPs) 

containing the 11 amino acid-long functional region of MC009 could be utilised to 

develop topical treatments for autoimmune disorders such as psoriasis where type I IFN 

responses and IL-8 production are dysregulated (384,385). 

 

This thesis established a strong foundation for further MC009 research progression. 

Future work should focus on establishing the mechanism of function during MC009-

induced IRF3 inhibition. Similarly to other MCV inhibitors, MC009 functionality should 

be investigated in additional cell lines such as HaCaT or HeLa cells (292,293). Animal 

virulence impact of MC009 can be examined using vaccinia virus vector in mouse models 

(60). Future research could determine if MC009 functions independently or in 

combination with other MCV signal inhibitors as it is currently unknown if MCV-

encoded immunomodulators are expressed equally at the early stage of viral replication. 

 

In conclusion, MCV is a master of immune system evasion.  Eleven MCV 

immunomodulators have been identified, multiple of which target similar points of innate 

signalling or the cell cycle. MC009 is a novel inhibitor of PRR- and cytokine-mediated 

NF-κB and IRF signalling. The MCV-derived inhibitor emphasises the importance of 

KPNA research and could be utilised as tool to further examine the role of KPNA6 in 

anti-viral immunity. MC009 provides novel insights necessary for the development of 

new therapeutic agents for autoimmune diseases and inflammatory disorders. This thesis 
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demonstrates that MCV is a strong model of human immune system regulation while also 

broadening our understanding of MCV immune evasion strategies.
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