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Abstract 

Human rhinovirus (HRV) causes human respiratory illnesses, such as the common cold, 

asthma exacerbations and is often followed by secondary bacterial infections. Induction of 

apoptosis is an innate immune response to HRV infection. The apoptotic signal is generated 

either via receptors (extrinsic) or disruption of homeostasis within the cell (intrinsic) and is 

propagated via caspase cascades. Cell death reduces viral replication as HRV relies on 

cellular machinery for replication. As such, the overall aim of this study was to elucidate the 

effect of HRV16 on apoptosis. 

To first elucidate the method of cell death induced in response to HRV16, caspase activation, 

cellular membrane changes and apoptosis-associated caspase 8 complexes were analysed. 

This data shows that early apoptotic events are induced in response to HRV16, however late 

apoptotic changes are not, indicating that apoptosis may be induced in response to HRV16 

infection but a viral countermeasure suppresses this response.  

The HRV 3C protease is key in not only viral protein maturation but also in altering the 

cellular environment to promote viral replication through proteolysis of key cellular 

substrates. I used inhibitors of the 3C protease in infected cells, cell-free protease assays and 

expression of 3C protease in transfected cells to show that HRV16 and HRV14 3C protease 

cleaves RIPK1. RIPK1 is a key adaptor protein that promotes different cell death pathways, 

and thus this cleavage event may provide a mechanism by which HRV suppresses apoptosis 

pathways.  

Next, the effect of Actinomycin D (ActoD) induced apoptosis on viral replication was 

investigated by infecting cells with HRV16, followed by treatment with ActoD. The effect of 

apoptosis on viral replication parallels previous reports that ActoD treatment reduces viral 

replication. The treatment of infected cells with ActoD and a caspase 8 or RIPK1 inhibitor, 
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did not reduce virus titre, indicating that the apoptosis pathway that is detrimental to HRV16 

occurs through RIPK1. Further work to elucidate the apoptotic consequence that restricts 

viral replication showed that viral protein synthesis and viral release were not reduced with 

ActoD treatment, hence apoptosis may reduce viral RNA synthesis.  

The 3C mediated cleavage of RIPK1 was also examined in representative HRV strains from 

major and minor groups of HRV A and B species. The cleavage of RIPK1 was conserved 

across all tested HRVs and may occur at two cleavage sites in HRV B species viruses. 

Additionally, HRV A species viruses were shown to induce necrosis-like cell death, even in 

the presence of an apoptosis inducer. While HRV B species viruses were not sensitive to the 

induction of apoptosis.  

Ex vivo and in vivo models of HRV16 infection were also used to examine RIPK1 cleavage in 

a biologically relevant model. While data is inconclusive, we hypothesise that the modulation 

of apoptosis may result in a skewing of cell death pathways towards an inflammatory 

response and subsequently perpetuate viral-induced apoptosis.  

These results suggest RIPK1 cleavage may be a mechanism by which HRV regulates the 

apoptotic process. Taken together, the results presented in this study highlight the importance 

of viral regulation of apoptosis for optimal viral replication.  
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1. Introduction 

1.1 Rhinoviruses 

1.1.1 Picornaviruses  

Picornaviruses (belonging to the order Picornavirales) are a family of viruses that share 

structural and functional characteristics, with the group named due to the size (Pico-) and the 

genome type (-RNA; ribonucleic acid). The viruses within the group have a pseudo-

icosahedral capsid structure that is not encased in a lipid envelope (1). The virion is 30-32nm 

in diameter and the capsid is composed of 60 copies of each of the 3-4 capsid proteins (1). 

The genome is a 6.7-10.1 kilobases (kb) single strand (ss) of RNA and is a positive polarity 

(+), that is translated into protein. In the current (updated Jan, 25th 2018) virus taxonomic 

classification, Picornavirales encompasses a wide variety of human and animal pathogenic 

viruses, of which there are 35 genera, and 80 species (1). Notably, the prototype for the 

Picornavirus family is poliovirus 1 Mahoney (V01149), species Enterovirus C, genus 

Enterovirus (1). The diversity within the family contributes to a broad spectrum of vertebrate 

diseases, ranging from mild upper respiratory tract infections and asthma (human rhinovirus; 

HRV), to economically costly outbreaks of foot and mouth disease (foot-and-mouth disease 

virus) and can be debilitating as poliomyelitis (poliovirus) (1). 

1.1.2 Rhinovirus – Classification 

The Enterovirus genus of the Picornavirus family is divided into 13 species on the basis of 

disease causation, replication sites of genetic similarities; Enterovirus A-J and Rhinovirus 

(also known as HRV), A-C (1). HRV A species, HRVs were discovered in 1956 (2), with 

discovery of HRVs belonging to that of HRV A (47% of all HRVs), B (19% of all HRVs) 

and C (33.3% of all HRVs) continuing from then until the present day (1, 3).  Initial 
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experiments utilising cross-neutralising antibody assays identified 100 serologically distinct 

HRVs belonging to species A or B by 1987 (4).  

The advances in molecular sequencing techniques thereafter lead to the discovery of HRV C 

in 2010 (5, 6). Such a recent discovery of a very common pathogen resulted in the hypothesis 

that the pathogen belonged to an emerging clade. However, the inability to grow HRV C with 

standard cell culture techniques meant that HRV C could not be studied in vitro (5, 7). 

Developing techniques to grow differentiated primary airway cells from the nasal sinus 

epithelium ex vivo allowed HRV C to be cultured and thus identified and studied (8). 

Designation into either HRV A, B or C has been defined as a HRV having 90% of the VP1 

coding region having at least 12% nucleotide divergence from all other HRV types (3).  

In addition to classification by A, B and C species, HRVs can also be classified based on a 

functional characteristic – specifically the receptor used for host cell attachment (9). This is 

essential to understanding how each HRV group establishes infection and subsequently 

causes disease, as the host-cell receptor used can determine the immune responses that are 

elicited in response to the virus (10). Major group HRVs, which include the entirety of HRV 

B and most of HRV A, bind to Intracellular-adhesion molecule-1 (ICAM-1) (11, 12) . Minor 

group HRV bind low-density lipoprotein receptor (LDLr) and other lipoprotein uptake 

receptor family members and comprise the remaining HRV A viruses (13). The receptor for 

HRV C is the most recent to be identified, as cadherin-related family member 3 (CDHR3) 

(14). A mutation within the gene that encodes the CDHR3 was found to be highly associated 

with severe asthma and it was later discovered that the mutation allows more CDHR3 

exposure on the cell surface and more HRV C is able to attach and enter the cell (14).  
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1.1.3 Rhinovirus – Diseases 

HRV is acid labile, resulting in an inability to replicate or transmit through the 

gastrointestinal system (15) resulting in HRV infection sites within the respiratory system. 

HRV infection is the main etiological agent of mild, self-limiting, upper respiratory tract 

infections - colloquially termed ‘the common cold’. While not life-threatening, a 2003 study 

within the United States of America study described an expenditure of 40 billion dollars (16), 

with 67% of adults and 87% of children experiencing a non-influenza viral respiratory tract 

infection (16). The most common clinical presentation of HRV infection is inflammation of 

the mucous membrane of the nasal passage (17). Other symptoms of mild HRV infection 

include cough, sore throat and headaches (17). The more severe airway disease caused by 

HRV include bronchiolitis and pneumonia (18-20) 

A study of HRV infection in patients presenting with acute respiratory illness showed that 

HRV circulation peaked in colder months (17) . HRV A was detected more frequently, HRV 

C was the next most frequently detected and HRV B was detected the least frequently, 

suggesting that circulation patterns may be specific to the species of HRV (17).  

Rhinovirus replication occurs in respiratory epithelial cells (21-23). Initially, it was presumed 

that the optimal temperature for HRV replication was between 33-35°C, confining HRV 

infection to upper airways – where large airflow cools the airway epithelium and HRV could 

only cause minor disease, as reviewed in (24). However, HRV RNA has been isolated from 

the lower airways of patients during experimental inoculation of upper airways (22, 25, 26) – 

indicating that not only can the virus replicate within the lower airways, but that 

dissemination of the virus occurs from upper to lower airways. Infants are particularly 

susceptible to HRV infection, where HRV causes more severe life-threatening illness (27) 

and an increase in frequency of hospital admissions (28). HRV is the most frequent detected 

pathogen in children under 5 years of age admitted to hospital with acute respiratory 
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infections (29). In a 2007 population study of infants hospitalised with HRV respiratory tract 

infections, 16% also had HRV induced pneumonia and febrile illness (30). Consistent with 

previous reports (31, 32), children with asthma or wheezing events between 0-59 months 

were more likely to test positive for HRV than any other respiratory virus (30).  The critical 

pathogenic implications of HRV infection are usually related to viral-induced airway 

hyperreactivity resulting in narrowing of the airways, increased inflammation and mucus 

production with subsequent asthma and wheezing events (24, 33). HRV induced wheezing 

events in infants have shown to result in childhood and adolescent asthma (34, 35). Together, 

these studies have highlighted that although causing mild, self-limiting disease, in some 

cases, HRV can induce life-threatening asthma exacerbations that can persist throughout 

childhood, adolescence and adulthood (24).   

1.1.3.1 Rhinovirus - Transmission  

Transmission of HRV from one individual to another may be via either direct contact 

between two individuals, through self-inoculation after contact with carrier fomite (36) or 

through aerosols, as reviewed in (37). Early experimental data has shown that the inhalation 

of aerosolised HRV is able to establish infection in participants (38). However transmission 

through coughing and sneezing, the contextually relevant form of aerosol production, did not 

result in detectable levels of infectious HRV particles (39). As no detectable level of HRV 

were present in aerosol samples, the aerosol route is unlikely to contribute to the transmission 

of HRV.  

1.1.4 Rhinovirus – Replication cycle 

As described in Figure 1.1, the HRV replication cycle is obligatory on the utilisation of host 

cell machinery. HRV first attaches to an extracellular domain of a host-cell surface receptor 

(Figure 1.1, step 1) which initiates internalisation of the virus into the intracellular 

environment (Figure 1.1, step 2). After internalisation, the HRV RNA is released from the 
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protein capsid and into the cytoplasm (Figure 1.1, step 3), for translation into protein using 

host cell ribosomes (Figure 1.1, step 4). Translation produces a polyprotein. The HRV 

encoded proteases cleave the polyprotein to produce mature structural and functional proteins 

(Figure 1.1, step 5). The virally encoded RNA polymerase synthesises a new negative strand 

of RNA from the original positive RNA strand to create a template RNA for the production 

of progeny positive sense RNA strands (Figure 1.1, step 6). The viral capsid proteins 

assemble with a strand of positive sense RNA to produce a mature virion (Figure 1.1, step 7) 

which is proposed to be released via autophagy into the extracellular milieu for dissemination 

(Figure 1.1, step 8). Viral shedding, indicating a complete round of viral replication, has been 

demonstrated to occur at 10 hours post infection in vivo and as early as 5-7 hours post 

infection in cell culture (40). The whole replication cycle is described in detail in Sections 

1.1.4.1-1.1.4.9.  
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Figure 1.1 HRV replication cycle. Firstly [step 1], viral attachment to host cell is via 

interaction between capsid proteins and host-cell receptors (41). [step 2] Viral breach of cell 

plasma membrane is dependent on the specific receptor utilised in attachment (42), and 

subsequently [step 3] viral uncoating will depend on mechanism of entry (43). Uncoating 

releases RNA strand into cytoplasm and cap-independent translation [step 4] is mediated 

through viral IRES (internal ribosomal entry site) and interaction with host ribosomes at the 

endoplasmic reticulum (44). Translation produces a large polyprotein that undergoes 

multistep post-translational processing [step 5] via viral proteases to produce functional 

proteins (45). [step 6] Viral genome replication occurs via the viral 3D polymerase 

recognising attached VPg (46). Initial template (-)ssRNA strands then progeny (+)ssRNA 

strands are formed and undergo assembly [step 7] with mature capsid proteins and finally, 

[step 8] virus release occurs into the extracellular space by autophagic processes (47). 
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1.1.4.1 Capsid Structure and Host Cell Attachment 

The HRV replication cycle is initiated by binding of the viral capsid proteins to the host cell 

surface receptor specific to the virus (Figure 1.1, step 1), as described in Section 1.1.2. The 

viral proteins form an encasing shell in a pseudo icosahedral shape with protruding domains 

of the VP1, 2 and 3 proteins forming the very outer facing surface of the viral capsid (48, 49). 

The pseudo icosahedral shape is formed through the complexation of the four proteins (VP1-

4) into protomers, VP1-3 facing outwards and VP4 internally linking the genome to the 

capsid proteins. The capsid has 60 copies of each protomer and an approximate radius of 

~150Å (48).  

Specifically, each protomer has two ridges formed by VP1 and VP2/3 and a depression or 

canyon. Importantly, a flexible structure has been proposed whereby the deeply buried N-

termini of the VP1 and 4 are transiently exposed, allowing stability and immune escape (50) 

in the extracellular environment but it is flexible enough to allow capsid uncoating and 

genome escape within the cytoplasm of the cell (41) ; this becomes an important antiviral 

target. The ~25Å deep canyon (1) was first identified as the receptor binding site for major 

group HRV and ICAM-1 (51), with the canyon creating a hydrophobic pocket of highly 

conserved residues on the canyon floor (52).  

Unlike major group HRV, minor group HRVs bind to the receptor via the 5-fold axis of the 

protruding protein domains and not within the canyon (53), and this difference is proposed to 

affect the mechanism of genome uncoating. Preliminary studies that identified CDHR3 as the 

attachment receptor for HRV C species also showed that a 2-protomer capsid unit binds to 

the receptor via external portions of VP1 and VP2 rather than within the canyon as described 

for major group HRV (54). The mapped footprint of the receptor on the VP1 and 2 proteins 

are those that are conserved between all known HRV C strains (55), and the receptor binding 

may be conserved within the species.  
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1.1.4.2 Entry 

After attaching to the host cell receptor, the virus needs a means of crossing through the lipid-

bilayer of the cellular membrane into the cytoplasm (Figure 1.1, step 2). The best described 

mechanism of HRV entry is that of minor group HRV. As described in Section 1.1.2 and 

1.1.4.1, minor group HRV bind LDLr or LDLr related family members (13). LDLrs normally 

function in the cellular uptake of cholesterol via clathrin mediated endocytosis. Specifically, 

as reviewed in (56), the cytoplasmic domain of the receptor contains a motif that, once the 

receptor is ligated, clusters with clathrin via adaptor proteins under the cell membrane. This 

clustering induces a conformation change, inducing an inwards curvature or ‘pit’ in the 

cellular membrane encasing the membrane bound receptor and cargo in the lipid-bilayer (56). 

Membrane fission occurs around the neck of the budding vesicle, detaching the now complete 

vesicle from the cellular membrane (56). Within the cytoplasm the lumen of the endosome 

acidifies, triggering viral uncoating and genome release for replication (57, 58).  

In contrast to the internalisation mechanism of minor group HRV, the mechanism of 

internalisation of major group HRV is less defined and ICAM-1 functions to participate in 

intercellular communication rather than cellular uptake (59). An early report used ICAM-1 

mutants to demonstrate that only the virus binding and anchoring (to the cellular membrane) 

domains of ICAM-1 were required for major group HRV internalisation (60). The work led 

to the hypothesis that there are no required interactions with proteins on the cytoplasmic face 

of the plasma membrane, but instead ligation of the receptor may directly trigger plasma 

membrane conformational changes inducing HRV internalisation (60). Further work used 

other endocytic inhibitors (clathrin, caveolin and dynamin) to show that none of those 

pathways were utilised by major group HRV (61). This hypothesis is aligned with the notion 

that ICAM-1 lacks endocytic signalling capacity (59). A specific entry route has yet to be 

characterised, however it is also proposed that clustering of the receptors on a virus particle 
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triggers a plasma membrane change, or that natural ICAM-1 turnover results in 

internalisation of the receptor (59). The most informative data used actin polymerisation 

inhibitors to show that HRV14 (major group HRV) entry had macropinocytotic 

characteristics, however it was not true macropinocytosis and as such, a definitive mechanism 

could not be drawn (62). In other studies, the entry pathway has been shown to be cell type 

and virus serotype specific (63).  

Regardless of the entry mechanism major and minor group HRV both direct to acidified late 

endosomes or lysosomes for capsid uncoating (Figure 1.1, step 3)  (59, 62, 64). There has 

been no proposed mechanism for entry of HRV C viruses.  

1.1.4.3 Uncoating and Endosomal escape  

After transfer to a late endosome or lysosome (Figure 1.1, step 3), the HRV capsid proteins 

are sequentially stripped from the virion in a manner that destabilises the interaction between 

the proteins and the genome, allowing for translocation of the RNA genome into the 

cytoplasm for replication. An uncoating trigger, ICAM-1 or acidification, in the case of major 

or minor group HRV, respectively, triggers a conformational change in the capsid, which is at 

a sedimentation rate of 150 (150S) (65). This change results in the loss of, or the protrusion 

out of by VP4, occurring simultaneously with the exposure of the N-terminal of VP1 – at this 

stage the particle is a 135S ‘A-particle’ (1, 66). The then attached VP1 acts as an anchor to 

VP4, locking the particle in place adjacent to the membrane bound VP4 (65), which is 

hypothesised to form a pore on the endosomal membrane (67-69). Cell free studies showed 

that the pore formed by the N-terminus of VP4 is size selective, to allow 4-10kDa dextrans 

approximating the diameter of the pore ≤12nm, a size conducive to the passage of a single 

strand of RNA (67). RNA leaves the endosome in a directional manner, by which the 

poly(A)tail (3’ end) egresses first (70). The proposed mechanism relies on viral capsid 

flexibility, conformational changes and a viral-induced membrane pore to deliver the RNA 
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genome into the cytoplasm and confers maximum protection for the genome against 

cytoplasmic ribonucleases (71). 

1.1.4.4 HRV Genome 

The HRV genome is a single strand of positive polarity RNA of approximately 7,200 bases. 

The genome (as depicted in Figure 1.2) consists of 3 main gene regions, a 5’ untranslated 

region (~650 bases), a single continuous open reading frame (ORF) (~6500 bases) and a 3’ 

untranslated region (UTR) (~50 bases). Across all species there are similar base occurrence 

percentages; adenine (A) 31-34%, uracil (U) 25-30%, guanine (G) 19-22% and cytosine (C) 

18-22% (72).  

Covalently linked to the 5’UTR is a genome linked protein (VPg), which when uridylated 

forms a primer for viral transcription (73). A secondary cloverleaf structure within the 5’UTR 

called the internal ribosomal entry site (IRES) initiates translation of viral RNA (74). The 

5’UTR contains highly conserved secondary cloverleaf structures that participate in recruiting 

factors required for RNA synthesis and switching RNA from translation to transcription (72, 

75). The ORF makes up 90% of the complete genome and encodes a large (215 kilodaltons; 

kDa) polyprotein, which is then processed into mature structural and non-structural proteins.  

The boundary between the ORF and the 3’UTR is marked by a stop codon which may vary 

between isolates of a single strain (72).  Within the 2C region of the ORF is the Cis-acting 

replication element (Cre), a secondary stem and loop structure that facilitates RNA 

transcription (73). No specific functions for the secondary structures within the 3’UTR have 

been identified, however it has been shown to be required for effective replication (76, 77). 

Adjoining the 3’UTR is a poly(A)tail, which participates in stabilising cap-independent 

translation (78).  
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Figure 1.2 HRV genome organisation. HRV genome organisation includes a viral protein 

(VPg) (79) linked to the 5’ untranslated region (UTR) on the end of the ssRNA molecule 

which contains the RNA secondary structure, the internal ribosomal entry site (IRES) (75) . 

The open reading frame contains the genes for structural and non-structural proteins and the 

Cis-acting replication element (Cre) (72), which facilitates viral translation and the switch to 

transcription (80). The 3’ end contains a UTR and a poly (A) tail (76).   
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1.1.4.5 Translation 

Eukaryotic translation initiation involves the assembly of a complex of eukaryotic initiation 

factors (eIFs) around the 5’ cap, a methylated guanosine (m7GpppN) residue acting as a 

molecular tag, attached to the 5’UTR on eukaryotic mRNA. As shown in Figure 1.3, eIF4E is 

the 5’cap recognition protein and promotes ‘cap-dependent translation’ (reviewed in (81). 

eIF4G bridges eIF4E to eIF4A, which contains the RNA binding and helicase domain (81). 

Along with the recruitment of 40S and 60S ribosomes and recognition of the start codon, the 

eIF4E, eIF4G, eIF4A complex is essential to cap-dependent translation (81). Picornaviral 

RNA lacks a 5’cap, instead contains a VPg attached to the 5’UTR, thus a mechanism other 

than ‘cap-dependant’ translation is required for viral translation (74). 

Translation initiation is mediated through binding of an RNA sequence called the internal 

ribosomal entry site (IRES) to the host cell 40S ribosomal subunit. Located upstream of the 

AUG initiator codon, the IRES is proposed to guide the eukaryotic ribosome to the initiator 

codon, to subsequently initiate translation (82).  

The IRES is crucial for initiating viral translation, (Figure 1.1, step 4).  The binding of the 

IRES to the translation initiation factors utilises a binding domain within eIF4G that would 

normally bind eIF4A (44). Binding within this region prevents eIF4G dissociation when it is 

cleaved by the viral protease (discussed in Section 1.1.5.1), allowing continuation of viral 

translation while downregulating host-cell translation (83). After recruitment ribosomal 

recruitment, the IRES functions to guide the ribosome across spacer codons to the authentic 

start AUG codon to initiate translation (83, 84).  
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Figure 1.3 Eukaryotic and HRV translation. A) Eukaryotic transcription. A eukaryotic 

transcription complex forms; including eukaryotic initiation factor (eIF)4e – which 

recognises the 5’ cap (M7GpppN), eIF4G – which links eIF4e to eIF4a, eIF4a – which 

binds the RNA, eIF3 which stabilises the 60S and 40S ribosomal subunits (81). The HRV 

2A protease cleaves eIF4G, dissociating the 5’cap recognition protein (eIF4e) (83) 

facilitating viral translation (B) (85). The internal ribosomal entry site (IRES), a 

secondary structure in the 5’ untranslated region (URT) of HRV RNA stabilises eIF4G 

on the viral RNA.  
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1.1.4.6 Post-translational polyprotein processing 

Translation of the RNA ORF results in a polyprotein of ~2100 amino acids (72). The 

polyprotein undergoes a series of cleavages (Figure 1.1, step 5 and Figure 1.4) mediated by 

the encoded viral proteases or autocatalytic mechanisms to yield 11 proteins. In poliovirus 

infection, the initial cleavage (also seen in HRV replication), occurs while the RNA strand is 

still coupled with the ribosome complex, and involves the separation of the P1 domain from 

the rest of the polyprotein by the 2A protease. All subsequent cleavages are an action of the 

3C protease or that of the precursor protease, 3CD, except the autocatalytic VP0 separation 

into VP2 and VP4 (86). The cleavage of 3C from 3CD releases 3D and activates the RNA-

dependent RNA polymerase activity (87). Cleavage of VP0 into VP1 and VP4 is an 

important step that occurs in viral capsid assembly, and cleavage stabilises the virion for 

release and dissemination.  

  



Page 16 of 249 

 

 

 

 

  

Figure 1.4 HRV polyprotein processing. The HRV genome is translated into a large 

polyprotein which undergoes proteolytic processing (86) through 2A protease activity 

(unshaded arrow), 3C protease activity (shaded arrow) and autocatalysis (VP0 into VP4 and 

VP2).  
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1.1.4.7 Transcription 

HRV RNA replication (Figure 1.1, step 6) requires a switch from translation to the replication 

of a template (-)RNA strand and production of the progeny (+)RNA strand. Studies with 

poliovirus have shown that the 3D polymerase (and 3CD) is integral to promoting RNA 

transcription and ceasing translation (88). As discussed in (89), 3D initiates the sequential 

transfer of two uridine monophosphate (UMP) groups to the VPg. The attachment is a 

covalent linkage to the hydroxyl group of the third tyrosine within the VPg, a highly 

conserved residue within picornaviruses (73, 79, 90). The process of uridylation occurs 

through formation of the 3D(UMP)/RNA/VPg complex, and this led to discovery of the Cre 

(an RNA stem and loop within the 2C gene region, Figure 1.2) (91) that directs the 

uridylation process (92). Once VPg is uridylated, it then acts as a primer for synthesis of the 

complementary negative RNA strand.  

1.1.4.8 Assembly  

Newly synthesised viral protein and RNA molecules are assembled together (Figure 1.1, step 

7) in a mechanism that is similar for all picornavirus family members (93, 94). While the 

majority of work looking at viral assembly has been shown in poliovirus infection, a 

comprehensive study has shown that the mechanism poliovirus uses to assemble also occurs 

in a similar manner in HRV infection (95). As described in Section 1.1.4.1 the HRV capsid is 

comprised of one copy of the four viral capsid proteins (VP1-4) complexed into a protomer 

(5S). Five protomers assemble into a pentamer (14S) and the icosahedral shell is comprised 

of 12 pentamers (80S). With incorporated RNA, the particle size is 150S (48, 96, 97). In vitro 

studies of bovine enterovirus, which is closely related to poliovirus and HRV, showed that 

the assembly of pentamers into icosahedral shells occurs spontaneously, without genomic 

interactions (98). The initial step is the aggregation of VP0, VP1, VP3 into a protomer, and 

has been shown to be coupled with the rate of new progeny RNA strand synthesis (99, 100). 
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Foundational work showed that 80S empty capsids were unable to associate with RNA, but 

14S pentameric units were, and that this induced rapid formation of multipentameric/RNA 

complexes – showing that RNA association into the poliovirus complex is an early step in 

virion assembly (101). Overall, the rate of capsid assembly is coupled with the rate of RNA 

synthesis. After protomer aggregation and association of pentamers with the RNA strand and 

further pentamer association, the final step is the cleavage of VP0 into VP2 and VP4 – 

stabilising the structure and crosslinking RNA with capsid (102), forming the mature 150S 

virion.  

1.1.4.9 Release 

Traditionally it was thought that only enveloped viruses were released in a non-lytic manner 

(103, 104). The functional consequences of cell lysis is the cessation of the productive ability 

of the lysed cell, thus limiting viral replication. Contrary to past notions, poliovirus, other 

picornaviruses, including and major and minor HRVs, have been visualised in the 

extracellular environment within cytosol-containing double-membrane vesicles (47, 105-

107). This led to the hypothesis that a vesicular secretory pathway is involved in the release 

of picornaviruses (Figure 1.1, step 8). Additional work showed that autophagy is not only 

induced by picornavirus infection (108) but that chemical induction of autophagy increased 

both the intracellular and the extracellular yield (47, 104, 106). The reliance of picornaviruses 

on intracellular membranes for replication sites (109), also supports autophagic pathways in 

picornavirus replication and release.  

1.1.5 Rhinovirus – Proteases 

As discussed in Section 1.1.4.6 and Figure 1.4, the HRV proteases, 2A and 3C, and precursor 

protease, 3CD, play a crucial role in HRV protein maturation (86), and as such, the enzymes 

are indispensable for viral replication. In addition to protein maturation, the proteases were 
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first described to cleave non-viral peptides in 1989 (110), and specific roles for the 

proteolytic action towards host-cell proteins have since been identified (110).  

The replication of the virus is dependent on countermeasures towards otherwise restrictive 

host processes, and the protease activity creates a cellular environment that promotes viral 

replication (111) at the expense of host. Both proteases’ active site contains a cysteine, 

however mutation of amino acids at loci similar to that of serine proteases suggests that the 

functional activity is similar to that of a serine protease rather than a cysteine protease (87). 

Like their cellular counterparts, the HRV proteases are tightly regulated by their substrate 

specificity requirements. The 3C protease cleaves at a Glutamate-Glycine bond (112), with a 

requirement for an amino acid with a hydrophobic side chain five residues upstream of the 

cleavage site is an (113). The 2A protease cleaves at a Tyrosine-Glycine bond (114), however 

the stereochemistry of the substrate has an effect on the accessibility of the 2A protease 

(115). Altogether the multifactorial nature of the proteolytic activity allows for tight 

regulation and prevents wide-spread aberrant proteolysis. The following Sections, and 

Section 1.2.3.1., describe some of the alterations to the cellular environment induced by the 

viral proteases and the implications for viral replication.  

1.1.5.1 Host Translation Inhibition 

Eukaryotic translation is dependent on the recognition of a ‘cap’ on the 5’ end of eukaryotic 

mRNA by ribosomes. As described in Section 1.1.4.5, the 5’ end of the HRV RNA has a VPg 

and not a 5’cap. To replicate effectively, HRV needs a mechanism that downregulates cap-

dependent (eukaryotic) translation and promotes cap-independent (viral) translation. The 

HRV protease achieves this by cleaving eukaryotic initiation factors (eIF)s that usually 

recognise the 5’cap (116-118). The eIF4 complex is a multimeric, adenosine-triphosphate 

(ATP)-dependent unit that facilitates the joining of the mRNA with ribosomes (Figure 1.3) 

(119, 120). Initial binding to the cellular mRNA 5’cap is mediated through eIF4E (81, 120). 
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EIF4A is the ATP-dependent RNA helicase, and eIF4G bridges mRNA to ribosomes (Figure 

1.3) (120). EIF4G binds eIF3, which subsequently assembles the large ribosomal subunit on 

the mRNA  (117, 120).  eIF4G is cleaved by the HRV 2A protease, bisecting the bridge that 

joins eIF3 and eIF4E (45, 117). This cleavage dissociates the eIF4E cap-binding protein from 

the complex, inhibiting cap recognition thus downregulating host-translation and promoting 

cap-independent translation (45, 83, 117). Viral translation can still occur due to the presence 

of the IRES, which directly recruits the host cell ribosome, as described in Section 1.1.4.5. 

In addition to cleaving eIF4G, the HRV 3C protease has been shown to cleave poly(A) 

binding protein (PABP). PABP is a protein that contains an N-terminal poly(A)tail binding 

domain, and a C-terminal domain that interacts with the 60S ribosomal subunit (121, 122). 

These interactions circularise the RNA and stabilise it for repeated rounds of translation 

(121). The HRV 3C protease cleaves PABP, contributing host-cell shut off and promoting 

viral transcription (123). 

1.1.5.1.1 Disruption of Nuclear-Cytoplasmic Trafficking  

In eukaryotes, the nuclear membrane provides a means of separation between genomic 

material and the cellular machinery required for the processing the genomic material. This 

confers a high level of both protection and regulation of the expression of the genome (124).  

The nuclear membrane is a double lipid bilayer dotted with pores that allow diffusion of 

small molecular weight proteins, and the selective, active passage of larger molecular weight 

proteins. The nuclear pore complex (NPC) is a multimeric protein complex, that creates an 

architectural lumen across the nuclear membrane, as reviewed in (125). The proteins that 

form the complex, nucleoporins (Nups), either form structural components of the pore or are 

docking sites for proteins to passage into and out of the nucleus. Viral induced, NPC 

alterations result in increased permeability across the membrane and the subsequent 

mislocalisation of proteins or genomic material usually confined to either the cytoplasm or 
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the nucleus – in turn contributing to host cell shut off and promoting viral replication (124, 

126-128). Studies have confirmed that both HRV proteases, 2A and 3C, of multiple HRV 

serotypes cleave Nups and induce significant changes in subcellular protein localisation (126, 

129, 130). Interestingly, Nups containing domains rich in phenylalanine-glycine (F-G Nups), 

are specifically targeted by HRV and other enterovirus proteases (130, 131). The cleavage of 

F-G Nups is important as they have a functional role in mediating nuclear import and export 

pathways (125), and viral protease activity can have vast functional implications for 

nuclear/cytoplasmic trafficking.  

1.1.5.2 Inhibition of Human Rhinovirus Proteases  

The preceding paragraphs highlight the importance of the HRV proteases not only for viral 

replication (Section 1.1.4.6.) but in changing the cellular environment to shut down host 

processes to establish infection. As the activity of the proteases is vital to the virus, it’s 

intuitive that antiviral strategies should target the viral proteases (132). One example of an 

effective HRV 3C inhibitor is Rupintrivir. Rupintrivir (formerly AG7088), is an irreversibly 

binding 3C protease inhibitor. In phase 2 clinical trials, Rupintrivir was seen to reduce viral 

titres, individual symptom scores and nasal discharge when delivered as a prophylaxis via the 

intranasal route – however the frequency of infections were not reduced (133). Rupintrivir 

interacts with a conserved set of amino acids (134) and has been shown to be effective in 

vitro against all HRVs tested, a product of the structure based design method used to 

synthesise it (135-137).  

1.1.6 Host Response to Human Rhinovirus Infection 

The cellular recognition of infection is mediated through pattern recognition receptors 

(PRRs). PRRs are limited to recognising non-self biological motifs through receptor 

specificity for pathogen associated molecular patterns (PAMPs) (138). PAMPs are protein, 

carbohydrate or genomic patterns that are not carried by eukaryotes. Detection of PAMPs by 
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PRRs conveys signals to elicit innate immune responses. In the case of HRV infection, 

replication intermediates such as double stranded or tri-phosphate RNA (139) are major 

PAMPs . Additionally, HRV capsid proteins are recognised by PRRs (140). PRRs can either 

be constitutively expressed or induced in response to invading pathogens, as such a 

coordinated response has been proposed in some cases, where downstream signalling of one 

PRR induces the expression of others.  

1.1.6.1 Toll-like receptors  

Toll-like receptors (TLRs) are a family of cytosolic or membrane-associated PRRs. 

Consisting of 10 human TLRs (TLR1-10) and 12 murine (TLR1-9, 11-13) proteins, the TLR 

family recognise a wide variety of signals, but specific PAMPs are associated with bacteria, 

viruses or damaged cells. TLRs have a largely conserved structure, consisting of a 

transmembrane domain and a helical, pathogen-binding ectodomain, described for TLR-3 in 

Figure 1.5 (139, 141). The transmembrane helix facilitates the anchoring of the receptors to 

the cell surface membrane, endosomal vesicles or other cellular membranes and the Toll-IL 

receptor (TIR) domain signals to execute a cellular response (141). Once activated, the TIR 

domain of all TLRs signal through Myeloid differentiation primary response gene 88 

(MyD88) with the exception of TLR-3, which signals through Toll/IL (interleukin)-1R 

domain-containing adaptor-inducing interferon (IFN)-β (TRIF) (141) (Figure 1.5). The 

induction of TLR mediated responses results in activation of multiple anti-viral defences such 

as pro-inflammatory cytokine expression, RNA-sensor expression or IFN-β expression.  

Multiple TLRs have been implicated in the response to HRV infection. The two HRV 

molecular patterns recognised by TLRs are the viral capsid protein (140) and the genome 

(139) (Figure 1.5). Studies showed that non-purified HRV1B induced cytokine responses 

were not inhibited with treatment of cells with internalisation inhibitors, and that UV-

inactivation of the virus did not change initial cytokine responses (140). Together these 
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results suggested a mechanism by which the virus is detected by a PRR prior to viral 

internalisation and replication, thus cell surface TLRs were implicated in HRV recognition. 

Knockdown of TLR-2 correlated with decreases in inflammatory cytokine responses in both 

non-purified HRV1B (species A, minor group) (140) and non-purified HRV6 (species B, 

major group) infection and UV-inactivated HRV6 (142). Together these results implicate 

TLR-2 as essential for recognition of the HRV capsid upon viral attachment.  

TLR-3 is an endosomally-located, double stranded (ds) RNA recognising TLR and is 

implicated in the cellular response to HRV infection (143-146).  After viral attachment and 

internalisation, the endosomal vesicles are formed which contain internalised virions (Figure 

1.1 step 3). A drop in pH or ICAM-1 binding changes the HRV capsid proteins and ‘uncoats’ 

the ssRNA genome (described in Section 1.1.4.3), allowing RNA release into the endosome 

and subsequently the cytoplasm. Located on the endosomal membrane are TLRs -3, -7 and -

8, with the ectodomain inwards and the signalling domain directed out of the endosome into 

the cytoplasm.  

Although TLR-3 has been shown to be important, and in cases essential (143) for cellular 

recognition of HRV, how an endosomal TLR, with a dsRNA recognition domain within the 

endosome recognises HRV ssRNA is unclear. One proposed mechanism is that within the 5’ 

HRV ssRNA are RNA secondary structures that have been shown to be endosomally located, 

and could potentially activate TLR-3 (143). However, TLR-3 activation in HRV infection is 

debated, with Triantafilou et al. (2011) unable to detect  TLR-3 activation in response to 

HRV6 infection (142). However, exogenous expression of TLRs -7 and -8 in Human 

Embryonic Kidney cells (HEKs) with HRV6 infection resulted in the induction of antiviral 

responses (139). Specifically, TLR-7 recognises endosomal poly-uridylated RNA (described 

in Section 1.1.4.7) or ssRNA and is dependent on Myd88 to induce expression of anti-viral 

proteins (147).  
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The activation of TLR-3, 7 or 8, in response to HRV infection, upregulates both 

proinflammatory cytokines and the expression of TLRs and RIG-I-like receptors (RLRs, 

Section 1.1.6.2) (139, 143). While TLRs seem to be activated early in infection at the site of 

plasma or endosomal membranes, the RLRs form a second line of innate immune recognition 

of viral RNAs within the cytoplasm.   
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Figure 1.5 TLR and RLR pathways induced in response to HRV infection. A) TLR-3 (with helical 

PAMP recognition, transmembrane and TIR signalling domain labelled), recognises dsRNA and 

signals through TRIF (148). TRIF and RIPK1 bind through homologous RHIM domains, and RIPK1 

and FADD through homologous death domains (148). Procaspase 8 binds FADD through 

homologous CARD domains, resulting in cleavage into caspase 8 (148), and the activation of 

apoptosis. B) The HRV6 capsid activates TLR-2 (140), which recruits TIRAP and MyD88 – inducing 

IRAK4 mediated phosphorylation of IRAK1. IRAK1 then associates with TRAF6, activating it and 

inducing a TRAF6/TAB1/TAB2/TAK1 complex (149). TAK1 then phosphorylates and inhibits NEMO, 

allowing IKKα and IKKβ to inactivate IkB, allowing NFkB to translocate to the nucleus and activate 

antiviral gene expression (149). C) Tri-phosphate RNA activates RIG-I (150) and dsRNA activates 

MDA-5 (151). Both proteins bind IPS-1, which can activate the extrinsic apoptosis pathway through 

RIPK1/FADD/procaspase 8 association (152), interferon production through IKKe and TBK1 

phosphorylation of IRF3 (153) or the intrinsic apoptosis pathway through IRF3 dimerisation with 

Bax (154).  

Abbreviations: TLR; Toll-like receptor, PAMP; Pathogen-associated molecular pattern, TIR; Toll-

interleukin receptor, TRIF; TIR-domain-containing adapter-inducing interferon-β, RIPK1; Receptor-

interacting protein kinase-1, RHIM; RIP homology interacting motif; FADD; Fas associated protein 

with death domain, CARD; Caspase activation and recruitment domain, HRV; Human Rhinovirus, 

TIRAP; TIR domain containing adaptor protein, MyD88; Myeloid differentiation primary response 

88, IRAK; Interleukin-1 receptor-associated kinase, TRAF; TNF receptor associated factor, TAK; 

Transforming growth factor β-activated kinase; TAB; (TAK)-binding protein, IkB; Inhibitor of 

kappa-B, IKK; inhibitor of (IkB) kinase, NFkB; nuclear factor kappa-light-chain-enhancer of 

activated B cells, RIG-I; retinoic acid-inducible gene I, MDA-5; Melanoma differentiation-

associated protein 5, IPS-1; interferon-β promoter stimulator 1, TBK; TANK-binding kinase 1, IRF3; 

Interferon regulatory factor 3; Bax; Bcl-2-associated X protein.  
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1.1.6.2 RIG-I-like receptors  

Picornaviral RNA replication occurs within the cytoplasm; and a class of cytoplasmic PRRs 

exist to detect dsRNA, a viral RNA replication intermediate. Transcription of the positive-

sense RNA genome produces a negative-sense RNA template strand, which together produce 

a transient dsRNA intermediate. Cytoplasmic dsRNA is a PAMP and is recognised by PRRs 

to elicit an antiviral response (Figure 1.5), as no eukaryotic cell produces long cytoplasmic 

dsRNA intermediates. Important to the recognition of Picornavirus infection, Retinoic-acid 

inducible gene-I (RIG-I) and Melanoma Differentiation-Associated protein 5 (MDA-5) are 

dsRNA, or tri-phosphate RNA recognising helicase receptors belonging to the RIG-I-like 

receptors class (155, 156) (Figure 1.5).  

Upon binding of dsRNA, intrinsic ATPase activity of RIG-I is activated and a conformational 

change is induced in the helicase and caspase activation and recruitment domains (CARD) 

(157). RIG-I contains two tandem CARD domains that, once activated, induce downstream 

antiviral signalling events such as interferon-regulatory factor-3 (IRF-3) activation and 

apoptosis (157) (Figure 1.5).  

MDA-5 has highly homologous regions within the helicase and CARD domains, suggesting a 

similar recognition and signalling ability to RIG-I (157). Originally the MDA-5 gene was 

identified as induced in response to retinoic-acid, given as treatment for promyelocytic 

leukaemia (158) and was later found to be activated in response to the viral dsRNA analogue 

Polyinosinic:polycytidylic acid  (Poly(I:C)) (157).  

1.1.6.3 TLR and RLR pathways in response to HRV infection  

Detection of HRV by TLRs or RLRs results in the activation of multiple anti-viral pathways 

as discussed in the Sections 1.1.6.3. 
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1.1.6.3.1 TLR-2 pathway  

The detection of HRV6 and HRV1B capsid proteins by TLR-2 (139, 140) results in the 

upregulation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) 

inducible proinflammatory cytokines (139) in a MyD88 dependent manner (140) (Figure 

1.5). As reviewed in (149), after ligand binding to TLR-2, toll-interleukin 1 receptor (TIR) 

domain containing adaptor protein (TIRAP) and MyD88 binds with the cytoplasmic domain 

of TLR-2 thus inducing the recruitment of interleukin-1 receptor (IL-1R)-associated kinase 

(IRAK) -4 and IRAK-1 (149). IRAK-4 phosphorylates IRAK-1, inducing its dissociation 

from the complex and binding to Tumour-necrosis-factor-receptor-associated factor -6 

(TRAF-6) (Figure 1.5). IRAK-1 binding induced conformation change in the TRAF6, 

allowing TRAF-6 to complex with transforming-growth-factor-activated kinase -1 (TAK-1) 

and associated binding proteins, TAK1-binding protein (TAB1) and TAB2 (149) (Figure 

1.5). TAK-1 kinase activity is activated within this complex and inactivates inhibitors of NF-

kB through phosphorylation. Subsequently, NF-kB dissociates from its cytoplasmic inhibitor 

(IkK) and NF-kB translocates to the nucleus, acting as a transcription factor for genes 

encoding proinflammatory cytokines (139, 149)  (Figure 1.5).  

1.1.6.3.2 TLR-3 pathway  

Ligation of TLR-3 with viral RNA causes TLR-3 homodimerisation, inducing the exposure 

of the TIR domain on the cytoplasmic portion of the protein (148). TRIF is recruited and 

binds to the TIR domain in TLR-3 and is essential for downstream signalling to NF-kB, IRF-

3, IFN-β and apoptotic proteins (159) (Figure 1.5). TRIF induced apoptosis is dependent on 

the RIP Homotypic Interaction Motif (RHIM) where it binds to receptor-interacting protein 

kinase-1 (RIPK1) through a homologous domain. Fas-associated protein with death domain 

(FADD) is recruited to a homologous DD within RIPK1, and subsequently caspase 8 is 
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recruited and activated – inducing an extrinsic apoptosis signal (148, 159, 160) (Figure 1.5). 

The downstream consequences of caspase 8 activation are discussed in Section 1.2.1.3.2. 

1.1.6.3.3 RLR pathway 

The recognition of picornaviridae RNA by RIG-I is debated. Infection of wild type (WT), or 

RIG-I or MDA-5 null cells with encephalomyocarditis virus showed that RIG-I and WT cells 

had negligible change in IFN production, indicating that RIG-I is dispensable for the cellular 

response to Picornaviruses (156). One hypothesis is that the 5’-triphosphate group on 

Picornaviral RNA is essentially masked by the VPg, making it undetectable by RIG-I (150). 

However, other studies have found that synergistic activation of RIG-I, TLR-3 and MDA-5 is 

required for maximal antiviral defences against HRV (143). The activation of MDA-5 

however, is more universally accepted as activated in response to Picornavirus infection (151, 

161, 162).  

The two contextually relevant (143, 145) RLRs, MDA-5 and RIG-I, both induce a common 

signalling pathway, through association via homologous CARDs on a mitochondrially 

anchored adaptor protein, IFN-β promoter stimulator-1 (IPS-1) (Figure 1.5) (150, 153). The 

activation of the RLRs by viral RNA induces multiple IPS-1 dependent pathways. Inhibitor 

of NF-kB epsilon (IKKe) and Tank-binding protein 1 (TBK1) are recruited to RLR 

complexed IPS-1 and subsequently activate IRF3 via phosphorylation (Figure 1.5). The 

phosphoIRF-3 forms homodimers and translocates into the nucleus for activation of IFN-β 

encoding gene, or where it complexes with Bax, inducing intrinsic apoptosis (Figure 1.5) 

(discussed in Section 1.2.1.3.1.). Important to this study, is the recruitment of an IPS-1 

dependant complex containing FADD, caspase 8 and RIPK1 (152), linking it to the extrinsic 

apoptosis pathway (Figure 1.5) (163). The apoptosis induced from this complex has been 

shown to occur through active caspase 8 cleavage of RIPK1, which also negatively regulates 

IRF-3 activating pathways (152).  
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1.2 Apoptosis  

1.2.1.1 Cell death  

Multiple types of cell death can occur resulting in multiple characteristic morphological and 

biochemical endpoints in response to different stimuli. The type of cell death induced is 

tightly controlled in an effort to minimise collateral cellular damage or unnecessary 

heightened cellular immune responses. Proinflammatory or necrotic cell death results in cell 

lysis and the release of damage associated molecular patterns (DAMPs) which in turn provide 

positive feedback for pro-inflammatory responses (164). DAMPs result in cellular 

infiltration, oedema, non-specific cellular damage and can ultimately lead to tissue fibrosis 

and malfunction (164)  

Necrosis can occur via passive processes by which membrane integrity is disrupted by 

mechanical force or external stressors, and as such does not require activation of internal 

signalling pathways (165). Secondary necrosis is also observed when there is a phagocytic 

failure to clear apoptotic or autophagic bodies, is not dependent on any particular cell death 

process. Programmed necrosis however, is reliant on a cell death signalling cascade and is 

also known as necroptosis. Receptor-interacting protein kinase-3 (RIPK3) is integral to 

necroptosis. RIPK3 is recruited to a signalling complex through the RHIM domain of RIPK1 

(166). The downstream activation of RIPK3/RIPK1 complexes results in the oligomerisation 

of MLKL (167), which has been proposed to be an executioner of necroptosis. Oligomerised 

MLKL indirectly disrupts the plasma membrane through an ionic homeostatic disruption 

(167). 

In contrast to necrosis, apoptosis, discussed in detail within Section 1.2.1.2-1.2.1.5, is a 

means of cell death that removes a cell without causing true lysis of the plasma membrane 

and thus does not result in inflammatory responses. The detection of a danger signal, which 
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can be either a dysregulation of self or a molecular pattern associated with an invading agent, 

results in transduction of the apoptotic signal through to effector proteins by sequential 

proteolytic activation of caspases (168). The result is cleavage and subsequent activation of 

effector proteins that action the mechanistic and morphological changes associated with 

apoptosis. The culmination of multiple apoptotic changes results in irreparable fragmentation 

of genomic material, the shut-off of cellular metabolism and blebbing of both nuclear and 

plasma membranes. Cytoplasmic and nuclear components are contained in apoptotic bodies, 

which in a multicellular organism are engulfed and broken down by phagocytic cells. The 

end result of apoptosis is the clearance of a malfunctioning or infected cell and preservation 

of the surrounding cells or tissue.   

1.2.1.2 Caspases  

The means of apoptotic signal transduction is through the hierarchal, sequential cleavage of a 

set of signalling proteins called caspases. Procaspases are full-length (inactive) caspase 

precursor zymogens and are preformed within the cell to ensure rapid response after signal 

instigation (169). Once a procaspase is cleaved, it becomes a caspase and is catalytically 

active. The high specificity of caspase substrates confers a high level of apoptotic regulation 

and prevents aberrant apoptosis induction. Two classes of caspase exist; initiator and 

executioner. Initiator caspases are activated either by cleavage or association with death 

signalling adaptor proteins and function to cleave and activate executioner caspases. 

Executioner caspases, once active, cleave caspases and non-caspase substrates which are 

responsible for the genomic, structural, morphological, and biochemical changes associated 

with apoptosis (169).  
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Figure 1.6 The extrinsic and intrinsic apoptosis pathways converge to cleave caspase 3. The extrinsic 

apoptosis pathway (blue shaded area) is induced through recognition of PAMPs by PRRs. FADD, 

procaspase 8 and RIPK1 are recruited to the cytoplasmic portion of the PRR. Procaspase 8 undergoes 

autocatalysis to form active caspase 8, which cleaves procaspase 3 into caspase 3 (170). Caspase 3 

cleaves substrates responsible for the morphological changes associated with apoptosis, such as 

cytoskeletal changes and DNA degradation (degradation phase, pink shaded area) (169). Intrinsic 

apoptosis (grey shaded area), is induced in response to apoptotic stimuli acting directly on the 

mitochondria, or DNA damage that is detected by p53. Activation of p53 catalyses the degradation of 

anti-apoptotic BcL-2 proteins, releasing Bax and Bak to oligomerise and form a pore in the outer 

mitochondrial membrane (171), allowing Cyt C to translocate to the cytoplasm to complex with APAF-1 

and procaspase 9 (172). Procaspase 9 undergoes autocatalysis in this protein complex into caspase 9 

and subsequently cleaves procaspase 3 into caspase 3 (170). Active caspase 8 also cleaves Bid into 

tBid, activating it to participate in the mitochondrial pore formation (173).   

Abbreviations: PAMPs; Pathogen-associated molecular patterns, PRRs; PAMP recognition receptors, FADD; 

Fas-associated protein with death domain, RIPK1; Receptor-interacting protein kinase-1, BcL-2; B-cell 

lymphoma 2, Bax; Bcl-2-associated X protein, Bak; Bcl-2 homologous antagonist killer, Bid; BH3 interacting-

domain death agonist, Cyt. C; Cytochrome c, APAF-1; Apoptotic protease activating factor 1, PAK2; p21-

activated kinase, ROCK-1; Rho-Kinase 1, CAD; Caspase-activated DNase, ICAD; inhibitor of CAD, PARP-1; 

Poly(ADP-ribose) polymerase-1, eIF4G; Eukaryotic initiation factor 4G.  
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1.2.1.3 Induction Phase 

Apoptosis is induced by either the dysregulation of a normal cellular process or the detection 

of a non-self, harmful stimulus. The result is either the activation of the intrinsic or extrinsic 

apoptosis pathway, in response to self or external stimuli, respectively, described in Figure 

1.6.  

1.2.1.3.1 Intrinsic Pathway  

The intrinsic apoptosis pathway is activated in response to an array of non-receptor mediated, 

self-disruption mediated stimuli that result in elevated mitochondrial permeability. Key 

components of the intrinsic apoptosis pathway are B-Cell lymphoma-2 (BcL-2) homology 

domain-3 (BH3) protein family members, which contain at least the BH3 domain but can 

contain up to 4 BH domains (BH 1-4), comprehensively reviewed in (174). BcL-2 proteins 

are anti-or pro-apoptotic and normally exist in a tightly regulated state. Pro-apoptotic BcL-2 

proteins contain multiple protein domains, anti-apoptotic BH3 proteins only contain the BH3 

domain, and tight regulation of the activity of either class results in homeostatic balance 

(174). Cancer and autoimmune disorders are the result of predomination of anti-apoptotic 

BH-3 proteins. Whereas, aberrant cell death is the result of predomination of pro-apoptotic 

BH-3 proteins (175). The skewing of the balance between the classes of proteins towards an 

apoptotic response leads to an increase in mitochondrial permeability (172, 176), Figure 1.6. 

Under functional conditions, mitochondria have a selectively permissive outer membrane, 

allowing selective passage of ions and metabolites (177) and a mostly impermeable inner 

membrane (178, 179). The very limited nature of mitochondrial transport allows for the 

generation of differential charge across the membrane, important for a functional pH gradient 

and electron transport chain (178, 179). An alteration in the membrane architecture results 

not only in the disruption of the normal functioning of mitochondria, but results in the 

cytoplasmic translocation of apoptosis inducing and signalling proteins (170). As examples, 
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stimuli such as DNA-damaging radiation, elevated intracellular calcium, cell cycle 

dysregulation or endoplasmic stress in response to misfolded proteins or translation 

downregulation all result in increased mitochondrial permeability through apoptotic 

activation of BcL-2 proteins (174, 180), Figure 1.6. Loss in mitochondrial membrane 

integrity occurs in an orchestrated manner across all mitochondria in a cell through an 

unknown mechanism (181). The sequential formation of pores, first in the inner 

mitochondrial membrane and secondly in the outer mitochondrial membrane means that the 

inner mitochondrial membrane is positioned open when activation of the second pore occurs 

(182). The increase in permeability of the inner mitochondrial membrane occurs when 

uncoupling of the electron transport chain opens an already assembled pore complex (182, 

183). DNA damage is detected by p53, which subsequently inactivates the anti-apoptotic 

BcL-2 proteins, which usually act as the regulators of the pro-apoptotic BcL-2 proteins Bax 

and Bak (Figure 1.6). Removal of this inhibitor effect results in the oligomerisation of Bax 

and Bak in the outer mitochondrial membrane and pore formation (184), Figure 1.6. 

Normally full-length Bid, a constitutively expressed BH3 domain containing protein, is 

cleaved by caspase 8 or other apoptotic proteins, activating it (185), Figure 1.6. Truncated 

Bid (tBid) translocates to the outer mitochondria membrane and complexes with other pro-

apoptotic BH3 proteins, Bax and Bak, which activates protein oligomerisation and pore-

formation (176, 182), Figure 1.6. Cytochrome c is an electron carrier that participates in the 

final steps of the electron transport chain and is located in the mitochondrial intermembrane 

space (reviewed in (186)). Upon membrane permeability increase, cytochrome c is 

translocated into the cytoplasm and complexes with apoptotic protease-activating factor-1 

(APAF-1), Figure 1.6, resulting in activating conformational changes induced by dATP 

(187). Once activated, the APAF-1, cytochrome c complex is able to recruit multiple 

procaspase 9 units. The close proximity of the procaspase 9 molecules induces autocatalysis 
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and activation of caspase 9 (170, 188), and caspase 9 is able to cleave and activate the 

executioner caspase, caspase 3 (169, 170), Figure 1.6.  

1.2.1.3.2 Extrinsic Pathway 

The induction of apoptosis in response to recognition of invading pathogen is essential for 

protecting the multicellular organism against infectious diseases. Discussed in Section 1.1.6, 

the induction of extrinsic apoptosis pathways is initiated by PRRs in response to PAMPs. The 

PRRs have a recognition domain and a cellular signalling domain. An example of this, first 

apoptosis signal receptor (Fas), is a type-1 transmembrane receptor that contains an 

extracellular recognition domain and a cytoplasmic signalling domain (189, 190). Fas ligand 

(FasL), an antiviral factor (191), binding induces receptor aggregation and clustering of DDs 

within the cytoplasmic domains of the receptors, recruiting FADD through homophilic 

interactions (189). FADD is an adaptor protein that recruits procaspase 8, activating caspase 

8 and initiating extrinsic apoptosis induction, Figure 1.6. Like procaspase 9, procaspase 8 

undergoes autocatalysis in response to close proximity with other procaspase 8 molecules 

(192). Caspase 8 is able to cleave and activate procaspase 3, Figure 1.6, an executioner 

caspase and by doing so communicates an apoptotic signal from receptor to executioner 

caspase. A similar death receptor/caspase 8 complex forms when tumor-necrosis factor-alpha 

(TNF-α) binds to its receptor, TNF-a receptor 1 (TNFR1) (193). Upon ligation, the 

cytoplasmic death domain of TNFR1 sequentially recruits TNFR-associated protein with 

death domain (TRADD), TRAF 2 and RIPK1, with cellular inhibitors of apoptosis (cIAPs) 

(194). After sustained TNF-α ligation, the receptor complex internalises and posttranslational 

and conformational changes occur. TRADD recruits FADD and caspase 8, where the loss of 

cIAPs allows RIPK1 to promote the caspase 8 mediated apoptosis (195). 
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1.2.1.4 Apoptosis Pathway Cross-talk  

Pathway cross talk occurs between the intrinsic and extrinsic pathway to ensure rapid and 

committed apoptosis induction. Literature suggests that if there is an interruption of cleavage 

of executioner caspases by caspase 8, caspase 8 would find another means of inducing 

apoptosis (173, 196, 197). Specifically, after activation of caspase 8 by a death receptor 

complex, caspase 8 can cleave the BH3 domain containing protein Bid into truncated Bid 

(tBid), Figure 1.6. Truncation of Bid results in its activation into a pro-apoptotic protein, 

enabling it to associate with membrane bound BcL-2 proteins at the mitochondria and 

inducing pore formation and the intrinsic apoptosis pathway (176, 185), Figure 1.6. 

1.2.1.5 Degradation Phase 

Although initiated by different pathways, the degradation phase of apoptosis is downstream 

of the convergence of the two pathways thus eliciting the same outcome. Specifically, 

caspase 9 (intrinsic) and caspase 8 (extrinsic) both cleave procaspase 3 into caspase 3, Figure 

1.6. Caspase 3, the main executioner caspase, cleaves non-caspase substrates; either directly 

disrupting a cellular process or activating another enzyme (198). Ultimately, the apoptotic 

degradation phase triggers cellular structural changes (membrane blebbing), genomic 

cleavage to prevent further replication, and the shutdown of inflammatory processes (199).  

1.2.1.5.1 DNA Degradation  

The programmed cleavage of DNA is essential to apoptotic cell death and occursto ensure 

that genomic replication is halted (200).  Procaspase 3 is activated into caspase 3 and 

subsequently cleaves the inhibitor of caspase-activated DNase (ICAD) (201). Caspase 3 

mediated cleavage of ICAD releases it from the catalytically active caspase-activated DNase 

(CAD), Figure 1.6. CAD oligomerises and cleaves phosphodiester bonds within DNA, 

forming clumping of chromatin and impeding any transcription (202).  Not only is DNA 

damage induced in apoptosis, but a DNA repair enzyme, poly (ADP-ribose) polymerase-1 
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(PARP-1) is also inactivated by caspase 3 (203, 204), Figure 1.6. This is an example of how 

an inherent protective mechanism within the cell is shut down to ensure that the DNA 

damage is not rescued, and apoptosis proceeds without blockage.  

1.2.1.5.2 Cytoskeletal Changes 

Hallmarks of apoptosis include orchestrated cell contraction, membrane blebbing and release 

of apoptotic bodies containing cellular constituents. Apoptotic morphology change is a 

multistep process; cell rounding and contraction, followed by, in order: blebbing (the 

formation of round bulges protruding into the extracellular space), dynamic blebbing (blebs 

causing distortion of cellular shape), apoptotic protrusions and apoptotic body formation 

(subcellular vesicles with cellular constituents) (205, 206). The process from contraction to 

blebbing is a controlled process and is in stark contrast to the cell lysis or blebbing that 

occurs with necroptosis (205). Multiple proteins are involved in the redistribution of the 

cytoskeleton in apoptosis. Anchored to the plasma membrane, fodrin binds and stabilises 

other cytoskeletal elements such as actin and microtubules (207, 208). Caspase 3 cleavage of 

fodrin, Figure 1.6, results in the destabilisation and rearrangement of  the cytoskeletal 

structure and is implicated in apoptotic membrane blebbing (207). A regulatory enzyme, p21-

activated kinase 2 (PAK2), functions to monitor the cytoskeleton to prevent aberrant 

morphological changes (209). Caspase 3 cleaves PAK2 to ensure that the cell is unable to 

detect or repair apoptotic changes (210), Figure 1.6. Recent work has implicated a Rho-

kinase as essential to membrane contractibility seen in apoptosis. Specifically, Rho associated 

protein-kinase (ROCK) -1 was cleaved in TNF-α induced apoptosis, and cleavage of ROCK1 

increased its activity (211). ROCK1 activity is normally regulated by Rho Guanosine 

triphosphate (GTP)ases and controlled activation results in the cytoskeletal changes during 

proliferation (212). The normal function of ROCK1 includes the coupling of actin/myosin 

microfilaments to the plasma membrane and stabilisation and contraction of the overall 
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cytoskeletal structure. Caspase 3 cleavage of ROCK1 (213), results in an upregulation of its 

normal function, bypassing the need for Rho GTPase mediated activation (211). Ultimately, 

the extreme upregulation causes an increase in actin and myosin contractile force – leading to 

cell contraction (214) and rounding, the initial step in the formation of apoptotic bodies (205). 

The cleavage of ROCK1 illustrates that caspase 3 cleavage does not just induce lack of 

functions in substrate proteins, but can induce activation or gain of function. 

1.2.2 Receptor-Interacting Protein Kinase-1  

Receptor-interacting protein kinase-1 (RIPK1) is an essential adaptor protein that associates 

with death inducing signalling complexes from multiple signalling and cell death inducing 

pathways.  

RIPK1 is a serine/threonine-kinase belonging to a family of seven RIP kinases (215). Each 

member of the RIP kinase family contains a characteristic homologous kinase domain; 

however the presence of other domains differs between each member. RIPK1 and RIPK3 

contain RHIM domains, which interact in the context of necroptosis induction (discussed in 

Section 1.2.1.1). RIPK1 has 4 distinct domains (Figure 1.7); N-terminal domain (amino acids 

(aa)1-312), intermediate domain (aa 313-582), death domain (aa 583-669) and the C-terminal 

domain (aa  669-671) (216) and is approximately 75kDa. The N-terminal of RIPK1 (aa 1-

312) contains a kinase domain and serine 161 which is the binding site for the allosteric 

RIPK1 inhibitor Necrostatin-1 (217, 218). The intermediate domain (aa 313-582) of RIPK1 

contains an important lysine at locus 377 implicated in activation of pro-inflammatory or pro-

survival signalling (219). After TNF-α stimulation, RIPK1 is recruited to TNFR1, and 

polyubiquitination at lysine 377 occurs which provides a scaffold for the recruitment of 

TAB2, TAK1, IKK and IKK’s regulatory subunit NEMO (which binds the polyubiquitin 

chain) to activate pro-survival cell signalling (220). Within the intermediate domain but 

downstream of this polyubiquitin site is the RHIM domain (aa 531-547), Figure 1.7. RHIM is 
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essential for two identified signalling pathways: 1) RIPK3 induced necroptosis (discussed in 

Section 1.2.1.1) (221)  when apoptosis, specifically caspase 8, is impeded (222) and 2) 

bridging TLR-3 and the extrinsic apoptosis pathway through a homologous RHIM domain in 

TRIF (Figure 1.5) (148, 160).  

Cleavage of RIPK1 by active caspase 8 occurs at aspartic acid 324 (193) during apoptosis. 

Site directed RIPK1 mutants resistant to caspase 8 cleavage protect cells against TNF-α 

induced apoptosis; indicating that caspase 8 cleavage of RIPK1 is essential for apoptosis 

(193). Mechanistic studies demonstrate that once cleaved, the C-terminal RIPK1 fragment 

enhanced interactions between death receptor components, promoting apoptosis (193). 

Importantly, caspase 8 cleavage of RIPK1 inhibits other RIPK1 dependent cell death or 

inflammatory pathways (152, 223-225). 

  



Page 39 of 249 

 

  

Figure 1.7 RIPK1. The N-terminal domain (amino acids (aa) 1-312) of RIPK1 contains 

Serine (Ser) 161, the binding site for the RIPK1 inhibitor, Necrostatin-1 (217). The 

intermediate domain (aa 312-582), contains the caspase 8 cleavage site (Aspartate (Asp) 

324) (193), and a ubiquitination site (Lysine (Lys) 377). The RHIM domain (aa 531-547) 

is the binding domain for Receptor-interacting protein kinase-3 and TIR-domain-

containing adapter-inducing interferon-β (TRIF) (160, 221). The death domain (aa 582-

669) is the binding domain for the proapoptotic proteins, Fas-associated protein with 

death domain (FADD), Tumor necrosis factor receptor type 1-associated death domain 

(TRADD) and TNF receptor-associated factor-2 (TRAF-2) (226). 
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1.2.3 Subversion of Apoptosis by Picornaviruses 

Picornaviruses can selectively alter cellular factors in order to promote viral replication, 

mostly through the action of the viral proteases. Notably, alongside the cleavage of cellular 

factors such as eIF4G and PABP (discussed in Section 1.1.5.1), Picornaviral proteases can 

cleave pro-apoptotic factors, as reviewed in (227). As viruses are obligate on the host cell, the 

alteration of cell death pathways is a countermeasure towards a restrictive factor, thus 

sustaining viral replication.  

1.2.3.1 Picornaviral Proteolytic Processing of Pro-Apoptotic Proteins 

1.2.3.1.1 Caspases  

The most direct way to dampen a cellular response is to intercept a signalling molecule, 

caspases in the case of apoptosis. Poliovirus infected cells are unable to undergo apoptosis, 

however apoptosis proceeded when infected cells were treated with a replication inhibitor 

(228). Specifically, cells that were subject to infection only demonstrated characteristics of 

early intrinsic apoptosis induction, but no caspase 3 cleavage – implying a signalling 

disconnect between apoptosis induction and execution (228). Analysis of the signalling 

caspases showed the viral induced aberrant processing of procaspase 9, an essential 

component of the intrinsic apoptosis signalling cascade. It was hypothesised that this 

processing was a result of the poliovirus 2A protease, but further work was needed to confirm 

(228). This example demonstrates that a Picornavirus may subvert apoptosis.  

1.2.3.2 Viral RNA Sensors  

As discussed in Section 1.1.6, dsRNA and tri-phosphate RNA sensors are contextually 

important for inducing apoptosis in response to Picornavirus infection (143). The importance 

of Picornaviruses attenuating this pathway is highlighted by the multiple pathway proteins 

that are cleaved in different Picornavirus infection. The RNA sensor, RIG-I (229), is cleaved 
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in poliovirus infection (as well as MDA-5 (230)), major and minor group HRV, 

encephalomyocarditis virus and echovirus infection (229, 231). This cleavage was replicated 

by exogenous addition of the poliovirus 3C protease, implicating it in the cleavage seen in 

infection (229). IPS-1, a RIG-I and MDA-5 adaptor protein anchoring the RNA sensors to the 

mitochondria (Figure 1.5 C), is also cleaved in HRV1A, poliovirus, Coxsackievirus B3 and 

hepatitis A virus infection, and viral processing of this protein disrupts downstream apoptotic 

signalling (232-234). Endosomal TLR-3, which by an unknown mechanism is activated by 

HRV RNA (143), requires the adaptor protein TRIF for apoptotic signalling (Figure 1.5 A). 

Coxsackievirus B3 3C protease cleaves TRIF at sites within the N- and C- terminal domains 

(232). The truncated TRIF is unable to mount apoptotic responses (232). TRIF is also cleaved 

by the 3C proteases of enterovirus 71 (235), enterovirus 68 (236) and hepatitis A virus (237) 

resulting in dampened or negated TLR-3 apoptotic signalling.  

1.2.3.3 Calcium Ion Signalling  

 The endoplasmic reticulum is an essential calcium ion (Ca2+) storage organelle (238). When 

an endoplasmic stress signal initiates (due to protein misfolding or aggregation) a sudden 

discharge of Ca2+ into the cytoplasm acts as a protective apoptotic signalling mechanism 

(239, 240). Through multiple mechanisms the rapidly released Ca2+ is taken up into the 

mitochondria. Ca2+ within the mitochondria, above a threshold, induces an increase in 

mitochondrial membrane permeability through voltage dependent anion channels (238, 239, 

241). The increase in mitochondrial membrane permeability then results in the cytoplasmic 

translocation of apoptotic proteins, inducing apoptosis. Picornaviral gene expression has been 

implicated in an increase in cytoplasmic Ca2+ concentrations, probably through the 2B 

viroporin (241-243). The insertion of the 2B protein into the endoplasmic reticulum results in 

slow Ca2+ leakage into the cytoplasm, thus if a stress signal is generated due to decreases in 

cellular translation (Section 1.1.5.1), an insufficient amount of Ca2+ remains to cause the flux 
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needed to change mitochondrial membrane permeability (244). Importantly, the Picornavirus 

2B protein is highly conserved and subcellular localisation studies show that poliovirus and 

HRV 2B proteins also localise to the golgi complex and disrupt Ca2+ stores (243). The 

disruption of subcellular Ca2+ concentrations could be a mechanism by which picornaviruses 

are able to suppress the intrinsic apoptotic response, by subverting Ca2+ signalling to the 

mitochondria. 

1.2.4 Rhinovirus and Apoptosis 

The available data on the apoptotic pathways that are induced by HRV is limited, with only 

one study investigating apoptosis induction by one HRV serotypes. Infection of HeLa cells 

and 16HBE14o- (human bronchial epithelial) cells with a large inoculum (100 TCID50/cell) 

of HRV14 resulted in activation of the intrinsic apoptosis pathway as procaspase 9 cleavage 

and translocation of cytochrome c into the cytoplasm was observed (245). Albeit not 

discussed within the paper, the induction of the extrinsic apoptosis pathway was also seen as 

full-length procaspase 8 was depleted with infection (245). Concurrent with the induction of 

apoptosis, poly(ADP-ribose) polymerase (PARP) cleavage and high-molecular weight DNA 

fragmentation,  caspase 3-mediated, apoptosis endpoint markers (198, 246) were also 

detected (245). The detection of these markers show that apoptosis was not only induced, but 

that there was no suppression of the apoptosis pathways after initial induction. The apoptosis 

inducing effect of HRV16 on bronchial epithelial cells from asthmatic and healthy subjects 

has also been studied (247). Analysis of caspase 3/7 activity shows that in healthy cells, 

apoptosis is induced to restrict HRV; however, asthmatic cells are deficient in HRV induced 

apoptosis (247).  

Contrary to this report the induction, followed by suppression of apoptosis pathways have 

been shown with poliovirus. Infection with poliovirus resulted in early intrinsic apoptosis 

induction, as cytochrome c was translocated to the cytoplasm, however infection did not 
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result in endpoint apoptosis (228). The treatment of infected cells with the poliovirus 

inhibitor Guanidine-HCL (G-HCL) resulted in the same cytochrome c translocation as 

observed in non-treated cells, however the cells proceeded to apoptosis as apoptotic endpoint 

markers were observed (228). Together, these results indicate that PV did activate intrinsic 

apoptosis, however the virus was actively inhibiting apoptosis, resulting in increased cellular 

viability.   

The effect of apoptosis on the release of HRV14 was investigated, and found that without any 

apoptotic inhibition infectious viral particles were found equally in the cellular fraction as the 

supernatant (245). With the addition of the pan-caspase inhibitor z.Vad.FMK, the total 

amount of infectious virus particles was not decreased, however as compared to the untreated 

control, more virus was found in the cellular fraction than the supernatant (245). In bronchial 

epithelial cells (BECs) isolated from healthy individuals, HRV16 release into supernatant was 

significantly increased with z.Vad.FMK, as compared to an untreated control (247), 

contradicting the report by Deszcz et al. (2005). Without treatment, the release of infectious 

viral particles into the supernatant was increased in BECs isolated from asthmatic individuals 

as compared to healthy control cells (247). Together, this data suggests that apoptosis may 

prevent virus release.  Notably, it was also seen that caspase 3 activity was delayed in 

response to HRV16 in asthmatic cells as opposed to infected non-asthmatic BECs (247). This 

data shows that asthmatic cells have a deficient apoptotic response to HRV16, and that the 

reduced viral titre in healthy BECs can be overcome by inhibiting caspases.  

Together these reports present the role of apoptosis, more specifically caspase activation, in 

inhibiting the release of the virus from the cell into the extracellular environment.  The 

difference in the apoptotic response to HRV in asthmatic and healthy BECs indicates that a 

suppression of apoptosis by HRV may have a pathogenic effect.  
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1.3 Asthma 

1.3.1 Asthma  

Asthma is a loosely defined, chronic obstructive pulmonary syndrome characterised by 

symptoms such as airway hyperresponsiveness, narrowing of airway lumens and mucus 

secretion (248). The resulting airway narrowing leads to a decreased ability to move air from 

the atmosphere into the alveoli – where gas exchange takes place. While in basal level 

disease, the airway narrowing may be transient and reversible, stimuli such as allergen 

exposure or recurrent infection results in irreversible airway tissue changes termed ‘airway 

remodelling’ (249). Allergens and infection result in an inflammatory immune response, 

which can cause extensive damage to the airway epithelium and when repeated inflammation 

and repair rounds occur, airway remodelling ensues. Characteristics of airway remodelling 

include goblet cell hyperplasia (250-252) and associated mucus hypersecretion (253), fibrotic 

thickening hypothesised to be due to fibroblast collagen deposition (251, 254, 255) and 

peribronchial smooth muscle thickening due to transforming growth factor-beta (TGF-β) 

induced fibroblast differentiation into myofibroblasts (256, 257).  

1.3.2 Burden of Disease  

In 2015 Asthma Australia and the National Asthma Council Australia commissioned a report 

that states that within Australia, asthma costs $28 billion per year (258). The Australian 

Institute of Health and Welfare’s 2017 report states that around one in nine Australian’s have 

asthma, with only 24% of Australian asthmatics having a written asthma plan. In 2015, there 

were 421 deaths as a direct result of asthma and 39,500 hospitalisations (259). 

1.3.3 Viral Induced Asthma 

There is a clear relationship between wheezing events (and asthma) and viral respiratory tract 

infections. The development of childhood asthma as a result of early life viral respiratory 
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tract infections has been demonstrated (260, 261). However, the same studies indicate that 

there is also a clear interplay between early life viral infections and genetic predisposition 

(260, 261).  

The mechanism of viral induced asthma is a combination of host factors and viral 

pathogenesis. In BEAS-2B cell lines and primary bronchial epithelial cells, immune 

responses to HRV infection include increases in eotaxin-2, IL-8 and regulated on activation, 

normal T cell expressed and secreted (RANTES) and subsequent eosinophil infiltration (262-

265). A role for eosinophils in the pathogenesis of viral-induced asthma and airway 

remodelling has been elucidated. Of great importance is the production of remodelling 

promoting cytokines by eosinophils (reviewed in (266)); TGF-α (epithelial cell proliferation) 

(267), TGF-β (fibroblast differentiation into myofibroblasts) (268), fibroblast growth factors 

(fibroblast proliferation) (269) and TNF-α (angiogenic and fibrinogenic factor) (270). These 

studies propose a mechanism where HRV infection induced cytokines recruit eosinophils, 

eosinophils subsequently release airway remodelling factors,  resulting in airway changes 

(265).  

Asthmatic host cell innate immune deficiencies (reviewed in (271)) also imply that asthmatic 

cells from some individuals may have an increased susceptibility to viral infection. Thus, a 

paradox exists where asthmatic cells harbour viral replication, which then induces more 

asthmatic airway changes. HRV C was identified through sputum analysis of patients with 

severe asthma (272-274). Studies identifying CDHR3 as the HRV C receptor found that a 

mutation in CDHR3, previously identified as linked to childhood asthma susceptibility, 

enhanced HRV C entry and replication (14). Thus asthmatic cells express a mutated receptor 

that increases HRV replication, subsequently inducing severe asthma exacerbations (275). 

Using respiratory syncytial virus and HRV culture, it has been described that there is a 

deficiency in IFN production in asthmatic cells (276), and that this is likely due to a TLR 
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signalling impediment (276). There was a direct correlation between IFN deficit and 

increased viral load (247, 277), contextualising the IFN deficiency as an essential antiviral 

response.  Additionally, ex vivo primary asthmatic bronchial epithelial cells do not induce 

apoptosis in response to infection with HRV16 (247), indicating apoptosis could also be 

impaired in asthmatic cells.  

1.3.4 Asthma and Apoptosis  

The induction of apoptosis counters inflammatory processes either through the action of the 

caspases (199), or the release of inflammatory supressing cytokines by macrophages post-

apoptotic engulfment (278). From this, it could be hypothesised that aberrant or excessive 

inflammation may result from deficient apoptotic responses. Studies looking at apoptotic 

responses induced with viral infection showed that asthmatic bronchial epithelial cells’ ability 

to undergo apoptosis was impaired as compared to healthy controls (247). Contrary to this, 

studies have suggested that the apoptotic induction is not reduced in inflammatory airway 

diseases but the clearance of the apoptotic bodies is (279, 280). The deficient clearance of 

apoptotic bodies may lead to secondary necrosis and provoke inflammatory responses (279, 

280).  

1.4 Research Justification  

The literature reviewed in this study suggests a clear link between HRV pathogenesis and 

viral protease activity. Also described is the impairment of innate immune responses to HRV 

in asthmatic cells. There is currently no research delineating the HRV protease activity 

affecting the apoptotic ability of asthmatic cells and the subsequent viral replicative 

consequences. Limited or inconsistent data is available on the apoptotic responses induced in 

response to HRV infection. There is no data at present explaining the aforementioned topics, 

encompassing multiple HRV serotypes. Overall, this research will provide insight into 
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mechanisms of apoptotic impediment by a HRV protease, its asthmatic implications and 

provide clear support for use of HRV 3C protease inhibitors as an antiviral strategy.  

1.5 Hypothesis and Aims 

1.5.1 Hypothesis 

The regulation of apoptotic responses via viral protease activity is a central mechanism in 

HRV pathogenesis. 

1.5.2 Aims  

The overall aim of this project is to elucidate the interaction of HRV with RIPK1 and its 

relevance to HRV pathogenesis in the context of asthma exacerbations. 

Specifically: 

- Aim 1: To elucidate the cell death pathways induced in response to HRV infection. 

As cell death is shown to reduce viral replication, this study aims to identify whether 

RIPK1, a key-component of apoptotic, necrotic and inflammatory cell death 

pathways, is activated in HRV infection and/or altered by HRV protease activity. Data 

generated should elucidate cell death pathways induced and/or supressed by HRV.  

- Aim 2: To investigate the requirement of the HRV 3C and/or 2A protease for the 

cleavage of RIPK1. We will examine RIPK1 cleavage by: 3C and 2A activity in 

infection and exogenous addition or transfection of 3C in multiple cell lines. Data 

generated aims to delineate the mechanism and the site at which RIPK1 is cleaved in 

HRV infection.  

-  Aim 3: To examine the effect of apoptosis on HRV replication. This work aims to 

delineate between caspase 8 and RIPK1 induced changes in HRV infectious viral 
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particle production. In addition, we aim to pin any decrease in viral replication with a 

apoptosis-induced restriction at a specific stage of the HRV infectious cycle.  

-  Aim 4: To identify whether the identified changes in viral replication, RIPK1, and cell 

death pathways as determined in HRV16 infection are conserved across HRV groups 

and species. HRV has more than 150 types and is classified into three species, and 3 

receptor-usage groups, all of which may or may not have similar interactions with 

RIPK1. We will examine the cleavage of RIPK1 in cells infected with various HRVs 

and investigate any correlation with virulence. Data generated will elucidate the 

relevance of RIPK1 in HRV pathogenesis. 

- Aim 5: To develop an in vivo system to examine the relevance of RIPK1 cleavage in 

the context of asthma. We will examine RIPK1 cleavage in HRV16 infected cotton rat 

samples and human primary cells from asthmatic and non-asthmatic airways, 

followed by studies of inflammatory and apoptotic pathways. Data generated will 

illuminate the pathogenic processes that underlie asthma exacerbations. 

 

 

 

 

 

 

 

 



Page 49 of 249 

 

Chapter 2 – Materials and Methods  
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2 Materials and Methods 

2.1 Materials 

2.1.1 Cells 

The following cells were used throughout this study. Ohio-HeLa (O-HeLa) cells of human 

cervical carcinoma origin (ECACC: 84121901) were used for infection studies, drug studies 

and transfection studies where indicated.  Human adenocarcinoma alveolar basal epithelial 

cells, A549 cells (ECACC: 86012804) were used for transfection studies where indicated.  

2.1.2 Virus 

The following wild-type viruses were used throughout this study; Human Rhinovirus 16 

(HRV16; a gift from E. Dick and W. Busse (Madison, WI, USA)), Human Rhinovirus 2 

(HRV2; Biota Holdings), Human Rhinovirus 1B (HRV1B; ATCC ATCVR1645), Human 

Rhinovirus 14 (HRV14; ATCC ATCVR284) and Human Rhinovirus 83 (HRV83; ATCC 

ATCVR1193).  
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2.1.3 Cell and Virus Culture Media 

The following cell and virus culture media and reagents were used throughout this study. 

Product Constituents  Company  
Catalogue 

number 

Dulbecco’s Modified Eagle’s 

Medium (DMEM) 

4500mg/L glucose, 

Sodium bicarbonate, L-

glutamine, Sodium 

pyruvate 

Sigma 6429 

LHC basal Media L-glutamine Invitrogen 12677-019 

Dulbecco’s Modified Eagle’s 

Medium (DMEM)-H 

4500mg/L-glucose, L-

glutamine, and sodium 

pyruvate 

Cellgro MT10-013-CV 

Trypsin 5% Trypsin in PBS Gibco  27250-018 

Ethylenediaminetetraacetic 

Acid (EDTA) 
53mM EDTA in PBS Sigma E6758 

Foetal Bovine Serum (FBS) 
Heat-inactivated Foetal 

Bovine Serum  
Bovogen SFBS-AU 

Penicillin Streptomycin 

Neomycin (PSN) 

5mg/mL penicillin, 

5mg/mL streptomycin, 

10mg/mL neomycin 

Gibco  15640055 

 

Media/Solutions Constituents  

Growth Media DMEM supplemented with 10% FBS and 1% PSN 

Maintenance Media DMEM supplemented with 2% FBS and 1% PSN 

Trypsin/EDTA PBS supplemented with 1% Trypsin and 1% EDTA 

PSN PBS supplemented with 1% PSN 

Air liquid interface (ALI) 

differentiation media 

50% LHC 50% DMEM-H with additives (table 2.3) 

Air liquid interface (ALI) 

starvation media 

50% LHC 50% DMEM-H with additives (table 2.3) 

Basal Epithelial Growth Media 

(BEGM) 

LHC with additives (table 2.3) 

Transfection reaction media DMEM  

Transfection DMEM supplemented with 10% FBS 

  

Table 2.1 List of cell and virus culture solutions and reagents used throughout this study. 

Table 2.2 List of composition of various cell and virus medium or solution used throughout 

this study. 
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Note: - denotes that additive is excluded from media. 

  

Table 2.3 List of additives used for ALI cultures.  

Additive 

Company and 

Catalogue 

number 

Final Concentration 

ALI 

starvation 

ALI 

differentiation 
BEGM 

Insulin  Sigma I6634 0.87µM 

Hydrocortisone Sigma H0396 - 0.21µM 

Epidermal Growth Factor  
Invitrogen 

PHG0131 
- 0.50ng/mL 

Triiodothyronine Sigma T6397 0.01µM 

Transferrin Sigma T0665 0.125µM 

Epinephrine Sigma E4250 2.7µM 

Phosphorylethaolamine Sigma P0503 0.5µM 

Ethanolamine Sigma E0135 0.5µM 

Bovine Pituitary Extract Sigma P1476 10µg/mL 

Bovine Serum Albumin Sigma A7638 0.5mg/mL 

Selenium Sigma S5261 30mM 

Manganese Sigma M5005 1mM 

Silicone Sigma S5904 500mM 

Molybdenum Sigma M1019 1mM 

Vanadium Sigma 398128 5mM 

Nickel Sigma N4882 1mM 

Tin Sigma S9262 500µM 

Zinc Sulfate Sigma Z0251 3.0µM 

Ferrous Sulfate Sigma F8633 1.5x10-7M 

Magnesium Chloride Sigma M2393 6.0x10-5M 

Calcium Chloride Sigma C3881 1.1x10-5M 

Penicillin Sigma P3032 100U/mL - 

Streptomycin Sigma S9137 100µg/mL - 

Amphotericin B 
Cellgro 

MT30003CF 
- 0.25µg/mL 

Gentamicin 
Cellgro 

MT30005CR 
- 50µg/mL 

Retanoic Acid Sigma R2625 5x10-8M 
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2.1.4 Buffers and Reagents 

The following buffers and 

reagents were used throughout this study. 

Table 2.4 List of buffers and reagents used throughout this study.  

Buffer/Reagent Application Section Composition/Manufacturer 

0.1% Crystal Violet Titration plate fixing 2.2.4.1.1 0.1% Crystal violet (Sigma; 

C3886), 100% Ethanol 

Acrylamide/Bis 

Solution 

SDS-PAGE 2.2.5.1 40% 37.5:1; (BioRad; 1610148) 

Ampicillin  DH10B cell growth 2.2.9.1 Sigma; A0166 

Annexin V (AnV) 

Binding Buffer 

Flow Cytometry 2.2.6 10mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid 

(HEPES) (Sigma; H3375), 140mM 

NaCl, 2.5mM CaCl2, H2O 

Antibody Dilution 

Buffer 1 

Western Blot 2.2.5 1% Skim Milk Powder in PBST 

Antibody Dilution 

Buffer 2 

Western Blot 2.2.5 1% Bovine Serum Albumin (BSA) 

(Sigma; A2153) in PBST 

Antibody Stripping 

Buffer 

Western Blot 2.2.5 2% Sodium Dodecyl Sulfate (SDS), 

62.5mM 

Tris(hydroxymethyl)aminomethane 

hydrochloride (Tris-HCl) (pH 6.8), 

114.4mM β-Mercaptoethanol 

(Sigma; M3148), H2O 

Blocking Solution 1 Western Blot 2.2.5 4% Skim Milk Powder in PBS 

Blocking Solution 2 Western Blot 2.2.5 3% BSA in PBS 

Coomassie Blue SDS-PAGE  2.2.5.1 0.25% Coomassie Brilliant Blue 

(Sigma; B0770) (w/v), 45% 

Methanol, 7% Acetic Acid, H2O 

Cell Extraction 

Buffer  

ALI cell lysis  2.2.2 10mM Tris (pH 7.4), 100mM NaCl, 

1mM EDTA, 1mM egtazic acid, 

1mM NaF, 20mM Na4P2O7, 2mM 

Na3VO4, 1% Triton X-100, 10% 

Glycerol, 0.1% SDS, 0.5% Sodium 

Deoxycholate 

Destain Solution SDS-PAGE 2.2.5.1 20% Ethanol, 10% Acetic Acid, 

H2O 

Dimethyl Sulfoxide 

(DMSO) 

Drug vehicle 2.3 Sigma; D8418 

Enhanced 

Chemiluminesence 

(ECL) 

Detection agent  2.2.5.1 PerkinElmer;  NEL104001EA 

Elution Buffer FLAG 

immunoprecipitation 

2.2.7.2 0.1M Glycine HCl, H2O. pH=3 
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Ethanol (molecular 

grade)  

Deparaffinisation  2.2.10 Sigma; E7023 

Hanks Balanced Salt 

Solution 

ALI cell culture 2.2.2 Thermofisher; 14025076 

Kanamycin DH10B cell growth 2.2.9.1 Astral Scientific; O408 

Laemmli Buffer Western Blot 2.2.5.1 4% SDS, 10% 2-Mercaptoethanol, 

20% Glycerol, 0.004% 

Bromophenol Blue, 0.125M Tris 

HCl (pH 6.8), H2O 

Luria Broth (LB) DH10B cell growth 2.2.9.1 85mM NaCl, 0.5% Yeast extract 

(w/v), 1% Tryptone (w/v). 

Lysis Buffer FLAG 

immunoprecipitation 

2.2.7.2 50mM Tris HCl, 150mM NaCl, 

1mM EDTA, and 1% TRITON X-

100, H2O pH=7.4  

Phosphate Buffered 

Saline (PBS) 

Cell and Virus 

culture experiments, 

Western Blot 

analysis 

2.2.1, 

2.2.2, 

2.2.3,  

2.2.5.1 

137mM NaCl, 2.7mM KCl, 10mM 

Na2HPO4, 1.7mM KH2PO4, H2O 

(pH 7.4) 

PBS+Tween (PBST) Western Blot 2.2.5.1 1% Tween 20, PBS  

Polyacrylamide gel 

12.5% 

SDS-PAGE 2.2.5.1 12.5% Acrylamide, 1.5M Tris-HCl 

(pH 8.8), 10% SDS, 10% Ammonia 

per Sulfate (APS) (BioRad; 

1610700), 

Tetramethylethylenediamine 

(TEMED), H2O 

Polyacrylamide gel 

8% 

SDS-PAGE 2.2.5.1 8% Acrylamide, 1.5M Tris-HCl 

(pH 8.8), 10% SDS, 10% APS, 

TEMED, H2O 

Polyacrylamide gel - 

Stacking 

SDS-PAGE 2.2.5.1 4% Acrylamide, 0.5M Tris-HCl 

(pH 6.8), 10% SDS, 10% APS, 

TEMED, H2O 

Ponceau Red S Western Blot  2.2.5.1 0.1% w/v, 5% Acetic Acid 

(Sigma; 7170) 

Propidium Iodide 

(Pi) 

Flow Cytometry  2.2.6 Roche; 11348639001 

Radioimmunoprecipi

tation Assay (RIPA) 

buffer 

SDS-PAGE 2.2.5.1 150mM NaCl, 1% Triton-X, 0.5% 

Sodium Deoxycholate, 0.1% SDS, 

50mM Tris-HCl, 1x Protease 

inhibitor (Roche 04693116001), 1x 

Phosphatase inhibitor (Roche 

PHOSS-RO), H2O 

Running Buffer SDS-PAGE 2.2.5.1 0.1% SDS, 25mM Tris Base, 

192mM Glycine, H2O 

Transfer Buffer Western Blot 2.2.5.1 25mM Tris Base, 192mM Glycine, 

20% Ethanol, H2O 

Tris Buffered Saline 

(TBS) 

FLAG 

immunoprecipitation 

2.2.6 50mM Tris HCl, 150mM NaCl, 

H2O pH=7.4  

Xylene Deparaffinisation  2.2.10 Sigma; 296325 
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2.1.5 Antibodies  

2.1.5.1 Primary Antibodies 

The following primary antibodies were used throughout this study. 

Protein of 

Interest 

Species Company Catalogue 

number 

Application Dilution 

Buffer 

Dilution 

VP2 Mouse QED 

bioscience 

18758 Western Blot Skim Milk 1:1000 

RIPK1 

(N-terminal) 

Rabbit Cell 

Signalling 

D94C12 Western Blot Skim Milk 1:1000 

RIPK1 

(C-terminal) 

Mouse Sigma R7405 Western Blot Skim Milk 1:1000 

RIPK1 Mouse Pierce PIE82401 Western Blot Skim Milk 1:1000 

α/β Tubulin Rabbit Cell 

Signalling 

2148S Western Blot Skim Milk 1:1000 

Caspase 3 Rabbit Cell 

Signalling 

9665 Western Blot Skim Milk 1:1000 

Caspase 8 Mouse Cell 

Signalling 

9746 Western Blot Skim Milk 1:500 

Co-

Immunoprecipitation 

Coupling 

Buffer* 

1:100 

Caspase 9 Mouse Cell 

Signalling 

9508 Western Blot Skim Milk 1:1000 

Phosphatidyl 

Serine 

(AnnexinV) 

- Thermo 

Fisher 

A13199 Flow Cytometry Annexin V 

Binding 

Buffer 

5µL/ 

sample 

Nup153 Mouse Abcam ab24700 Western Blot Skim Milk 1:500 

FLAG M2 Mouse Sigma F3165 Western Blot Skim Milk 1:1000 

eIF4G Rabbit Santa Cruz sc11373 Western Blot Skim Milk 1:1000 

PABP Rabbit Cell 

Signalling 

4992 Western Blot BSA 1:1000 

GFP Mouse Roche 11814460

001 

Western Blot Skim Milk 1:1000 

*Coupling buffer component of co-immunoprecipitation kit (table 2.7). 

2.1.5.2 Secondary Antibodies  

The following secondary antibodies were used throughout this study. 

Species of 

Interest 

Species Conjugate Company Catalogue 

number 

Dilution 

Rabbit Goat HRP Invitrogen 65-6120 1:5000 

Mouse Goat HRP Invitrogen  62-6520 1:5000 

Table 2.5 List of primary antibodies used throughout this study including corresponding 

application and dilution conditions.  

Table 2.6 List of secondary antibodies used throughout this study for western blot analyses. 
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2.1.6 Kits 

 The following commercial kits were used throughout this study. 

Kit Application Company Catalogue number 

Pierce Co-Immunoprecipitation Kit Co-Immunoprecipitation Thermofisher 26149 

HRV 3C protease In Vitro protease assay Merck 71493 

Anti-FLAG M2 magnetic Beads Immunoprecipitation Sigma M8823 

Plasmid DNA Extraction Mini Kit DNA purification Favorgen FAPDE 300 

Lipofectamine2000 DNA transfection  Thermofisher 11668027 

Qproteome FFPE Tissue Kit Protein extraction Qaigen 37623 

High capacity reverse transcription 

cDNA synthesis kit  

cDNA synthesis Applied 

Biosystems  

4368813 

 

2.1.7 Drugs 

The following drugs were used throughout this study to inhibit or induce apoptosis or HRV 

protease activity.  

Drug Company Catalogue number Solvent  

Rupintrivir Santa Cruz SC-208317 DMSO 

Puromycin dihydrochloride Santa Cruz SC-108071 PBS 

Actinomycin D Sigma A1410 DMSO 

Caspase 8 Inhibitor Calbiochem 218759 DMSO 

z.vad.FMK BD Biosciences  550377 DMSO 

Necrostatin-1 Santa Cruz SC-200142 DMSO 

  

Table 2.7 List of commercial kits used throughout this study. 

Table 2.8 List of drugs used in this study. 
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2.2 Methods 

2.2.1 Standard Cell Culture  

Ohio-HeLa cells or A549 cells were maintained in growth media (DMEM supplemented with 

10% FBS and PSN) and incubated in 5% CO2 at 37°C. Cells were passaged at a ratio of 1:6 

or 1:8 when at 80% confluency every 3 days. Cells were washed once with sterile phosphate 

buffered saline (PBS) at 37°C and incubated in 1mL of trypsin/EDTA per 25cm2 of cell 

culture area at 37°C for 2 minutes. An appropriate amount of growth media was added to 

neutralise trypsin and passage cells. For experimental procedures, O-HeLa cells were seeded 

16 hours prior to experiments in 12-well or 6-well plates in 1000µL or 2000µL of growth 

media, respectively, and incubated in 5% CO2
 at 37°C. Cells were treated or infected as 

indicated in experimental procedures in maintenance media. 

2.2.2 Air Liquid Interface (ALI) Cell Culture 

Primary epithelial cells were harvested and cultured at the Telethon Kids Institute, Perth, 

Western Australia by collaborator Dr Kevin Looi, in conjunction with ongoing projects and 

in accordance with human ethics guidelines set by The Telethon Kids institute. Protocol for 

conditional reprogramming was adapted from (281). Specifically, airway epithelial cells were 

harvested from healthy non-atopic (HNA) and atopic asthmatic (AA) children by bronchial 

brushing when admitted for non-respiratory related procedures. Ex vivo airway epithelial cells 

(~5000/cm2) were seeded into pre-coated flask seeded with irradiated fibroblasts. When at 

90% confluency cells were washed once with PBS and differentially detached with 

incubation in Trypsin/EDTA to remove fibroblasts. Still attached epithelial cells were washed 

once with Hank’s Balances Salt Solution (HBSS) and incubated in Trypsin/EDTA at 37°C 

for 5-7 minutes. Detached epithelial cells were spun and collected and resuspended in BEGM 

with Rho-Kinase (ROCK) inhibitor. Epithelial cells were seeded into the apical chamber of a 

transwell insert with a 0.4µm Pore Polyester Membrane (6.5mm in diameter) (Costar; 



Page 58 of 249 

 

#3470), with 1mL of BEGM (table 2.2) + ROCK inhibitor placed in the basal chamber. 

Media was replaced with new BEGM + ROCK inhibitor until cells were at confluency. At 

confluency, media was removed from basal and apical chambers and replaced with ALI 

growth media (table 2.2) only in the basal chamber. ALI growth media was changed every 

two days until differentiation was confirmed. Differentiation was confirmed by microscopic 

detection of cilia and by transepithelial electrical resistance (TEER) measurements. Once 

differentiated, 24 hours prior to experiment, basal ALI differentiation media was replaced 

with ALI starvation media (Table 2.2.).  

2.2.3 Virus Infection 

O-HeLa cells seeded the previous day in growth media and grown to 80% confluency were 

washed once with sterile PBS at 37°C. Virus in growth media at a multiplicity of infection 

(M.O.I.) of 3 was added at volumes of 500µL or 250µL per well of a 6-well or 12-well plate, 

respectively. Cells were incubated with viral inoculum for 1 hour at 37°C at 5% CO2 with 

rocking every 15 minutes. Viral inoculum was removed and replaced with appropriate 

amount of DMEM supplemented with 2% FBS and PSN, 1000µL for a well of a 12-well 

plate or 2000µL of a 6-well plate. Removal of viral inoculum and replacement with media is 

deemed as 0 hours post infection (h.p.i.) and cells were incubated with virus for experimental 

timepoint as indicated for each experiment.  

2.2.4 Virus Culture  

To culture HRV, media was removed from two T75 flasks seeded with O-HeLa cells to be 

80% confluent at time of infection. Cells were washed once with sterile PBS at 37°C. Virus 

of a known titre was diluted in 3mL of maintenance media to equate to an M.O.I. of 0.1. 3mL 

of maintenance media was added to the second flask and remained uninfected as a control. 

Cultures were incubated at 37°C and 5% CO2 with rocking every 15 minutes for 1 hour. 

12mL of maintenance media was added to both flasks and flasks were incubated for a further 



Page 59 of 249 

 

24 hours at 37°C and 5% CO2 or until sufficient cytopathic effects (CPE) were observed in 

the infection flask as compared to the control flask. Cells were lysed by freezing at -80°C, 

thawed by incubation at room temperature before clarification by centrifugation for 15 

minutes at 5000rpm and titration (Section 2.2.4.1) 

2.2.4.1 Virus Titres 

2.2.4.1.1 Viral Titration 

Virus cultures frozen at -80°C were thawed and media centrifuged at 5000rpm for 15 minutes 

at 4°C to remove cellular debris. Supernatant containing virus was aliquoted and stored at -

80°C. O-HeLa cells were used to seed three rows of a 96-well plate at a density of 5.0x103 

cells/well in DMEM supplemented with 2% FBS and PSN. A ten-fold serial dilution of virus 

was made to a total volume of 200µL of DMEM supplemented with 2% FBS and PSN to 

create 11 viral dilutions. Cells of the first eleven wells (wells 1-11) in a row were inoculated 

in triplicate (row 1-3) with 50µL of corresponding viral dilution, beginning with most 

concentrated. As a negative control, 50µL of DMEM supplemented with 2% FBS and PSN 

was added to each well in the twelfth column. Cells were incubated with/without virus for 6 

days at 37°C and 5% CO2. Media was then removed from wells and plates fixed by 

submersion in 0.1% Crystal Violet in 100% Ethanol for 1 minute and plates were washed 

once with H2O. Wells that did not retain crystal violet staining were counted as positive for 

viral-induced CPE. Viral titre was calculated with the Reed and Muench calculator and 

expressed as 50% tissue culture infective dose (TCID50/mL). Titrations were performed in 

triplicate for each experimental virus isolate to enable statistical comparison within an 

experiment.  
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2.2.4.1.2 Viral Titre analysis 

Viral titres are expressed as mean of triplicate +/- standard error of the mean (SEM). 

GraphPad Prism was used for all calculations. An unpaired 2 tailed t-test was used to 

compare means of viral titres. Statistical significance was accepted at p=0.05. 

2.2.5 Western Blot Analysis  

2.2.5.1 SDS-PAGE and Western Blot 

At experimental timepoints, media and non-adherent cells were collected and adherent cells 

were washed once with cold PBS. Non-adherent cells were pelleted with centrifugation at 

500rpm for 5 minutes at 4°C then resuspended in cold PBS before centrifugation again. Cell 

pellet was resuspended in appropriate amount of Radio-immunoprecipitation (RIPA) buffer, 

300µL for a 6-well plate and 150µL for a 12-well plate, and added to adherent cells. Cells 

were incubated in RIPA buffer for 30 minutes on ice with rocking. Cell lysates were scraped 

into microcentrifuge tube and centrifuged at 13,000rpm at 4°C to pellet cellular debris and 

supernatant containing proteins was collected. Lammelli buffer (5x) was added to 

supernatants before heat denaturation at 95°C for 5 minutes. Cell lysates were stored at -20°C 

until use. Proteins were separated via sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). Specifically, proteins were loaded onto an 8 or 12.5% 

polyacrylamide gel (Table 2.4) in running buffer (10% Sodium Dodecyl Sulfate, Tris and 

Glycine, Table 2.4) and electrophoresed at 80 Volts (V) for approximately 15 minutes, then 

180V for approximately 55 minutes. Proteins were transferred to nitrocellulose membrane at 

400mAmps for 1.5 hours (standard transfer) or 45 minutes (low-molecular weight protein 

transfer) in transfer buffer (Tris, Glycine, 20% Ethanol, Table 2.4). Transferred proteins were 

visualised with Ponceau Red staining solution and washed with PBS. Non-specific protein 

binding sites were blocked with 4% skim milk powder in PBS or 3% Bovine Serum Albumin 

(BSA) in PBS for 1 hour with constant agitation at room temperature. Blocking solution was 
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removed and replaced with PBS before incubation in primary antibody. Specifically, primary 

antibodies specific to the protein of interest were diluted 1:500-1:2000 (Table 2.5) in 1% 

skim milk powder in PBST (PBS, 0.01% Tween 20, Table 2.4) or 1% BSA in PBST, as 

indicated. Membranes were incubated in 1mL of primary antibody dilution overnight at 4°C 

with constant agitation, or 5mL of primary antibody dilution for 1 hour at room temperature 

with constant agitation. Membranes were washed in PBST for 3 x 5 minutes and 1 x 10 

minutes before incubation in secondary antibody. Horseradish peroxidase conjugated 

secondary antibodies (Table 2.6), specific to species of primary antibody, were diluted 

1:5000 in 1% skim milk in PBST or 1% BSA in PBST. Membranes were incubated in 

secondary antibody for 2 hours at room temperature with agitation before washing in PBST 

for 3 x 5minutes and 1 x 10 minutes. Bound antibodies were detected with incubation in a 

mixture of equal volumes of Enhanced Luminol reagent and oxidising agent (Enhanced 

Chemiluminescence (ECL); PerkinElmer: NEL105001, Table 2.7) reagents for 1 minute 

before detection on Li-Cor Odyssey Fc imager and Image Studio software version 4. 

Membranes were incubated in antibody stripping buffer (Table 2.4) for 10 minutes at 50°C 

with constant agitation to remove bound bodies, before washing in PBST for 3 x 5 minutes 

and 1 x 10 minutes. Non-specific protein binding sites were blocked with incubation in 4% 

skim milk in PBS for 1 hour with constant agitation at room temperature. As a loading 

control, membranes were re-probed in primary antibodies specific to Tubulin (Table 2.5) 

diluted 1:1000 in 1% skim milk in PBST and incubated overnight at 4°C with constant 

agitation. Membrane was washed and incubated in secondary antibodies, and bound 

antibodies detected as described above.  

2.2.5.2 Image Analysis 

Proteins processed by western blot analysis (as described in Section 2.2.5.1) were detected 

with ECL reagents (Table 2.7) and Li-Cor Odyssey Fc Imager. Digital images were analysed 
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using ImageJ or Image Studio to estimate relative protein levels. Protein levels were 

estimated by taking a measurement of protein band, accounting for background and 

normalising to corresponding tubulin bands. Values are expressed as arbitrary units 

normalised to tubulin. 

2.2.6 Flow Cytometry 

After infection and/or treatment of O-HeLa cells, media containing non-adherent cells was 

collected. Adherent cells were washed once with PBS and detached from flask by 

Trypsin/EDTA incubation. Cells were added to media containing non-adherent cells and 

pelleted by centrifugation at 500rpm at 4°C for 5 minutes to remove media. Cells were 

washed twice by resuspending in warm PBS and centrifuging to pellet cells and remove PBS. 

Cells were suspended in 0.2µm filter sterilised Annexin V binding buffer (HEPES; 10mM, 

NaCl; 140mM, CaCl2; 2.5mM in H2O, Table 2.4) at ~1.0x106 cells/mL. 400µL of cell 

suspension (~4x105 cells) from each sample was collected into microcentrifuge tube and to it 

added, 5µL of anti-phosphatidylserine (Annexin V (AnV))-FITC conjugate primary antibody 

(Table 2.5) and 2µL of Propidium Iodide (Pi) (1mg/mL in H2O Sigma, P4864) before 

incubation for 15 minutes at room temperature protected from light. Cell associated Annexin 

V and/or the retention of Propidium Iodide was detected by BD LSRII cytometer BD 

FACSDiva 8.0.1 and FlowJo 10 were used for data acquisition. Flow cytometry analysis was 

conducted at the Microscopy and Cytometry Resource Facility, John Curtain School of 

Medical Research, Australian National University.  

2.2.7 Immunoprecipitation 

2.2.7.1 Anti-Caspase 8 Co-Immunoprecipitation 

Pierce Co-Immunoprecipitation kit (ThermoFisher Scientific: 26149, Table 2.7) and 

manufacturer’s instructions were used for general Co-Immunoprecipitation (Co-IP) 
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experiments examining proteins associated with caspase 8. For capture of caspase-8 

associated proteins, 3µL of mouse anti-caspase 8 antibodies was diluted in coupling buffer 

(provided) and immobilised via covalent linkage to resin with Sodium Cyanoborohydride 

(provided) and incubation at room temperature with rotation for 1.5 hours. Columns were 

spun to remove excess coupling buffer.  O-HeLa cells were subject to infection and/or 

treatment. At experimental timepoint, cells were washed once in cold Dulbecco’s PBS 

(provided) and 300µL or 150µL (for 6-well or 12-well plates, respectively) of IP Lysis/wash 

buffer (provided) was added to cells and incubated on ice for 5 minutes with rocking. Cell 

lysates were collected via scraping and separated from cellular debris with centrifugation at 

13,000rpm for 10 minutes at 4°C. Supernatants were removed from pellet and stored at -20°C 

until use. All of the cell lysate was added to control resin containing Sodium 

Cyanoborohydride but no bound antibodies, and incubated for 15 minutes with rotation at 

room temperature.  Columns containing resin and lysates were spun and flow through 

collected for Co-IP. Flow-through was then added to column containing resin with bound 

anti-caspase 8 antibodies and made up to 500µL with IP Lysis/wash buffer and incubated at 

4°C overnight with rotation. Columns were spun and flow-through collected for analysis of 

unbound proteins. Resin with anti-caspase 8 antibodies and associated proteins was incubated 

in a low pH elution buffer for 15 minutes before columns were spun and flow through 

collected for analysis of caspase 8 associated proteins. Remaining proteins, including bound 

antibodies, were eluted from resin with incubation of resin in Laemmli Buffer for 5 minutes 

at 95°C before spinning and collection of flow-through and analysis of remaining antibody 

associated proteins. For western blot analysis Laemmli buffer was added to unbound protein 

samples before heat denaturation at 95°C for 5 minutes and processing for western blot 

analysis as described in Section 2.2.5.  
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2.2.7.2 Anti-Flag Immunoprecipitation   

For capture of recombinant FLAG tagged proteins, anti-FLAG M2 Magnetic beads were used 

(Sigma: 8823). O-HeLa cells grown to 80% confluency were transfected with constructs 

encoding FLAG tagged protein for 16 hours. Media containing non-adherent cells was 

collected and centrifuged at 500rpm for 5 minutes at 4°C, supernatant was removed and cells 

were resuspended in cold PBS and pelleted again by centrifugation. Cells were resuspended 

in 300µL of cold lysis buffer (50mM Tris HCl, 150mM NaCl, 1mM EDTA, and 1% Triton 

X-100, pH 7.4 (Table 2.4)) for 20 minutes on ice with rocking. Cell lysates were scraped and 

cellular debris removed with centrifugation at 13,000rpm for 10 minutes at 4°C. Supernatant 

was collected for immunoprecipitation (IP) reaction. Beads were washed twice in Tris 

buffered saline (TBS; 50 mM Tris HCl, 150 mM NaCl, pH 7.4 (Table 2.4)) and lysates added 

to beads before overnight incubation with rotation at room temperature. Magnetic separation 

was used to collect supernatant for analysis of unbound proteins. Beads were washed twice 

with TBS. Proteins bound to anti-FLAG M2 antibodies were eluted in glycine elution buffer 

(0.1M glycine HCl, pH 3 (Table 2.4)), specifically, glycine HCl was added to beads before 

incubation for 5 minutes with rotation at room temperature. Supernatant was removed with 

magnetic separation of beads and collected for analysis of proteins bound to anti-FLAG M2 

antibodies. Laemmli buffer was added to beads prior to incubation at 95°C for 5 minutes. 

Magnetic separation was used to collect beads and supernatant was removed for analysis of 

proteins bound to magnetic beads. Laemmli buffer was added to unbound protein samples 

before heat denaturation at 95°C for 5 minutes and processing for western blot analysis as 

described in Section 2.2.5.  

2.2.8 In Vitro Protease Assay  

O-HeLa cells were cultured in a T25 flask until cells were >70% confluent. Media was 

removed and cells were washed once on ice with cold PBS. PBS was removed and 800μL of 
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RIPA buffer without protease or phosphatase inhibitors was added. Cells were incubated in 

RIPA buffer on ice for 30 minutes with rocking. Lysate was collected into a cold tube and 

centrifuged for 10 minutes at 12,000rpm at 4°C. Reactions were performed with 4μL of 10x 

cleavage buffer, 2μL of 3C protease, 20μL of lysate and 14μL of deionised H2O. A control 

reaction was set up as above, omitting the 3C protease and compensating for volume with an 

additional 2μL of deionised H2O. Samples were incubated at 37°C for the experimental 

timepoints. At the specified timepoints, reaction was stopped with the addition of 8μL of 

Laemmli buffer, and the sample was heat denatured at 90°C for 5 minutes. Samples were 

stored at -20°C until processed for western blot analysis as described in Section 2.2.5. 

2.2.9 Transfection 

2.2.9.1 Constructs 

 Previously established glycerol stocks of DH10B (Sigma; 18290015) Escherichia coli cells 

transformed with the construct of interest (Table 2.9) was used to inoculate 5mL of liquid 

broth supplemented with appropriate antibiotic. Bacterial culture was incubated for 16 hours 

at 200rpm and 37°C. Plasmid DNA was extracted with the plasmid miniprep kit (Favorgen; 

FAPDE300) and eluted in nuclease free H2O. DNA concentration and quality (260/280 ratio) 

was determined by microvolume spectrophotometry with Nanodrop 1000.  

 

 

Table 2.9 List of recombinant constructs and relevant antibiotics used throughout this 

study 

Construct Description Antibiotic 

pEPI_GFP3C GFP-tagged active HRV16 3C protease  Kanamycin 

pEPI_GFP3Cinac GFP-tagged inactive HRV16 3C protease  Kanamycin 

pEPI_GFP GFP control   Kanamycin 

RIPK1 pcDNA3 FLAG C-terminally FLAG-tagged RIPK1 Ampicillin 
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2.2.9.2 Lipofectamine transfection 

O-HeLa or A549 cells were seeded into 12- or 6-well plates 16 hours prior to transfection. 

Constructs (Table 2.9) were transfected into cells using Lipofectamine 2000 (ThermoFisher 

Scientific; 11668027) as per manufacturer’s instructions. Specifically, appropriate amount of 

Lipofectamine was added to serum-free, antibiotic free DMEM (transfection reaction media, 

Table 2.2), as indicated in Table 2.10 and reaction was incubated at room temperature for 5 

minutes. Appropriate amount of DNA was added to transfection reaction media as indicated 

in Table 2.10, and incubated for 5 minutes. Lipofectamine and DNA reactions were 

combined and incubated for 20 minutes. Media was removed from cells at ~70% confluency 

and replaced with appropriate volume of DMEM supplemented with 10% FBS (transfection 

media, Table 2.2) as indicated in Table 2.10. Lipofectamine/DNA reaction mixture was 

added in a dropwise fashion to cells and cells were incubated at 37°C and 5% CO2 until 

experimental timepoint. At endpoint, media was removed and cells were washed once in cold 

PBS and RIPA buffer added for processing for western blot analysis as described in Section 

2.2.7.1. 

 

 

 

 

 

 DNA reaction Lipofectamine reaction Cell culture 

vessel media 

volume 
DNA Media + 

DNA V 

Lipofectamine Media 

12-well 

plate well 

2µg 125µL 4µL 121µL 500µL 

6-well 

plate well 

4µg 250µL 8µL 242µL 1000µL 

T25 12.5µg 780µL 25µL 755µL 3000µL 

 Table 2.10 Volumes of DNA, lipofectamine reagent and media used in transfection 

experiments throughout this study 
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2.2.10 In vivo Cotton Rat Infection  

Intranasal challenge of HRV16 in cotton rats (Sigmodon hispidius) was conducted by Jorge 

Blanco at Sigmovir Biosystems, Inc, Rockville, Maryland, United States of America in 

conjunction with ongoing projects and in accordance with guidelines set by animal ethics 

standards of approval, protocol is adapted from (282). Specifically, 12 female cotton rats 

between the ages of 4-6 weeks old were selected and examined for seronegativity against 

HRV and other respiratory viruses. Cotton rats were fed standard rodent chow and water ad 

libitum. Cotton rats were subject to isoflurane anaesthesia and inoculated intranasally with 

100µL of HRV16 (concentration of 2.1x108 plaque forming units (pfu)/mL), or remained 

uninfected as control. At 6, 12 and 24h.p.i. infected cotton rats (3 animals per timepoint) were 

sacrificed. At 24h.p.i. the uninfected control group (3 animals) were sacrificed. Animals were 

euthanized by carbon dioxide asphyxiation. Lungs and skull were removed and fixed in 

formalin before embedding (nasal cavity and lungs of each animal) in paraffin. Paraffin 

blocks were obtained from Sigmovir Biosystems and sections (2x 15µm thick) were cut and 

proteins extracted with the Qproteome FFPE Tissue kit (Table 2.7), as per manufacturer’s 

instructions. Specifically, sections were deparaffinised with addition of 1mL of xylene, 

vigorous vortexing and 10 minute incubation at room temperature and centrifugation at 

13,000rpms for 2 minutes. Supernatant was removed and xylene incubation step was repeated 

twice. Supernatant was removed and 1mL of 100% ethanol was added to tube containing the 

pellet and mixed by vortexing, incubated for 10 minutes and centrifuged at 13,000rpm for 2 

minutes. Supernatant was removed and 100% ethanol incubation step was repeated twice. 

Supernatant was removed and ethanol washes were each repeated three times with 96% 

ethanol and 70% ethanol. Supernatant was removed and 94µL of extraction buffer (provided) 

supplemented with 6µL of β-mercaptoethanol was added to each tube, samples were 

incubated on ice for 5 minutes before vortexing. Samples were heated at 100°C for 20 
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minutes followed by 80°C for 2 hours at 750rpm then incubated on ice for 1 minute. Cell 

debris was removed by centrifugation at 14,000rpm and 4°C for 15 minutes. Proteinaceous 

supernatant was collected into a new tube and 20µL of laemmli buffer was added before 

processing for western blot analysis as described in Section 2.2.5.  

2.3  Optimisation of Chemical treatments  

2.3.1.1 Apoptosis Inducers  

Two apoptosis inducers were tested for suitability within this study. Actinomycin D (ActoD) 

is a bacterially derived RNA polymerase inhibitor (283) . ActoD intercalates guanine residues 

in dsDNA, thus creating a physical blockade of the RNA polymerases (284). At the tested 

concentrations, ActoD treatment has been shown to reduce both the mRNA and protein levels 

of Flice-inhibitory protein (FLIP) (283). FLIP is a constitutively expressed anti-apoptotic 

protein that provides a physical barrier between procaspase 8 and the cytoplasmic portion of 

the death receptor (285). Thus, the removal of FLIP induces aberrant caspase 8 activation and 

induction of the extrinsic apoptosis pathway (283, 285) .  Puromycin is an aminoacyl-tRNA 

analogue that induces the premature release of polypeptidyl-puromycin (unfinished protein) 

chains from ribosomes, subsequently inhibiting protein elongation (286). The imperfect or 

unfolded proteins accumulate within the ER and trigger an unfolded protein response, 

resulting in activation of intrinsic apoptotic pathways (204, 287, 288). 

For experiments involving the induction of apoptosis, cells were seeded 16 hours prior to 

experiment. At ~80% confluency, media was removed and replaced with the equivalent 

amount of DMEM supplemented with 2% FBS and DMEM. To optimise apoptosis induction, 

cells were infected with HRV16 at an M.O.I. of 3 or remained untreated as a control and 

treated with Puromycin at 2, 5 and 10ng/µL or ActoD at 5µg/mL at 3h.p.i. Cell lysates were 

collected at 9, 12 and 24h.p.i. (Puromycin experiment) or 0, 3, 6, 9, 24h.p.i. (ActoD 
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experiment) in RIPA buffer and processed for western blot analysis as described in Section 

2.2.5. Membranes were probed with anti-caspase 3 antibodies to confirm apoptosis and anti-

tubulin antibodies were included as a loading control. As shown in Figure 2.1 A), the active 

form of caspase 3 was detected in all samples treated with Puromycin. Active caspase 3 was 

not detected in samples not treated with Puromycin. As shown in Figure 2.1 D) the active 

form of caspase 3 was detected with ActoD treatment at 24h.p.i. regardless of infection. This 

indicates that within our system, Puromycin and ActoD induced apoptosis and were 

considered for further work. To understand whether there was any detrimental effect on viral 

infection that would exclude or include the use of Puromycin or ActoD from this study 

Puromycin or ActoD was added to infected cells. Specifically, O-HeLa cells were infected 

with HRV16 at an M.O.I. of 3 or remained uninfected and treated with Puromycin at 5ng/µL 

or ActoD at 5µg/mL at 3h.p.i. Cells were incubated at 37°C and 5% CO2 until 0, 3, 6, 9, 12 or 

24h.p.i. (Puromycin experiment) or 0, 3, 6, 9, 24h.p.i. (ActoD experiment). At indicated 

timepoint cells were frozen at -80°C for analysis of viral replication or media was removed 

from cells, cells were washed once with PBS and incubated in RIPA buffer. Cell lysates were 

collected and processed for western blot analysis. Membrane was probed with anti-VP2 to 

confirm active viral infection. Frozen viral cultures were thawed, clarified and titrated. Figure 

2.1 B and E) show that treatment with Puromycin or ActoD reduced viral replication greatly 

at all investigated timepoints. Figure 2.1 C) shows that treatment with Puromycin completely 

ablated viral protein synthesis. Contrary to this, Figure 2.1 F) shows that VP2 was detected in 

all infected samples, demonstrating that viral protein synthesis was sustained regardless of 

ActoD treatment. These results show that although Puromycin activated caspase 3 and had a 

negative effect on viral titre as expected, the protein synthesis of HRV16 was completely 

diminished and is not appropriate as an apoptosis inducer for this study.  ActoD was chosen 
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as the apoptosis inducer to be used in this study, as it suitably activated caspase 3 within our 

system, reduced viral titre as expected but didn’t diminish viral protein synthesis.  
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Figure 2.1 Puromycin and Actinomycin D treatment causes detectable changes in apoptotic markers, 

infectious viral particles and viral proteins. A) O-HeLa cells were treated with Puromycin at 

concentrations of 2, 5 or 10ng/µL. At indicated timepoint cells were lysed and processed for western blot 

analysis. Membrane was probed with anti-caspase 3 antibodies with anti-tubulin antibodies included as a 

loading control. Proteins were detected with ECL. On all western blot Figures, antibodies are indicated 

to the right of the blot and molecular weights in kilodaltons are indicated to the left of the blot. B and C) 

O-HeLa cells were infected with HRV16 at an M.O.I. of 3 or remained uninfected. At 3h.p.i. infected and 

uninfected cells were treated with Puromycin at 5ng/µL, at indicated timepoints cells frozen cultures were 

collected for titration or proteins were lysed for western blot analysis as described for A. Membrane was 

probed with anti-VP2 antibodies with anti-tubulin antibodies included as a loading control. Once frozen, 

virus was clarified and titrated. Titres were calculated and values were presented on a logarithmic scale. 

D) O-HeLa cells were infected with HRV16 at an M.O.I of 3 and treated with Actinomycin D (ActoD) at 

concentration a concentration of 5µg/mL. At indicated timepoint cells were lysed and processed for 

western blot analysis. Membrane was probed with anti-caspase 3 antibodies with anti-tubulin antibodies 

included as a loading control. Proteins were detected with ECL. E and F) O-HeLa cells were infected 

with HRV16 at an M.O.I. of 3 or remained uninfected. At 3h.p.i. infected and uninfected cells were 

treated with ActoD at 5µg/mL, at indicated timepoints cells frozen cultures were collected for titration or 

proteins were lysed for western blot analysis as described for A. Membrane was probed with anti-VP2 

antibodies with anti-tubulin antibodies included as a loading control. Once frozen, virus was clarified 

and titrated in triplicate. Titres were calculated and mean values were presented on a logarithmic scale. 

Error bars are +/- the standard error of the mean. Data is representative of one (A-D) or three (E-F) 

optimisation experiments, where required, repeat experiments were carried out throughout the thesis. 
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2.3.1.2 RIPK1 Inhibitor   

To assess how the activity of RIPK1 effects viral replication an inhibitor of RIPK1, 

Necrostatin-1 (Nec-1) was optimised. To delineate whether Nec-1 was able to dampen 

apoptosis, combination treatments of ActoD and Nec-1 were also analysed. Specifically, 

growth media was removed from O-HeLa cells at ~80% confluency and replaced with 

equivalent amount of DMEM supplemented with 2% FBS and PSN. Cells were treated with 

10, 30, 50, 100µM of Necrostatin-1 and incubated for 2 hours. A DMSO only control was 

added to include any changes induced by the drug vehicle. To investigate whether Nec-1 

dampened induced apoptosis, Nec-1 treated cells were then treated with ActoD. Cells were 

incubated at 37°C and 5% CO2 for 9 hours. Media was then removed and cells washed once 

with cold PBS before incubation in RIPA buffer. Cell lysates were collected and processed 

for western blot analysis as described in Section 2.2.5. Membrane was probed with anti-

caspase 3 antibodies to detect apoptosis induction or suppression, with anti-tubulin antibodies 

included as a loading control. Densiometric analysis was conducted of detected band 

intensities relative to corresponding tubulin band detected.  

As shown in Figure 2.2 A) Active caspase 3 was detected in every sample treated with ActoD 

regardless of treatment with Necrostatin-1 or not. B) Densiometric quantitation of procaspase 

3 showed that treatment with ActoD alone resulted in reduction of detected levels of full-

length procaspase 3, as expected. Treatment with Nec-1 and ActoD resulted in higher levels 

of full-length procaspase 3 as compared to ActoD treatment alone, in all samples except 

30µM and 100µM of Nec-1 treatment. Treatment of cells with 50µM of Nec-1 and ActoD 

resulted in levels of full-length procaspase 3, similar to that seen in untreated and DMSO 

treated controls. Together, this data suggests that Nec-1 does not induce apoptosis and at 

50µM, is able to supress the apoptosis induced with ActoD treatment. These results imply 
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that Necrostatin-1 treatment does not result in a dose-dependent response within the cell, 

however the mechanism of why this occurs is unknown.  

This concentration (50µM) was used for further experiments within this study. This provides 

direct evidence that ActoD induced apoptosis proceeds in a manner that is dependent on 

RIPK1.   
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 Figure 2.2   Necrostatin-1 dampens apoptosis induced by ActoD. A) O-HeLa cells were 

treated with Nec-1 at concentrations of 10, 30, 50 or 100µM. At indicated timepoint cells 

were lysed and processed for western blot analysis. Membrane was probed with anti-caspase 

3 antibodies with anti-tubulin antibodies included as a loading control. Proteins were 

detected with ECL. Antibodies are indicated to the right of the blot and molecular weights in 

kilodaltons are indicated to the left of the blot. B) Band intensity representative of procaspase 

3 (~30kDa) detected in A) were estimated with ImageJ. Results were normalised to 

corresponding tubulin band and are expressed as arbitrary units normalised to tubulin. Data 

is representative of one optimisation experiment, repeat experiments were carried out 

throughout the thesis.  
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2.3.1.3 HRV 3C Inhibitor  

To selectively inhibit the HRV 3C protease the peptidomimetic, irreversible HRV 3C 

inhibitor, Rupintrivir, was optimised for dose and time of treatment. Specifically, O-HeLa 

cells at ~80% confluency were infected with HRV16 at an M.O.I. of 3 for 1 hour with 

occasional rocking. Viral inoculum was then removed and replaced with appropriate amount 

of DMEM supplemented with 2% FBS + PSN. At 6h.p.i. cells were treated with Rupintrivir 

at concentrations of 0.5, 1, or 10µM. Cells were incubated at 37°C and 5% CO2, at 24h.p.i. 

media was removed and cells washed once with cold PBS before incubation in RIPA buffer. 

Cell lysates were collected and processed for western blot analysis as described in Section 

2.2.5. Membranes were probed with anti-VP2 antibodies to determine infection, anti-eIF4G 

antibodies to detect HRV 2A protease activity and anti-PABP to detect HRV 3C protease 

activity.  

As shown in Figure 2.3 A), the viral protein VP2 was present in all infection samples except 

where no protein (as detected with tubulin) was detected. In the presence of Rupintrivir at any 

concentration, the presence of >190kDa VP2 protein indicated that 3C dependent viral 

polyprotein processing was inhibited. To assess whether there was complete HRV inhibition 

or whether specifically 3C was inhibited by Rupintrivir, the 2A substrate eIF4G was 

analysed. HRV 2A protease was active as cleaved eIF4G was present in all infection samples 

with protein present.  The loss of total protein with 24 hours of infection (no treatment) meant 

that there was no negative control available for comparison of amount of eIF4G cleavage 

product and subsequently no means to check whether 2A was partially inhibited. To optimise 

collection timepoints, the described experiment was repeated with treatment with Rupintrivir 

at 1µM and protein collections at 12 and 16h.p.i. Figure 2.3 B) shows the presence of a PABP 

cleavage product at 12h.p.i. regardless of Rupintrivir treatment. At 16h.p.i. the 3C PABP 

cleavage product was detected in infection only samples, but not in infected samples treated 



Page 76 of 249 

 

with Rupintrivir. There is no detectable change in the amount of eIF4G cleavage product with 

and without Rupintrivir treatment at either timepoint, thus 2A activity is not changed with 

Rupintrivir treatment. At 1µM and 16 hours of infection, Rupintrivir is a suitable drug for the 

selective inhibition of 3C. It is shown in Figure 2.3B that no eIF4G or PABP cleavage 

products were detected in uninfected controls, indicating that the Rupintrivir solvent (DMSO) 

is not able to induce detectable changes in PABP or eIF4G.  
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Figure 2.3 Rupintrivir selectively inhibits HRV 3C activity. O-HeLa cells were infected with 

HRV16 at an M.O.I. of 3 or remained uninfected as a control. At 6h.p.i. cells were treated 

with Rupintrivir at concentrations of 0.5, 1 or 10µM (A) or 1µM (B). At indicated timepoint 

cells were lysed and processed for western blot analysis. Membrane was probed with anti-

VP2 antibodies to confirm infection, anti-eIF4G antibodies to confirm 2A activity and anti-

PABP antibodies to confirm 3C activity. Anti-tubulin antibodies included as a loading 

control. Proteins were detected with ECL. Antibodies are indicated to the right of the blot 

and molecular weights in kilodaltons are indicated to the left of the blot. Data is 

representative of one optimisation experiment, repeat experiments were carried out 

throughout the thesis. 
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3 Apoptotic Responses Induced or Inhibited by HRV16 

3.1  Introduction   

The induction of apoptosis in response to Picornavirus infection has been widely debated. It 

has been shown that intrinsic apoptosis proceeds in a caspase 9 dependent manner in response 

to poliovirus (228), however this cell-death pathway is actively supressed in productive PV 

infection (228).  In HRV14 and Coxsackievirus B3 infection however, apoptosis was not 

induced and resulted in typical apoptotic hallmarks such as DNA condensation and caspase 3, 

8 and 9 activation (245, 289). The variation in apoptotic responses to Picornaviruses 

highlights the importance of investigation into specific cell death pathways modulated by 

different viruses.  

Receptor-interacting protein kinase-1 (RIPK1) is a crucial adaptor protein at the centre of 

multiple death signalling pathways, Figure 1.5 and 1.7. In apoptosis, RIPK1 is bound to 

caspase 8 and adaptor protein Fas-associated protein with death domain (FADD). Cleavage 

of RIPK1 by active caspase 8 strengthens the associated between caspase 8 and other 

complexed proteins (193), further promoting apoptosis.  

RIPK1 recruitment to caspase 8, in the context of Picornavirus infection, can occur via 

multiple signalling events, discussed in Section 1.1.6.  Firstly, attachment of the virus to a 

receptor on the cell surface has been shown to activate Toll-like receptor (TLR)-2 (139). A 

RIPK1/caspase 8 complex forms in response to TLR-2 activation (290). Secondly, after 

internalisation of the virus, release of the ssRNA genome activates TLR-7, TLR-8 (139) and 

TLR-3 (143). The activation of both inflammatory and apoptotic TLR-3 induced pathways 

are dependent on recruitment of RIPK1 to caspase 8 (148, 291), Figure 1.5. After initial TLR 

responses, expression of cytoplasmic RNA sensors RIG-I and MDA-5 is induced (139, 143). 
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RIG-I and MDA-5 sensing of viral RNA leads to RIPK1/caspase 8 recruitment through the 

binding of adaptor protein IPS-1 (150, 153) and results in apoptosis (292, 293), Figure 1.5.  

Apoptosis is a common cellular response to viral infection, with the induction shutting down 

cellular processes and restricting viral replication (227, 294-297). As such, viruses have 

evolved countermeasures that act to impede apoptotic signalling, maintaining cell viability 

and sustaining viral replication (247), Section 1.2.3. Viral replication is completely obligatory 

on a viable cell and identifying firstly, the apoptotic pathways induced and secondly, any 

viral changes to apoptosis pathways are key to understanding the pathogenesis of the virus. 

As described in Section 1.2.2., RIPK1 is a key component in many cell death pathways, and 

viral induced changes may affect multiple cell death pathways. HRV16 has been shown to 

replicate better in asthmatic bronchial epithelial cells as a consequence of deficient ability to 

undergo apoptosis (247), thus it is known that HRV16 is sensitive to apoptosis. However, the 

specific interactions between apoptosis intermediates and HRV16 infection has not been 

investigated.   

3.2 Hypothesis and Aims  

3.2.1 Hypothesis 

We hypothesised that HRV16 infection leads to RIPK1-caspase 8 association that is 

countered by HRV16. 

3.2.2 Aims 

The hypothesis was tested through the following aims. The specific aims for this chapter are: 

1. To determine whether RIPK1 association with caspase 8 is a response to HRV16 

infection.  

2. To investigate the cell death processes in response to HRV16 infection.  
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3. To examine whether chemical induction of apoptosis results in changes to the cell 

death profile of HRV16 infected cells. 
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3.3 Experimental Design  

 

 

 

 

  

Figure 3.1 Experimental design. A, B and C) O-HeLa cells were cultured and infected with HRV16 for 1 

hour. Inoculum was removed and replaced with media. A) At experimental timepoint, cells were lysed and 

processed for western blot analysis examining caspase activation in HRV infection. B and C) At 3h.p.i. cells 

were treated with Actinomycin D or remained untreated. At 4h.p.i. cells were treated with caspase 8 inhibitor 

(C only) or remained untreated. At experimental endpoint cells were;B) lysed and processed for co-

immunoprecipitation with anti-caspase 8 and processed for western blot analysis of RIPK1 or C) collected 

and stained with Annexin V and Propidium iodide for flow cytometry analysis of apoptotic or necrotic 

hallmarks, or. D) O-HeLa cells were transfected with active and inactive viral proteases and a dsRNA 

analogue. At experimental timepoint, cells were lysed and processed for western blot analysis of RIPK1. 
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3.4 HRV16 Infection Does Not Lead to Apoptosis 

To understand whether HRV16 infection leads to an apoptotic cell death, infected cells were 

analysed for apoptotic markers: in particular, caspase activation was determined and cell 

death associated membrane changes were investigated.  

As described in Figure 3.1 A, O-HeLa cells were infected with HRV16 at an M.O.I. of 3 or 

remained uninfected. O-HeLa cells were used throughout experiments as the protease 

dependent events such as protein and RNA production, polyprotein processing, and viral 

induced cell shut off was comparable between the HeLa cell lines and bronchial epithelial 

cells (298). At 3h.p.i. cells were treated with ActoD or remained untreated. At indicated times 

adherent cells were collected for protein analysis or adherent and detached cells were 

collected for flow cytometry. Cells were washed twice in PBS. Cells were re-suspended in 

RIPA buffer for processing for western blot analysis or Annexin Binding buffer for 

AnnexinV/Pi assay. Samples processed for western blot analysis were separated on a 12.5% 

polyacrylamide gel and transferred to a nitrocellulose membrane as described in Section 

2.2.5. Membranes were probed with rabbit anti-caspase 3, rabbit anti-caspase 9 and rabbit 

anti-caspase 8. Anti-VP2 antibodies were included to confirm HRV16 infection and anti-

tubulin antibodies were included as a loading control.  Detected band intensities of full length 

caspase 3, 8 and 9 were quantitated using ImageJ. Results were normalised to corresponding 

band intensity of tubulin and expressed as arbitrary units normalised to tubulin.  

As shown in Figure 3.2 A) full-length procaspase 9 was detected in all samples, except that 

where total protein was low (24h.p.i.). At no infection timepoint was a caspase 9 cleavage 

product detected. Similarly, full-length procaspase 3 was detected in all samples, with lower 

levels detected in the sample with loss of total protein (24h.p.i.). At no infection timepoint 

was a caspase 3 cleavage product detected. Full length procaspase 8 was detected in all 
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samples, except that where total protein was low (24h.p.i.). At no infection timepoint was a 

caspase 8 cleavage product detected.  

VP2 was not detected in samples subject to infection for 3 hours or less, indicating an 

undetectable level of viral protein synthesis.  From 6h.p.i. active viral replication was 

confirmed as VP2 was present in the immature form (VP0) (as described in Figure 1.3), 

detected at the higher molecular weight (~40kDa). In samples subject to infection for 9 hours 

or longer, both the ~40kDa and ~25kDa VP2 bands were detected – indicative of both the 

immature and cleaved form of VP2.  The detection of multiple VP0 and VP2 bands is 

expected, with similar results described with use of the same anti-VP2 antibody (299). 

As shown in Figure 3.2 B), densiometric analysis of full-length proteins detected in Figure 

3.2 A), with increasing infection timepoints there is no change in the level of detected 

procaspase 3.  At 24h.p.i. there is an increase in full-length caspase 3 and 9, however this is a 

skewed result due to the decreased total protein. Full-length caspase 8 was detected in 

decreasing levels (Figure 3.5B) with infection.   

  



Page 86 of 249 

 

 

Figure 3.2 Caspase 3 and 9 activation is not a response to HRV16 infection.  A) Ohio-HeLa 

cells were subject to infection with HRV16 at an M.O.I. of 3 or remained untreated as a 

control. At indicated timepoints post-infection cells were lysed and processed for western blot 

analysis. Membranes were probed with primary anti-caspase 3, anti-caspase 9 and anti-

caspase 8. Proteins were detected with ECL. Molecular weight in kDa is to the left of each 

blot. Anti-VP2 was included to confirm viral infection and anti-tubulin antibodies were 

included as a loading control. B) Band intensities of full length caspase 3, 8 or 9 (as 

indicated) detected in Figure 3.5 A) were quantitated using ImageJ. Results were normalised 

to tubulin and expressed as arbitrary units normalised to tubulin. Data is representative of 

three independent, similar experiments.  
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To further characterise whether apoptosis or necrosis is induced in response to HRV16 

infection, infected or uninfected cells were treated with ActoD at 3h.p.i. or remained 

untreated. Cells were processed for flow cytometry as described in Section 2.2.6. Cells were 

collected by centrifugation and washed twice with PBS. Once PBS was removed, cells were 

resuspended in Annexin V binding buffer. Cells were stained with Annexin V-FITC 

conjugate (An) and Propidium Iodide (Pi). Cells were analysed by flow cytometry for 

presence of An or for Pi uptake with the BD FACS Aria I. Parameters were changed as 

compensation and gating was performed to divide each flow cytometry plot into quadrants 

indicative of; double negative (An-/Pi-; viable), single positive (An+/Pi-; early apoptotic or 

An-/Pi+; necrotic) or double positive (An+/Pi+; late apoptotic) cells.  

As shown in Figure 3.3 A and B) untreated and uninfected O-HeLa cells were mostly viable 

(83.5%), with small populations of necrotic cells (11.3%) and early or late apoptotic cells 

(5.2%). HRV16 infection of O-HeLa cells led to an increased proportion of apoptotic cells 

(6.3% early, 15.8% late) and decrease in necrotic cells (6.3%). With induction of apoptosis in 

infected cells, significantly more cells were early apoptotic (52.4%). Interestingly, these cells 

did not proceed into late apoptosis as only 0.1% of cells were late apoptotic. Treatment of 

uninfected cells with ActoD alone resulted in cells being distributed evenly between early 

apoptosis (14.4%) and late apoptosis (12.6%). The data suggests that active interruption of 

apoptosis progression by HRV16.  
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Figure 3.3 Cell death associated membrane changes in response to HRV16 infection or 

apoptosis induction. Ohio-HeLa cells were subject to infection with HRV16 at an M.O.I. of 3 

and/or treated with ActoD at 3h.p.i. or remained untreated as a control. At 12h.p.i. cells were 

lysed and processed for flow cytometry analysis. Cells were labelled with Annexin V-FITC 

conjugate and DNA stain Propidium iodide. B) Values are expressed as percentage total cells 

in a sample Double negative cells, within Q3, are deemed viable. AnV+/Pi- cells, within Q4 

are early apoptotic, An-/Pi cells, within Q1 are necrotic, and double positive cells, within Q2 

are late apoptotic. Data is representative of 3 independent experiments.  
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3.5 Caspase 8 Complexes Formed in Response to Apoptosis Induction and 

HRV16 Infection  

To determine whether the caspase 8 cleavage seen in Figure 3.2 involves a caspase 8/RIPK1 

association, a series of immunoprecipitation experiments were performed.  

O-HeLa cells were infected with HRV16 at an M.O.I. of 3 as described in Section 2.2.3., or 

remained. At 3h.p.i. cells were treated with ActoD at 5µg/mL or remained. At 12h.p.i. 

proteins were collected and lysates processed for co-immunoprecipitation as described in 

Section 2.2.7.1. Co-immunoprecipitation (Co-IP) was performed with anti-caspase 8 

antibody. Processed samples were subject to western blot analysis on a 12.5% 

polyacrylamide gel and transferred to a nitrocellulose membrane as described in Section 

2.2.5. Membranes were probed with rabbit anti-RIPK 1 (C-terminal), anti-RIPK1 (N-

terminal), anti-FADD antibodies; rabbit anti-caspase 8 antibodies were included to confirm 

capture of caspase 8. Blots were developed with ECL as described in Section 2.2.5.1.  

Figure 3.4 A) depicts the detection of RIPK1 with an antibody specific for the C-terminal of 

RIPK1, in unbound fractions or complexed with caspase 8 in response to infection with 

HRV16 in the presence or absence of ActoD. As seen in Figure 3.4 A) full length is detected 

in all three fractions (lanes 2-4) or in the unbound and heat eluted fractions (lanes 5 and 7) in 

samples lacking IP antibody or without treatment, respectively. This indicates that there may 

be non-specific RIPK1 binding to the IP column or caspase 8. In infection alone and the 

ActoD treatment alone samples, RIPK1 was detected in the heat eluted fraction only (lane 10 

and 13, respectively), indicating that RIPK1 is recruited to caspase 8 under those conditions. 

In the samples subject to infection with HRV16 followed by ActoD treatment, RIPK1 was 

detected mainly in the unbound fraction (lane 14) and a small, but detectable amount in the 
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heat bound fraction (lane 16), this indicates that the majority of RIPK1 is no longer bound to 

caspase 8.   

Figure 3.4 B) depicts the detection of RIPK1 with an antibody specific for the C-terminal of 

RIPK1, in unbound fractions or complexed with caspase 8 in response to infection with 

HRV16 in the presence or absence of ActoD. Mock Co-IP (without the IP antibody) resulted 

in RIPK1 detection in the unbound fraction (lane 1) only. Co-IP without any treatment, 

resulted in a small amount of RIPK1 was precipitated with caspase 8 (lane 6), but the 

majority of it remained unbound to caspase 8 (lane 4), indicating that RIPK1 may be 

associating with caspase 8 at a low level. Upon treatment with ActoD, full length RIPK1 and 

an ~35kDa RIPK1 cleavage product was detected in the unbound (lane 7) fraction. This is 

consistent with the C-terminal of RIPK1 participating in caspase 8 association (193), Figure 

1.7. In HRV16 infected cells, full length RIPK1 and an ~50kDa N-terminal RIPK1 cleavage 

product were detected in the unbound (lane 10) fraction. Full length RIPK1 was detected in 

both the unbound (lane 10) and the heat eluted (lane 12) fraction. When infected cells were 

treated with ActoD, both the caspase 8 cleavage product (~35kDa), the novel HRV16 

cleavage product (~50kDa) and full-length RIPK1 were detected in the unbound fraction 

(lane 13) with a small amount of full-length RIPK1 bound to caspase 8 in the heat eluted 

fraction (lane 15). FADD was present in the unbound fraction (lanes 1, 4, 7, 10 and 13) in all 

samples, indicating that there was no coupling with caspase 8 in response to any treatment or 

infection. The caspase 8 antibody, denatured into heavy and light chains was detected in the 

bound portion of all samples except the mock Co-IP samples (lanes 1-3).  

This data suggests that association of the C-terminal and of RIPK1 with caspase 8 is induced 

with HRV16 infection alone and ActoD treatment alone. The similarity in RIPK1 association 

with caspase 8 is suggestive of an initial apoptosis induction in response to HRV16 infection. 

The dissociation of the RIPK1 C-terminal from caspase 8 is seen in samples subject to 
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HRV16 infection and ActoD treatment, suggesting that HRV16 may disrupt the caspase 

8/RIPK1 complex in chemically induced apoptosis.  
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Figure 3.4 RIPK1 associates with caspase 8 in apoptosis and HRV16 infection O-HeLa 

cells were either subject to infection with HRV16 at an M.O.I. of 3 or remained uninfected as 

a control. At 3h.p.i. infected and uninfected cells were treated with ActoD at 5µg/mL for 6 

hours or remained untreated as controls. Cells were lysed and processed for co-

immunoprecipitation with anti-caspase 8 as capture antibody. Samples were then processed 

for western blot analysis. Membranes were probed with primary A) anti-RIPK1 C-terminal, 

B) anti-RIPK1 N-terminal, anti-FADD and, A and B) anti-caspase 8. Proteins were detected 

with ECL. Molecular weight in kDa is to the left of each blot. Lanes within each sample are 

indicative of unbound (Ub), pH eluted (pH) and heat eluted (Heat). * denotes non-specific 

band. Data is representative of three similar experiments.  
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3.6 RIPK1 Associates with Caspase 8 Early in Infection 

Experiments were then conducted to determine which viral process induced RIPK1 

association with caspase 8. 

O-HeLa cells were infected with HRV16 at an M.O.I. of 3 as described in Section 2.2.3, or 

remained uninfected as control. Proteins were collected at 0, 2, 4 and 6h.p.i. and lysates were 

processed for Co-IP with anti-caspase 8 antibody as described in Section 2.2.7.1. Processed 

samples were subject to western blot analysis on a 12.5% polyacrylamide gel and transferred 

to a nitrocellulose membrane as described in Section 2.2.5. Membranes were probed with 

rabbit anti-RIPK1 (C-terminal), anti- FADD antibodies; and rabbit anti-caspase 8 antibodies 

were included to confirm capture of caspase 8. Blots were developed with ECL as described 

in Section 2.2.5.1. 

Figure 3.5 depicts the caspase 8 associated protein complexes that are formed in the initial 

stages of HRV16 infection. At 0h.p.i. C-terminal RIPK1 was detected equally in unbound, 

pH eluted and heat eluted fractions (lanes 2, 3 and 4, respectively). At 1h.p.i. and 2h.p.i. 

RIPK1 was mostly detected in the heat eluted fraction (lanes 7 and 10, respectively) 

indicating RIPK1 is associated with caspase 8 at this stage in infection. At 4h.p.i. RIPK1 is 

detected in all three fractions (lanes 11, 12 and 13). At 6h.p.i. RIPK1 is detected mainly in the 

heat eluted fraction (lane 16) and a small amount is detected in the unbound fraction (lane 

14). This differs from the non-infected control, where RIPK1 was detected equally in the 

unbound and heat eluted fractions (lanes 17 and 19).  Notably, regardless of timepoint, 

FADD is only found in the unbound fraction, indicating that FADD association with RIPK1 

and caspase 8 does not take place up to 6h.p.i. and may be a later response to HRV16 

infection. The caspase 8 antibody, denatured into heavy and light chains was detected in the 

bound factions of all samples, as expected. 
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The above data suggests that RIPK1 associates with caspase 8 early in infection (under 2 

hours of infection) and transiently dissociates from caspase 8 by 4 hours of infection and 

reassociates with caspase 8 by 6h.p.i. 
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Figure 3.5 RIPK1 associates with caspase 8 early and late in HRV16 infection  Ohio-HeLa 

cells were subject to infection with HRV16 at an M.O.I. of 3 or remained untreated as a 

control. At indicated timepoints post-infection cells were lysed and processed for co-

immunoprecipitation with anti-caspase 8 antibody as capture antibody. Samples were then 

processed for western blot analysis. Membranes were probed with primary anti-RIPK1 C-

terminal, anti-FADD and anti-caspase 8. Proteins were detected with ECL. Molecular weight 

in kDa is to the left of each blot. Lanes within each sample are indicative of unbound (Ub), 

pH eluted (pH) and heat eluted (heat) fractions. Data is representative of three similar 

experiments. 
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3.7 dsRNA Analogues Result in Loss of Full length RIPK1 

An early viral PAMP is the dsRNA replication intermediate. To determine whether if dsRNA 

can induce changes in RIPK1 a synthetic dsRNA analogue was used. 

Polyinosinic:polycytidylic acid (Poly(I:C)) was transfected into cells, mimicking dsRNA and 

produced in HRV infection.  

O-HeLa cells were transfected with Poly(I:C) as described in Section 2.2.9. Transfected cells 

and untransfected controls were treated with ActoD or remained untreated. Cells were lysed 

and processed for western blot analysis as described in Section 2.2.5. Membranes were 

probed with anti-RIPK1 (PIERCE) antibodies and anti-caspase 3 antibodies with anti-tubulin 

antibodies included as a loading control. Proteins were detected with ECL.  

As shown in Figure 3.6 full length RIPK1 was detected in samples that were not-transfected 

with Poly(I:C) (lanes 1 and 3). No full length RIPK1 was detected in samples transfected 

with Poly(I:C) (lanes 2 and 4). Transfection of Poly(I:C), regardless of ActoD treatment, 

resulted in no full length caspase 3 detection (lanes 2 and 4). ActoD treatment alone did 

reduce full-length RIPK1 but not caspase 3, (lanes 3 and 4). With the combination of ActoD 

and Poly(I:C) (lane 4), full length RIPK1 and full length caspase 3 was not detected and a 

high-molecular weight active caspase 3 complex (as previously described (300) was detected.   
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Figure 3.6 dsRNA analogue Poly(I:C) results in loss of full length RIPK1 and caspase 3. 

A) Ohio-HeLa cells were transfected with Poly(I:C) or remained untransfected. Transfected 

and untransfected cells were treated with ActoD at 5µg/mL at 6 hours post transfection. At 

12 hours cells were lysed and processed for western blot analysis. Membranes were probed 

with primary anti-RIPK1 antibodies or anti-caspase 3 antibodies. Anti-tubulin antibodies 

were included as a loading control. * Denotes non-specific band. Molecular weights are to 

the left of the blot in kilodaltons (kDa) and protein of interest to the right. Data is 

representative of three independent experiments. 
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3.8 Discussion 

The data within this chapter shows firstly, that caspase 8 is activated in response to HRV16 

infection, but neither caspase 9 nor caspase 3 were activated. This data indicates that in 

response to HRV16 infection, apoptosis is induced in a caspase 8 dependent manner, but 

doesn’t progress through to caspase 3 activation. Secondly, cells that were infected with 

HRV16 and treated with ActoD had a large early apoptotic population, but a minimal late 

apoptotic population. This result was unlike the ActoD treatment alone cells, which were 

equally distributed between early and late apoptosis. This suggests that there is an apoptotic 

signalling event between early and late apoptosis that is disrupted with HRV16 infection. 

Thirdly, RIPK1 associates with caspase 8 early (in less than 4 hours of infection) in HRV16 

infection via the C-terminal of RIPK1, and may dissociate (by 6 hours of infection) then 

reassociates with caspase 8 later in infection (by 9 hours of infection). The association of 

RIPK1 and caspase 8 was also observed in ActoD induced apoptosis; however full length 

RIPK1 and a novel N-terminal RIPK1 cleavage product (~50kDa) were dissociated from 

caspase 8 in samples with infection and ActoD induced apoptosis. Together, this data 

suggests that the disruption of the RIPK1 and caspase 8 complex may contribute to HRV16 

interrupting the extrinsic apoptosis pathway.  

Two components of the apoptosis pathway were analysed to determine the cell death profile 

of infected or ActoD treated cells. Infection with HRV16 alone resulted in an increase in O-

HeLa cells dying via apoptosis as compared to uninfected control (15.8% and 4.9% 

respectively Figure 3.3. Although late apoptosis was detected with flow cytometry, no 

caspase 3 or 9 activation (Figure 3.2) was detected in these samples. The caspase activation 

in infected cells that results in apoptosis and AnV and Pi staining may not have been detected 

by western blot, as flow cytometry is able to determine the cell death profile of an individual 

cell, while western blot takes into consideration the entire sample, where not all cells are 
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infected. ActoD treatment did result in an increase in apoptosis as expected (Figure 3.3 A and 

B). Of note, treatment of cells that were previously infected with HRV16 resulted in a 

different cell death profile, with most of the cells being viable or early apoptotic and only 

0.1% of cells entering late apoptosis (Figure 3.3).  

Attachment of HRV to the host cell and subsequent viral entry or the uncoating of the viral 

genome and genome replication are recognised by PRRs leading to induction of antiviral 

responses (139, 140). PRRs are able to detect entry of the virus via recognising capsid 

proteins (140). PRRs that recognise viral RNA molecules, dsRNA or tri-phosphate RNA 

(143), are able to detect replication complexes within the cell. Both pathways can activate 

apoptosis. The detection of HRV6 viral capsid proteins by TLR 2 (139) occurs early in 

infection, within 2 hours of infection and results in increased pro-inflammatory cytokine 

expression. This cytokine induction precedes viral RNA synthesis which has been shown to 

occur at 4h.p.i. (139).  The uncoating of viral RNA has been shown to activate TLR-7 and 9 

(139) and in some cases TLR-3 (143). TLR 3, 7 and 9 induced responses then result in an 

upregulation in RIG-I and MDA-5 (143). HRV dsRNA complexes activate RLRs: RIG-I 

(143) and  MDA-5 (139). The recognition of HRV dsRNA occurs later in infection, from 

6h.p.i. (143). Ultimately this presents a two-phase model of innate immune sensing of HRV, 

the early phase involving TLR recognition and the late phase, involving RIG-I and MDA-5. 

While this has been well characterised, the apoptotic complexes and involvement of RIPK1 

within any of these innate processes have not been investigated.  

Co-IP of proteins associated with caspase 8 showed that at 9h.p.i. RIPK1 was associated with 

caspase 8 (Figure 3.4). Additionally, this RIPK1-caspase 8 association was also observed 

when extrinsic apoptosis was induced (by ActoD treatment for 6 hours) (Figure 3.5). The 

association of RIPK1 with caspase 8 in HRV16 infection was also observed early in infection 

(under 4 hours). However, by 6h.p.i. RIPK1 was no longer associated with caspase 8. 
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Together, these results suggest that RIPK1 is transiently bound to caspase 8 very early in 

infection until at least 4h.p.i. and then is reassociated with caspase 8 by 9h.p.i., supporting the 

two-phase immune response model proposed previously (139) and described above.  

An ~50kDa N-terminal RIPK1 fragment was detected in the unbound fractions (Figure 3.4B) 

in HRV16 infected samples. Together with the detection of the C-terminal domain of RIPK1 

being bound to caspase 8 (Figure 3.4A), the detection of a viral-induced RIPK1 cleavage 

product in the unbound fraction shows that cleavage of RIPK1 by HRV may disrupt the 

association of RIPK1 with caspase 8, and may be responsible for attenuation of further 

apoptotic responses. This was in contrast to ActoD, that resulted in apoptotic cleavage of 

RIPK1 and the presence of an N-terminal RIPK1 fragment ~35kDa in the unbound fraction; 

together with the detection of C-terminal RIPK1 associated with caspase 8, this suggests that 

RIPK1 binds to caspase 8 via it’s C-terminal apoptotic domain, as previously described 

(193). ActoD treatment of infected cells resulted in detection of both the N-terminal apoptotic 

and viral RIPK1 cleavage products, indicating that HRV is not restricted to cleaving RIPK1 

once it has been cleaved by caspase 8.  

Cytoplasmic HRV dsRNA complexes were mimicked by transfection of synthetic dsRNA 

analogue Poly(I:C) (146). Transfection of Poly(I:C) resulted in loss of full length RIPK1, 

which correlated with loss of full-length caspase 3 (Figure 3.6). Notably, the treatment of 

Poly(I:C) transfected cells with ActoD resulted in a high amount of caspase 3 activation 

observed as a high-molecular weight active caspase 3 complex as previously described (300).  

  



Page 101 of 249 

 

3.9 Conclusion 

Caspase 8 mediated extrinsic apoptosis is induced in response to HRV16 infection, as shown 

by RIPK1/caspase 8 complex formation and procaspase 8 cleavage. However, this complex is 

quickly dissociated in HRV16 infection potentially due to cleavage of RIPK1 and release of 

the cleavage products from the caspase 8 complex. Consequently, infected cells do not 

progress into late apoptosis. Data from HRV16 infected cells that were treated with ActoD 

clearly shows that HRV16 is able to actively suppress apoptosis progression, probably due to 

RIPK1 cleavage. Our data strongly suggest a viral factor rather than a viral induced cellular 

factor, is responsible for RIPK1 cleavage.  
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4 RIPK1 is cleaved by HRV 3C Protease  

4.1 Introduction  

Controlled proteolysis events play a major role in HRV replication, both in the maturation of 

viral proteins (86) and control of the host cellular environment (45, 301) .  

HRV encodes two proteases 2A and 3C, which either in mature or in precursor forms, 

catalyse cleavage events in viral proteins (302). The protease activity is essential for protein 

maturation from a large polyprotein to individual structural or non-structural active proteins. 

Initially, 2A undergoes autocatalysis to liberate 2A from the polyprotein and all subsequent 

polyprotein cleavages are a result of 3C or its precursor protease 3CD (303). 2A catalyses 

release of the N-terminal portion of the polyprotein to produce P1 (302) and 3C or 3CD 

cleaves the polyprotein P2 or P3 fragments into individual proteins (303), as depicted in 

Figure 1.3. Chemical inhibition of viral proteases (for example 3C by the allosteric inhibitor 

Rupintrivir), described in Section 1.1.5.3., inhibits viral replication; highlighting that protease 

activity is essential for viral replication (134).  

The HRV proteases also display activity towards cellular factors, creating an environment 

that promotes viral replication.  The 2A mediated cleavage of eukaryotic initiation factor-4G 

(eIF-4G) (45, 304) and the 3C mediated cleavage of PABP (121, 301) results in host protein 

synthesis shut-down. These events correlate with effective HRV replication. In addition to the 

cleavage of proteins important for cell genome and protein production, picornaviruses can 

alter cell death pathways through proteolysis of proteins integral to cell death signalling 

pathways (227). The viral reliance on cellular processes means that viral replication will be 

sub-optimal without a viable cell (296), thus the modulation of cell death processes may be 

necessary for productive infection.  
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The modification of apoptosis pathways by a Picornavirus was examined by Belov et al 

(2003), who showed that apoptosis does not proceed in response to productive PV infection. 

However, inhibition of poliovirus activity after infection resulted in the infected cell dying 

via apoptosis (228). Further work showed the  aberrant cleavage of procaspase 9, a key 

caspase in intrinsic apoptosis, in PV infection (228). Procaspases are constitutively expressed 

zymogens that are cleaved into caspases; it is a caspase cleavage cascade that constitutes 

apoptotic cell death signalling. Picornaviruses cleave an array of adaptor proteins involved in 

necrotic and apoptotic cell death pathways. RIG-I and MDA-5 are inducible proteins that are 

essential for sensing picornaviral RNA (142, 143) and through the adaptor protein IPS-1, 

induce either an apoptotic or necroptotic cell death. All three of the aforementioned proteins 

are cleaved by HRV proteases and are subsequently rendered inactive (229, 230, 233).   

The cleavage of key adaptor proteins within cell death pathways by picornaviruses may 

present a mechanism by which rhinovirus can maintain a viable host cell and promote viral 

replication.  

4.2 Hypothesis and Aims 

4.2.1 Hypothesis 

We hypothesise that a HRV protease cleaves RIPK1. 

4.2.2 Aims 

The hypothesis was tested through the following aims. The specific aims for this chapter are: 

1. To validate RIPK1 cleavage in HRV infection. 

2. To confirm the proteolytic activity of the HRV 3C protease as a mechanism of RIPK1 

cleavage.  

3. To map the site of RIPK1 cleavage by HRV 3C.  
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4.3 Experimental Design 

 

Figure 4.1 Experimental design. A) To determine 3C cleavage of RIPK1 in cell lysates, O-

HeLa cells were treated with an apoptosis inducer and/or caspase 8 inhibitor. Cell lysates 

were collected and treated with the HRV14 3C protease before processing for western blot 

analysis. B) To determine whether HRV16 3C protease cleaved RIPK1 in infection, O-HeLa 

cells were infected and treated with an apoptosis inducer and/or a 3C protease inhibitor 

before processing for western blot analysis. C) To determine whether and where 3C cleaved 

exogenous cell culture, O-HeLa cells were transfected with a C-terminally FLAG-tagged 

RIPK1 construct and proteins collected before treatment with the HRV14 3C protease. 

Samples were subject to anti-FLAG IP and western blot analysis. D) To determine whether 

RIPK1 is cleaved by the expression of exogenous 3C constructs in A549 cells, cultured A549 

cells were transfected with GFP-tagged 3C active or inactive constructs. Proteins were 

collected and processed for western blot analysis.  
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4.4 RIPK1 is Cleaved in HRV16 Infection and Cleavage is Dependent on 3C 

Protease Activity  

Of the two HRV encoded proteases, literature shows that the substrates of 2A are varied 

between HRV species (127), whereas substrates of 3C are more conserved (134). Thus when 

determining which of the two proteases is responsible for the cleavage of RIPK1, 3C activity 

was first examined.  

To confirm the cleavage of RIPK1 in HRV16 infection and determine whether the proteolytic 

activity of HRV16 3C is required for this cleavage, infection timecourse experiments were 

conducted with and without treatment with the 3C inhibitor, Rupintrivir. 

O-HeLa cells were infected with HRV16 at an M.O.I. of 3 for 1 hour with occasional 

rocking, or remained uninfected as indicated. Inoculum was removed and replaced with 

DMEM supplemented with 2% FBS + PSN and incubated at 37°C and 5% CO2. At 3h.p.i. 

apoptosis was induced in indicated samples by treatment with ActoD at 5µg/mL. At 9h.p.i. 

cells were treated with the HRV 3C inhibitor Rupintrivir (1µM), or remained untreated. Cell 

lysates were collected at 16h.p.i. and processed for western blot analysis as described in 

Section 2.2.5. Proteins were separated on a 12.5% or 8% polyacrylamide gels and transferred 

to a nitrocellulose membrane. The membrane was probed with mouse anti-RIPK1 (PIERCE) 

antibodies. Mouse anti-eIF4G antibodies were included to confirm 2A protease activity; 

mouse anti-VP2 antibodies were included to confirm viral protein production, indicative of 

infection and to confirm 3C protease inhibition. Tubulin was detected as a loading control. 

Experiments were repeated three times and the relative band intensities of the 3C induced 

RIPK1 cleavage product were estimated relative to corresponding tubulin band with ImageJ. 

Statistical significance was accepted at P<0.05 and ascertained with a 2-tailed unpaired t-test, 

assuming equal variance of standard deviation. 
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As depicted in Figure 4.2, VP2 at ~25 and 40kDa, indicative of active viral infection was 

detected in all infected samples (lanes 4-7). In infection samples treated with Rupintrivir 

(lanes 6 and 7), a higher molecular weight VP2 band (~125kDa) was detected, indicative of 

inhibited 3C mediated polyprotein processing. The HRV 2A protease activity was validated 

through the detection of the known 2A substrate, eIF4G. The processing of eIF4G in all 

HRV16 infected samples regardless of treatment with ActoD or Rupintrivir (lanes 4-7), seen 

as a ~125kDa eIF4G cleavage product indicates productive viral infection. The detection of 

~100kDa caspase-3 mediated eIF4G cleavage products indicate apoptosis was induced in all 

samples treated with ActoD (lanes 2, 5 and 7). Full length RIPK1 is decreased in samples 

treated with ActoD, as compared to untreated samples. An ~35kDa apoptotic RIPK1 cleavage 

product (193) was evident in all samples, however increased levels of this RIPK1 fragment 

was detected in sample treated with ActoD (Figure 4.2 B). The presence of an ~23kDa 

RIPK1 cleavage product was detected in all samples subject to HRV16 infection (Figure 

4.2A, lanes 4-7), however the level detected (Figure 4.2B) was significantly less when 

HRV16 infection samples were treated with Rupintrivir, regardless of ActoD treatment. 
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Figure 4.2 The HRV16 induced cleavage of RIPK1 is inhibited with treatment with 

Rupintrivir. A) O-HeLa cells were infected with HRV16 at an M.O.I. of 3. Cells were treated 

with ActoD (5µg/mL) at 3 h.p.i, Rupintrivir (1µM) at 9 h.p.i or remained untreated. Cells 

were then lysed and proteins collected for western blot analysis. Membrane was probed with 

primary anti-RIPK1 (PIERCE) antibody with anti-tubulin antibodies included as a loading 

control. Primary anti-VP2 antibody or primary anti-eIF4G antibodies were included to 

validate infection and activity or inhibition of viral proteases. Proteins were detected with 

ECL. * Denotes non-specific bands. B) Band intensities representative of ~23kDa and 

~35kDa RIPK1 cleavage products, normalised to corresponding tubulin were quantitated 

using ImageJ. Values expressed are mean +/- standard error of the mean. Statistical 

significance was accepted at p< 0.05. Data is representative of three independent 

experiments and statistical significance was determined by unpaired t-test.  
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4.5 RIPK1 is Cleaved by HRV16 in Infection into an N-terminal, ~50kDa 

Cleavage Product  

To elucidate the timing of HRV16 3C mediated cleavage of RIPK1 an infection timecourse 

experiment with Rupintrivir and ActoD was performed. The N-terminal of RIPK1 was 

detected in all western blots.  

O-HeLa cells were infected with HRV16 at an M.O.I. of 3 for 1 hour with occasional 

rocking, or remained uninfected as indicated. Inoculum was removed and replaced with 

DMEM supplemented with 2% FBS + PSN and incubated at 37°C for indicated timepoints. 

At 3h.p.i apoptosis was induced in indicated cells by treatment with ActoD at 5µg/mL. At 

6h.p.i cells were treated with the HRV 3C inhibitor Rupintrivir (1µM), or remained untreated. 

At indicated timepoints cells were lysed with incubation in RIPA buffer and proteins 

collected for western blot analysis as described in Section 2.2.5.  The membrane was probed 

with anti-RIPK1 N-terminal antibodies (Cell Signalling, Table 2.5). Anti-VP2 antibodies 

were used to confirm infection with HRV16. The known HRV16 3C substrate PABP (121, 

301) was detected with anti-PABP antibodies and apoptosis was confirmed by detection of 

caspase 3. Tubulin was detected as a loading control.  

The presence of an ~50kDa N-terminal RIPK1 cleavage product was detected in all HRV16 

infection samples, without Rupintrivir treatment (Figure 4.3, lanes 1-3 and 5-7), but not in the 

uninfected mock (lane 4). Full length RIPK1 was detected in all samples that had detectable 

levels of total protein (lanes 1-6, 9-12, 13 and 14) evidenced by tubulin band.  In the 

untreated, infected samples the RIPK1 cleavage product increased with time, indicating that 

this cleavage event is an ongoing event in infection (lanes 1-3). An ~35kDa apototic  RIPK1 

cleavage product was detected in samples treated with ActoD (lanes 5-7) or ActoD and 

Rupintrivir (lanes 13 and 14) regardless of timepoint, except where total protein is low (lane 
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7-8 and 15-16). The decrease of total protein was only detected, as indicated by low levels of 

tubulin, in samples treated with ActoD; probably a result of the inhibitory effect on 

transcription by ActoD. VP2 was detected at multiple molecular weights, ~25kDa and 

~40kDa in all samples subject to infection with HRV16 with or without ActoD (lanes 1-3 and 

5-7). A higher molecular weight VP2 fragment, indicating the incomplete processing of the 

HRV polyprotein, of ~120kDa was detected in HRV16 infected samples treated with 

Rupintrivir (lanes 9-11 and 13-15). This corresponds with the uncleaved P1 portion of the 

polyprotein and confirms a decrease in 3C activity (86). A known substrate of 3C, Poly-A-

binding protein (PABP), was included and full-length PABP was detected in most samples, 

with a reduction only where total protein was low (lane 7-8 and 15-16), or at 9h.p.i. of 

infection only (lane 1). Up to three ~50kDa PABP viral cleavage product was observed in 

HRV16 infection with or without ActoD (lanes 2-3 and 5-7). In samples infected with 

HRV16 and treated with Rupintrivir, regardless of ActoD treatment, the 3C PABP cleavage 

product was not detected (lanes 9-11 and 13-15). Full length procaspase 3 was present in 

most samples, with a reduction only where total protein was low (lane 7-8 and 15-16), 

however active caspase 3 (~17kDa) was only detected in samples treated with ActoD, 

regardless of infection or treatment with Rupintrivir (lanes 5-6 and 13-14).  

Data presented here suggests the cleavage of RIPK1 from 9h.p.i. and that the HRV16 induced 

cleavage of RIPK1 is by the 3C protease.  
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Figure 4.3 HRV16 cleavage of RIPK1 into an N-terminal fragment of ~50kDa is prevented 

with 3C protease inhibition. O-HeLa cells were infected with HRV16 at an M.O.I. of 3, or 

remained uninfected. Infected and uninfected cells were treated with ActoD at 3h.p.i. and/or 

Rupintrivir at 6h.p.i. or remained untreated. At indicated timepoint, cell lysates were 

collected and processed for western blot analysis. Membranes were probed with A) primary 

anti-RIPK1 N-terminal and anti-VP2 to examine RIPK1 cleavage and confirm viral infection; 

B) primary anti-PABP antibodies to confirm 3C protease inhibition with Rupintrivir 

treatment and C) primary anti-caspase 3 antibodies to confirm apoptosis induction. Anti-

tubulin antibodies were included as a loading control. Proteins were detected with ECL. 

Lane numbers in B and C correspond to samples and lane numbers in A. Molecular weights 

are to the left of the blot in kilodaltons (kDa) and protein of interest to the right. Data is 

representative of three independent experiments. 
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4.6 RIPK1 is Cleaved by HRV14 3C in a Cell-free System  

To confirm whether HRV 3C protease cleaves RIPK1, and whether caspase 8 activation or 

inhibition alters the 3C mediated RIPK1 cleavage, an in vitro protease assay was conducted 

with lysates collected from cells treated with an apoptosis inducer or caspase 8 inhibitor.  

O-HeLa cells were seeded in T25 flasks and either treated with ActoD at 5µg/mL and/or 

caspase 8 inhibitor (1 hour post ActoD treatment) or remained untreated for 9 hours, as 

indicated. Cell lysates were collected in RIPA buffer (without protease or phosphatase 

inhibitors) and 4 units of poly-his-tagged HRV14 3C protease was added (in protease buffer 

provided) to cell lysates and incubated at 37°C for 6 hours, as described in Section 2.2.8. 

Reactions were stopped and subjected to western blot analysis on a 12.5% polyacrylamide gel 

and transferred to a nitrocellulose membrane as described in 2.2.5. Membrane was probed 

with mouse anti-RIPK1 (PIERCE). Mouse anti-6xHis antibodies were used to confirm the 

presence of poly his-3C. Tubulin was detected included as a loading control. Experiments 

were repeated three times and the relative band intensities of the 3C induced RIPK1 cleavage 

product were estimated relative to corresponding tubulin band with ImageJ.  

 The addition of HRV14 3C protease induces cleavage of RIPK1 generating an 

approximately 23kDa RIPK1 cleavage product (Figure 4.4 A), lanes 2, 4 and 6). This 

cleavage product was present in all samples, with or without treatment with ActoD or 

Caspase 8 inhibitor, subject to incubation with the 3C protease (as indicated by the detection 

of anti-poly his (lanes 2, 4 and 6). A similar RIPK1 cleavage product was not observed in any 

sample without the 3C protease (lanes 1, 3 and 5).  Regardless of treatment with 3C, ActoD 

or caspase 8 inhibitor, there was no complete reduction in the amount of full length RIPK1 in 

any sample (lanes 1-6).  
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In addition to establishing that the HRV14 3C protease can cleave RIPK1 in vitro a 

quantitative analysis was conducted to determine any relationship between caspase 8 

activation or inhibition and viral induced RIPK1 cleavage. Band intensities were estimated 

with ImageJ and normalised to corresponding tubulin band. Values in Figure 4.4B) are 

expressed as arbitrary units normalised to tubulin and represent the mean of three 

independent experiments, +/- standard deviation. Statistical significance was ascertained with 

a two-tailed t-test and accepted at p<0.05.  

The highest levels of 3C RIPK1 cleavage occurred in samples treated with ActoD (Figure 4.4 

B), lane 4). The addition of caspase 8 inhibitor to cells treated with ActoD (lane 6) resulted in 

significantly (p= 0.007) lower levels of the viral induced RIPK1 cleavage product as 

compared to the ActoD only and 3C sample (lane 4). High levels of the viral induced RIPK1 

cleavage product was also detected in samples treated with the HRV 3C protease alone (lane 

2), as compared to samples not subject to 3C treatment (lanes 1, 3 and 5), where detection 

was minimal and likely an artefact of the detection process.  

Together these results indicate that HRV14 3C can cleave RIPK1 and that the viral induced 

cleavage is not inhibited with caspase 8 activation or inhibition and that ActoD induced 

apoptosis does not disrupt the 3C mediated cleavage of RIPK1 in an in vitro system.  
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Figure 4.4 HRV 3C protease cleaves RIPK1 into ~25kDa cleavage product. O-HeLa cells 

were either treated with ActoD and/or caspase 8 inhibitor (1 hour post ActoD treatment) or 

remained untreated as indicated. After incubation with/without ActoD or caspase 8 inhibitor, 

cells were lysed and proteins collected. HRV 3C was added where indicated and samples 

were incubated for 6 hours before stopping the protease reaction. Cell lysates were then 

processed for western blot analysis. A) Membrane was probed with primary anti-RIPK1 

antibody, with anti-tubulin antibodies included as a loading control. Proteins were detected 

with ECL. B) Band intensity representative of HRV induced 23kDa RIPK1 cleavage product 

detected in Figure 4.3A, were quantitated using ImageJ. Results were normalised to tubulin 

and expressed as arbitrary units normalised to tubulin. Experiments were conducted three 

times and relative protein intensities are represented as mean +/- standard deviation. 

Statistical significance was accepted at P<0.05. Molecular weights are to the left of the blot 

in kilodaltons (kDa) and protein of interest to the right. Data is representative of three 

independent experiments and statistical significance was determined by unpaired t test.  
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4.7 RIPK1 is Cleaved by Exogenous HRV16 3C in Alveolar Epithelial Cells 

To test whether the cleavage of RIPK1 by HRV16 3C could occur in a lung epithelial cell 

line, constructs expressing the active or inactive 3C protease were transfected into A549 

cells, and cleavage of RIPK1 investigated. 

A549 cells were transfected with a GFP tagged active 3C protease (GFP-3C) or a GFP tagged 

inactive 3C protease (GFP-3Cinac) described in (130), with Lipofectamine 2000 as per 

manufacturer’s instructions (Table 2.9 and 2.10), or left untransfected, described in section 

2.2.9.  At 12 hours post transfection the cells were lysed, proteins collected, and processed for 

western blot analysis as described in Section 2.2.5. Proteins were transferred to nitrocellulose 

membrane and membranes probed with anti-RIPK1 N-terminal antibodies. Anti-GFP 

antibodies were included to confirm expression of transfected constructs. The known 

substrate of HRV16 3C, PABP was detected with anti-PABP antibodies to confirm 3C 

activity. Tubulin was detected as a loading control.  

Full length RIPK1 was detected in similar amounts in all samples (Figure 4.5, lanes 1-3), 

regardless of transfection. An ~50kDa RIPK1 cleavage product was detected in the sample 

transfected to express GFP-3C (lane 2), but not in the sample transfected with the GFP-

3Cinac (lane 3). This cleavage was not due to transfection of plasmid DNA or expression of 

foreign protein itself, as it was not observed in cells expressing GFP-3Cinac. GFP was 

present in all transfected samples (lanes 1 and 2) confirming expression of exogenous GFP-

tagged proteins. HRV 3C activity was confirmed with cleavage of PABP evident in the 

sample transfected to express GFP-3C (lane 2), with a lower molecular weight band present 

in the aforementioned sample. PABP cleavage was not detected in the sample transfected to 

express GFP-3Cinac (lane 3), indicating that the PABP cleavage was specific to 3C activity.  
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The cleavage of RIPK1 by expression of a GFP-tagged 3C protease construct in lung alveolar 

cells further implicates the 3C protease as responsible for the change of RIPK1 seen in 

HRV16 infection, and indicates that the RIPK1 cleavage event is not specific to HeLa cells.  
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Figure 4.5 HRV 3C protease has the ability to cleave RIPK1 in A549 cells. A549 cells were 

transfected with active (GFP-3C) or inactive (GFP-3Cinac) 3C protease constructs, both 

tagged with GFP. At 16 hours post transfection, cells were lysed and proteins collected 

before being processed for western blot analysis. Membrane was probed with primary anti-

RIPK1 N-terminal antibodies, primary anti-GFP antibodies and primary anti-PABP 

antibodies with anti-tubulin antibodies included as a loading control, before incubation in 

secondary antibodies specific to species of primary antibody. Proteins were detected with 

ECL. Experiments were repeated three times. Molecular weights are to the left of the blot in 

kilodaltons (kDa) and protein of interest to the right. Data is representative of three 

independent experiments. 
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4.8 RIPK1 is Predicted to be Cleaved by HRV 3C at Position 430 

RIPK1 is multi-domain protein and to understand the effect that viral cleavage of RIPK1 has 

on RIPK1 function, it is essential to identify the 3C protease cleavage site within RIPK1 3C 

cleaves. To do this, two experiments were conducted to isolate and then sequence the 

cleavage site. 

An in silico sequence analysis was conducted with the NetPicoRNA 1.0 Server, based on data 

presented in (305) of RIPK1 determined no predicted HRV 2A cleavage sites and three 

predicted HRV 3C cleavage sites: glutamine 35, glutamic acid 85 and glutamine 430 (305). 

Cleavage of RIPK1 at glutamine 430 is predicted to produce a C-terminal fragment of 

~25kDa and an N-terminal fragment of ~50kDa.  

To identify the 3C generated ~23kDa RIPK1 cleavage product as the C-terminal of RIPK1, a 

C-terminally FLAG-tagged RIPK1 product was pulled down in anti-FLAG IP from an in 

vitro protease assay.  

Specifically, O-HeLa cells were transfected with pc.DNA3.1_RIPK1_FLAG with 

Lipofectamine2000 as per manufacturer’s instructions, as described in Section 2.2.9.2. This 

construct allows easy identification of the C-terminal portion of RIPK1 through the FLAG 

tag. After 16 hours of transfection, non-adherent and adherent cells were collected and lysed 

in lysis buffer as described for the anti-FLAG IP (Section 2.2.7.2). Collected lysate was 

incubated with 30units of HRV14 3C protease with provided cleavage buffer (Novagen, 

Table 2.7) for 6 hours at 37°C, as described in Section 2.2.8. FLAG-tagged constructs were 

pulled down through overnight incubation on magnetic beads with bound mouse anti-FLAG 

M2 antibodies and magnetic separation as described in Section 2.2.7.2. Unbound, pH eluted 

and heat-eluted fractions were eluted and processed for western blot analysis, as described in 

Section 2.2.5. Proteins were transferred to nitrocellulose membrane and incubated in primary 
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antibody specific to amino acids 611-625 of RIPK1; anti-RIPK1 C-terminal and anti-FLAG 

antibodies (Table 2.5) were used to confirm FLAG capture. Proteins were detected with ECL. 

An ~23kDa band, representative of the C-terminal of RIPK1, was present in the heat eluted 

fraction of cells transfected with RIPK1 and treated with the HRV 3C protease, (Figure 4.6). 

Additional bands of ~30kDa and ~74kDa were also present, probably representative of full-

length RIPK1 and the apoptotic RIPK1 fragment. There are many non-specific bands within 

the unbound fraction. As expected, the anti-FLAG M2 antibody bands (heavy and light) were 

present in the heat eluted and, to a smaller extent, in the pH eluted fractions, indicating that 

the capture antibody was present in those samples. The FLAG tag was present at the same 

molecular weight as the detected C-terminal RIPK1 band (Figure 4.6), clearly showing that 

3C cleaves RIPK1 to generate an ~23kDa C-terminal product.  
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Figure 4.6 HRV 3C cleaves exogenous RIPK1 and produces a C-terminal RIPK1 

fragments of ~23kDa. O-HeLa cells were transfected with a C-terminally FLAG tagged 

RIPK1 construct and lysates were collected after 16 hours. Lysates were treated with 

HRV14 3C protease for 6 hours at 37°C and purified with magnetic beads with bound anti-

FLAG antibodies. Three fractions were collected, unbound proteins, antibody bound 

proteins (pH eluted) and bead bound proteins (heat eluted). Samples were then processed 

for western blot analysis. Membranes were probed with primary antibodies; anti-RIPK1 C-

terminal, anti-FLAG as indicated to the right of the image. Molecular weights are indicated 

to the left of the blot. Data is representative of two similar experiments. 
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4.9 Discussion 

Data presented within this chapter demonstrate that the HRV16 and HRV14 3C protease 

cleave RIPK1 into an N-terminal fragment of ~50kDa and a C-terminal fragment of ~23kDa. 

The predicted molecular weights correspond with the putative cleavage of RIPK1 at 

glutamine 430. Additionally, the HRV mediated cleavage is not disrupted in apoptosis.  

The cleavage of host cell apoptotic factors by picornaviral proteases has been widely studied 

(as reviewed by Croft et al., 2017). A major component of intracellular communication of a 

cell death signal is the aggregation of adaptor proteins to form a complex with PRRs. The 

recruitment of specific adaptor proteins results in linking the sensing of PAMPs to the 

caspase cascade. As such, the proteolytic degradation of apoptotic adaptor proteins may 

attenuate apoptotic signalling.  

To examine the mechanism of cleavage of RIPK1 in infection a series of experiments were 

conducted. These experiments showed that the HRV16 3C protease is responsible for the 

cleavage of RIPK1 seen in infection.  

The infection of O-HeLa cells with HRV16 consistently resulted in the appearance of a novel 

N-terminal RIPK1 cleavage product of ~50kDa (Figure 4.1 and 4.2). The HRV genome 

encodes three proteases that are implicated in controlled proteolysis events towards cellular 

proteins; 2A, 3C and 3CD.  Infection with HRV16 in the presence of Rupintrivir (Figures 4.2 

A and 4.3 A) showed that Rupintrivir, a 3C inhibitor, reduced the appearance of the 

aforementioned RIPK1 cleavage product. This suggests that the aberrant processing of 

RIPK1 was not a cellular response to the virus, but an action of HRV 3C. On induction of 

apoptosis, RIPK1 is cleaved by caspase 8 at Aspartic acid 324, liberating the N-terminus 

from the death receptor complex (193), Figure 1.7. Caspase 8 cleaves the 74kDa protein into 

an N-terminal 36kDa and a C-terminal 38kDa fragment. This differs from the RIPK1 



Page 123 of 249 

 

cleavage product that was observed in HRV16 infected cells; ActoD induced apoptosis 

resulted in both the 36kDa (~40kDa) RIPK1 cleavage product (Figure 4.2 and 4.3) and 

caspase 3 activation (Figure 4.3). Consistent with RIPK1 cleavage being an early event in 

apoptosis, RIPK1 apoptotic cleavage occurs within 6 hours of ActoD treatment (9h.p.i., 

Figure 4.3) and there are consistent levels thereafter, however there appears to be increasing 

levels of caspase 3 cleavage products between 6 and 9 hours of ActoD treatment (9 and 

12h.p.i. respectively, Figure 4.20).  

The novel cleavage product of RIPK1 in HRV16 infected cells was downregulated with 

treatment with Rupintrivir (Figures 4.1 and 4.2), which also correlated with a decrease in the 

viral cleavage of PABP (Figure 4.2), the known substrate of HRV 3C. In samples treated with 

Rupintrivir, eIF4G, the known substrate of the HRV 2A protease, was still cleaved, showing 

the specific inhibition of 3C and not 2A with Rupintrivir treatment. The cleavage of RIPK1 

paralleled the cleavage of PABP but not 2A, further implicating HRV 3C as the protease 

responsible for the cleavage of RIPK1 in HRV16 infection. The maintained cleavage of 

eIF4G and the presence of the viral protein VP2 (Figure 4.2) show that there was still active 

HRV replication despite Rupintrivir treatment – thus showing that the lack of RIPK1 

cleavage product seen was not because there was no virus in those samples.  

Importantly, the cleavage of RIPK1 occurred by the HRV16 3C protease in infection (Figure 

4.2 and 4.3) and by the exogenous HRV14 3C protease (Figure 4.3 and 4.4). The cleavage of 

RIPK1 by two different HRV strains’ 3C protease indicates that it may be conserved between 

HRV strains. This highlights the cleavage of RIPK1 as an important step in establishing HRV 

infection within a cell. HRV 14 and HRV16 are both major group rhinoviruses, meaning that 

they utilise Intracellular-adhesion molecule-1 (ICAM-1) for attachment to the cell. However, 

HRV16 is an A species virus and HRV14 is a B species virus, which means that they are 

genetically distant on the basis of sequence analysis of partial viral capsid-coding regions and 
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some non-coding regions (72). The conserved cleavage of RIPK1 by two genetically distant 

HRV types eludes to this proteolytic action being conserved between all or most HRVs.  

To examine whether the processing of RIPK1 was cell-line specific, constructs encoding the 

HRV16 GFP-fussed 3C protease or an inactive HRV16 3C protease were transfected into 

lung alveolar adenocarcinoma cells, A549s. The 3C generated N-terminal RIPK1 cleavage 

product was evident in samples expressing the active 3C protease, but not the inactive form. 

The cleavage of RIPK1 by exogenous HRV 3C in multiple cell lines, (Figure 4.3 and Figure 

4.2) demonstrates that the cleavage event is not specific to O-HeLa cells. Furthermore, this 

experiment allowed the exogenous addition of the viral protease to the cellular environment 

without the cell being stimulated by any other viral process. As such, this shows that the 

novel processing of RIPK1 is by the viral protease and excludes the possibility that RIPK1 is 

cleaved by a cellular protein as a response to the viral associated molecular patterns.  

RIPK1 is an ~74kDa, multi-domain protein that participates in multiple cell death pathways, 

as reviewed in (216), Figure 1.7. The N-terminal domain of RIPK1 spans amino acids 1-312 

and is the kinase domain. The intermediate domain of RIPK1, amino acids 312-582, has 

multiple functions. Firstly, Lysine 377 is subject to polyubiquination, which forms a chain for 

pro-survival proteins to bind. Within the intermediate domain is the receptor-interacting 

homotypic interaction motif (RHIM), where an analogous region on RIPK3 binds to promote 

necroptosis. The region of RIPK1 from 583-669 is the death domain, where the pro-apoptotic 

protein TRADD, binds. Analysis of the HRV3C cleavage site is essential to understanding 

whether said cleavage has functional implications as well as structural.  

An in silico sequence analysis shows 3 putative 3C cleavage sites within RIPK1; Glutamine 

39, Glutamic acid 85, and Glutamine 430. Cleavage of RIPK1 by 3C at Glutamine 430 would 

produce an N-terminal cleavage product of 49kDa and a C-terminal cleavage product of 
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26kDa. These approximate molecular weights are comparable to the cleavage products seen 

in infection and in-vitro protease assays (Figure 4.3 and Figure 4.4, respectively). The epitope 

of the RIPK1 antibody (Pierce) used in Figures 4.2 and 4.4 is undisclosed by the 

manufacturer, so a C-terminally FLAG tagged RIPK1 construct and an antibody specific to 

amino acids 611-625 was used to confirm the ~26kDa cleavage product seen in Figure 4.2 

and 4.4 as the C-terminal of RIPK1. Figure 4.6 shows that the ~26kDa RIPK1 cleavage 

product was recognised by the antibody to amino acids 611-625 of RIPK1, confirming it as 

the C-terminal of RIPK1. Together with the N-terminal antibody detecting a cleavage product 

of ~50kDa (Figure 4.2), it can be concluded that RIPK1 is cleaved by 3C at position 430 to 

produce two fragments of ~50kDa and ~ 26kDa.  

4.10 Conclusion 

The cleavage of RIPK1 was not cell line specific, and was identified to be caused by the 

HRV 3C protease of both HRV 16 and HRV 14 – two major group rhinoviruses belonging to 

different rhinovirus species. Exogenous 3C protease expression identified that the cleavage of 

RIPK1 by 3C did not require any prior stimulation of the cell by the virus. RIPK1 has 3 

domains, and it was identified that RIPK1 is cleaved by HRV 3C within the intermediate 

domain at position 430. This may potentially disrupt RIPK1 signalling, particularly apoptotic 

signalling.    
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5 RIPK1 Activation Affects HRV16 Replication 

5.1 Introduction  

The restriction of viral infection can be achieved by elimination of infected cells though 

controlled cell death, apoptosis. Adenovirus infection models have clearly shown that 

expression of apoptotic proteins and the induction of apoptosis is a response to Adenovirus 

infection, and that the subsequent cell death limits viral particle release (306). Poliovirus 

replication has been shown to be significantly (103 fold (307)) decreased with the chemical 

induction of apoptosis. Notably, this decrease was observed in whole cell and culture media 

extracts, indicating that there is an overall decrease in the production of infectious viral 

particles on apoptosis induction (307, 308).  

Viruses are obligate on the cellular machinery for viral replication and processes (as reviewed 

in (309). HRV in particular, only encodes 11 structural or non-structural proteins.  For other 

viral processes such as protein synthesis (45), HRV is reliant on cellular factors and reduction 

in cellular processes that is seen in apoptosis (310) may limit the reliant viral processes.  

Late stage apoptosis culminates in the rearrangement of the cytoskeleton and the pinching off 

of the plasma membrane, resulting in free apoptotic bodies containing degraded cellular 

components. Immune cells are then able to phagocytose and chemically digest these 

apoptotic bodies. Phagocytosis of apoptotic bodies from an infected cell is a mechanism of 

viral clearance (311). This is detrimental to the virus establishing multiple rounds of infection 

on a multicellular level.  

There is little research showing the effect of apoptosis on HRV. A study by Deszcz et al. 

(2004) shows that overall HRV titre was not decreased with chemical induction of apoptosis; 

however fewer infectious viral particles were released from the cell (245). This suggests that 

apoptosis disrupts the release of the virus, however without dampening viral protein or RNA 
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synthesis, or viral assembly. Further work examining the effect of apoptosis on each stage of 

the HRV replication cycle is required.  

5.2 Hypothesis and Aims 

5.2.1 Hypothesis  

We hypothesise that the induction of apoptosis decreases HRV replication and that this 

decrease will be due to the restriction of a particular stage in the HRV replication cycle.  

5.2.2 Aims  

The hypothesis was tested through the following aims. The specific aims for this chapter are: 

1. To understand whether HRV16 replication is affected by chemical induction of 

apoptosis. 

2. To identify whether RIPK1 plays a key role in affecting HRV16 replication in 

induced apoptosis. 

3. To understand what aspect of viral replication is altered by chemical induction of 

apoptosis.  

  



Page 130 of 249 

 

5.3 Experimental Design  

 

 

 

 Figure 5.1 Experimental design O-HeLa cells were cultured and infected with HRV 16 for 1 

hour. Inoculum was removed and replaced with media. At 1h.p.i. cells were treated with 

Necrostatin-1 (Nec-1) to inhibit RIPK1 activity, or remained untreated. At 3h.p.i. cells were 

treated with Actinomycin D or remained untreated. At 4h.p.i. cells were treated with Caspase 

8 inhibitor or remained untreated. At indicated timepoints cells were frozen to release virus 

and determine viral replicative ability with viral titration. To determine what stage of viral 

replication is affected by apoptosis O-HeLa cells were cultured and infected with HRV16 for 

1 hour. Inoculum was removed and replaced with media. At 3h.p.i. cells were treated with 

Actinomycin D or remained untreated. At indicated timepoints cells were either; lysed and 

processed for western blot analysis to determine viral protein synthesis or separated from 

supernatant and frozen to release virus and determine viral replicative ability with viral 

titration.  
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5.4 Apoptosis Induction Affects HRV16 Replication  

To confirm whether chemically induced apoptosis affects HRV16 replication, infection 

timecourse experiments were conducted in the presence or absence of Actinomycin D 

(ActoD).  

Specifically, O-HeLa cells were grown in 35mm dishes until ~80% confluent. Cells were 

infected with HRV16 at an M.O.I. of 3.  At 3h.p.i. infected cells were treated with 

Actinomycin D or remained untreated as control. At indicated timepoint virus cultures were 

frozen at -80°C to lyse cells and release virus. Cultures were thawed and clarified from 

cellular debris. Viral titres (TCID50/mL) were determined by titration as described in Section 

2.2.4.1. Titres are expressed as the mean, +/- standard error of the mean (SEM), of three 

independent experiments.  

HRV16 titre with and without ActoD treatment over the course of 24 hours is shown in 

Figure 5.2. Infectious viral particles of untreated samples dipped at 3h.p.i. but increased until 

9h.p.i. where it plateaued until 24h.p.i. Viral titre from cells treated with ActoD was 

comparable to the untreated control at 6h.p.i. At 9h.p.i. viral titre was reduced significantly 

(p=0.026), in ActoD treated samples as compared to untreated controls. At 24h.p.i. there was 

no increase in viral titre relative to 9h.p.i. with ActoD treatment, indicating that infectious 

virus production had ceased. At 24h.p.i. viral titres from samples treated with ActoD were 

significantly less (p=0.029) than those that remained untreated.  
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Figure 5.2 HRV16 titre is reduced with ActoD treatment. O-HeLa cells were infected with 

HRV16 at an M.O.I. of 3. At 3h.p.i. cells were treated with ActoD or remained untreated as 

control. At indicated timepoint, cultures were frozen. Virus was clarified from cells lysates 

and titrated in triplicate. Mean viral titres were calculated and expressed as the mean +/- 

SEM. * denotes statistical significance between treated and untreated groups at the indicated 

timepoint and accepted at p<0.05. Data is representative of three independent experiments. 

An unpaired 2 tailed t-test was used to determine statistical significance. Data presented here 

is also presented in Figure 2.E. 
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5.5 Apoptosis Effects Cell-Associated Virus but Not Viral Release or Protein 

Synthesis  

To determine what part of the viral replication cycle is impacted with apoptosis, O-HeLa 

cells were infected with HRV16, followed by induction of apoptosis. Subsequently, viral 

protein synthesis and infectious viral particles were measured.  

O-HeLa cells were grown to 80% confluency and infected with HRV16 at an M.O.I. of 3, or 

remained uninfected as a control. At 3h.p.i. infected or infected cells were treated with ActoD 

at 5µg/mL or remained untreated as control. At experimental timepoint cells were washed 

once in cold PBS and lysed in RIPA buffer for protein collection. Proteins were processed for 

western blot analysis. Proteins were separated on a 12.5% polyacrylamide gel and transferred 

to nitrocellulose membrane. The membrane was probed with mouse anti-VP2 antibodies to 

determine viral protein synthesis. Tubulin was included as a loading control. Experiments 

were repeated three times and the relative band intensities of band representative of VP2 were 

estimated relative to corresponding tubulin band with ImageJ.  

VP2 bands (20kDa and 40kDa) were detected in all samples subject to infection with HRV16 

regardless of treatment with ActoD (Figure 5.3, lanes 1-5 and 7-11), indicating that ActoD 

did not abolish viral protein synthesis. Higher molecular weight VP2 bands were present in 

samples subject to infection for 9 hours or less (lanes 3, 4, 9 and 10), indicating the presence 

of an immature VP2 precursor protein in those samples. Quantitation of the ~40kDa VP2 

band as normalised to corresponding tubulin, as shown in Figure 5.3B). At 9h.p.i. there was 

similar levels of VP2 detected in treated and untreated samples, and at 24h.p.i. there was, 

non-significantly increased VP2 production with ActoD treatment as compared to untreated 

controls, indicating that ActoD may increase viral protein synthesis.   
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Figure 5.3 Viral protein synthesis does not decrease with ActoD treatment. A) O-HeLa cells 

were infected with HRV16 at an M.O.I. of 3. At 3h.p.i. cells were treated with ActoD or 

remained untreated. At indicated timepoints, cells were lysed and processed for western blot 

analysis. Membrane was probed with anti-VP2 antibodies to detect viral protein synthesis. 

Anti-tubulin antibodies were included as a loading control. B) Band intensities of the ~40kDa 

VP2 band detected in A) of the 9 and 24h.p.i. or 24 hour mock (24M). timepoints were 

estimated using ImageJ and normalised to corresponding tubulin band. Values are expressed 

as arbitrary units normalised to tubulin. Molecular weights are to the left of the blot in 

kilodaltons (kDa) and protein of interest to the right. Data is representative of three 

independent experiments. Data presented here is also presented in Figure 2.E. 
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To determine whether the release of virus is impacted by apoptosis induction, supernatants 

from infected and ActoD treated cells was separated from cell monolayers and both analysed 

for viral titre.  

O-HeLa cells were grown to 80% confluency and infected with HRV16 at an M.O.I. of 3, or 

remained uninfected as a control. At 3h.p.i. infected or infected cells were treated with ActoD 

at 5µg/mL or remained untreated as control. At experimental timepoint supernatant was 

removed from cell monolayer and collected in a fresh plate. An equivalent volume of DMEM 

supplemented with 2%FBS and PSN was added to the cell monolayers. Both plates were 

frozen at -80°C. Cultures were thawed and clarified from cellular debris. Viral titres 

(TCID50/mL) were determined by titration as described in Section 2.2.4.1, in triplicate. 

Titres are expressed as the mean, +/- standard error of the mean (SEM).  

HRV16 collected from the supernatant of ActoD treated or untreated samples was of a similar 

titre at all timepoints. At 12 and 24h.p.i., virus from the supernatant of cells treated with 

ActoD was of a slightly higher titre, however this difference was not significant (p= 0.4 and 

p=0.5, respectively). Cell associated HRV16 collected from treated cells was of a lower titre 

at all timepoints, however only significantly lower at 24h.p.i. (p=0.03).  

Together, this data suggests that apoptosis does not directly decrease the release of infectious 

HRV at 24h.p.i., however reduces the amount of infectious virus within the cell at 24h.p.i.  
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Figure 5.4 Released HRV remains constant with ActoD treatment but cell associated virus 

decreases. O-HeLa cells were infected with HRV16 at an M.O.I. of 3. At 3h.p.i. cells were 

treated with ActoD at 5µg/mL or remained untreated. At indicated timepoint, supernatant 

was collected and equivalent volume of media added to cells. Both cell cultures and 

supernatants were frozen. Samples were thawed, titrated in triplicated and titres calculated. 

Values expressed are the mean +/- SEM.  Data is representative of three independent 

experiments. An unpaired 2 tailed t-test was used to determine statistical significance. 
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5.6 Activation of RIPK1 with Subsequent Inhibition of RIPK1 or Caspase 8 

Does Not Affect HRV16 Replication 

To determine whether caspase 8 or RIPK1 play a role in the apoptotic-induced dampening of 

HRV16, experiments were conducted analysing viral replication with combinations of an 

apoptosis inducer and caspase 8 and/or RIPK1 inhibitors.  

O-HeLa cells grown to 80% confluency were infected with HRV16 at an M.O.I. of 3. At 

2h.p.i., cells were treated with the RIPK1 inhibitor Necrostatin-1 (Nec-1), at 50µM, or 

remained untreated as control. At 3h.p.i. both Nec-1 treated and untreated cells were treated 

with ActoD at 5µg/mL or remained untreated as control. In an additional series of 

experiments, cells were infected and treated with ActoD as described above. At 4h.p.i. 

untreated and ActoD treated cells were treated with caspase 8 inhibitor or remained untreated 

as control.  At 24h.p.i. virus cultures were frozen at -80°C. Thawed virus cultures were then 

clarified from cellular debris by centrifugation at 4000rpm for 15minutes at 4°C. Viral titres 

(TCID50/mL) were determined by titrating virus in triplicate as described in Section 2.2.4.1. 

Viral titres are expressed as the mean +/- standard error of the mean. Statistical significance 

was determined by ordinary one-way ANOVA and accepted at p=0.05.  

ActoD treatment alone reduced viral titre significantly as compared to untreated control in 

both sets of experiments, (p = 0.0277, Figure 5.5A and p=0.0015, Figure 5.5B).As shown in 

Figure 5.5 A), the inhibition of caspase 8 alone also reduced viral titre significantly 

(p = 0.0387), however the treatment of cells with ActoD followed by caspase 8 inhibitor 1 

hour later, did not result in a significant decrease in viral titre as compared to untreated 

control. As shown in Figure 5.5 B), ActoD reduced HRV titre as compared to the untreated 

control (p = 0.0015), Nec-1 treatment alone (p = 0.125) and the combination of Nec-1 and 

ActoD treatment (p = 0.0374).  Treatment of infected cells with Nec-1 alone did not reduce 



Page 138 of 249 

 

viral titre and combination treatment of cells with Nec-1 and ActoD did not result in any 

change in viral titre as compared to untreated control. 

Together, this data shows that apoptosis decreased HRV replication however, this decrease 

was not observed when caspase 8 or RIPK1 was inhibited. This data suggests that the cell 

death that is detrimental to HRV infection proceeds through caspase 8 and RIPK1. 

Importantly, the first hour of caspase 8 activation was also not detrimental to HRV 

replication, thus any apoptotic event occurring within the first hour of caspase 8 activation 

may be subverted by HRV.  
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Figure 5.5 HRV16 replication is only downregulated with activation of apoptosis alone. O-

HeLa cells were infected with HRV16. B) At 2h.p.i. cells were treated with Necrostatin-1 or 

remained untreated as control. A and B) At 3h.p.i. infected cells were treated with ActoD or 

remained untreated. A) At 4h.p.i. infected and/or treated cells were treated with caspase 8 

inhibitor A and B) at 24h.p.i. virus cultures were frozen. Virus was thawed and clarified 

before determining viral titre by titration. Titres were calculated and expressed as the mean 

+/- standard error of the mean. Statistical significance was accepted at p<0.05. * and * 

denotes statistical significant difference between compared groups, ns – not significant. Data 

is representative of three independent experiments. A one-way ANOVA was used to determine 

statistical significance. 
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5.7 Caspase 8 Cleavage Occurs Early in ActoD Induced Apoptosis  

To understand the impact of one hour of caspase 8 activation on the cell (to validate results 

seen in Figure 5.5), a set of experiments were conducted to examine the timing of RIPK1 

activation in ActoD induced apoptosis.  

Specifically, O-HeLa cells were treated with ActoD at concentrations of 5, 10 and 15µg/mL 

or remained untreated for 30, 60 or 180 minutes. At experimental timepoint cells were 

washed once in cold PBS and lysed in RIPA buffer for protein collection.  

Proteins were processed for western blot analysis as described in Section 2.2.5 and were 

separated on a 12.5% polyacrylamide gel and transferred to nitrocellulose membrane. The 

membrane was probed with rabbit anti-RIPK1 antibodies, rabbit anti-caspase 3 antibodies or 

mouse anti-caspase 8 antibodies. Tubulin was included as a loading control. The relative 

band intensities of bands representative of full length RIPK1, full length caspase 8 or full 

length caspase 3 were estimated relative to corresponding tubulin band with ImageJ.  

Complete cleavage of full length caspase 3, 8 or RIPK1 was not observed by any 

concentration or length of time of ActoD treatment (Figure 5.6 A), lanes 2-10). In no sample 

was the cleavage product of caspase 3, 8 or RIPK1 seen, probably because at these early 

timepoints the accumulated amount of each cleavage product is below the detection limit of 

western blots.  Full length caspase 3, 8 and RIPK1 were also detected in the untreated control 

(lane 1).  At 30 minutes of treatment with ActoD at 5µg/mL, there was a spike in all three 

proteins analysed, (Figure 5.6 A) and B), lane 2). The lowest level of RIPK1 detected was at 

60 minutes at 5µg/mL (lanes 5) with a slight increase in amount detected with all 

concentrations and preceding timepoints (lanes 6-10). There was a reduction in full length 

caspase 8, as compared to control, in all concentration samples, at all timepoints except the 

spike at 30 minutes post 5µg/mL treatment (lanes 3-10). The loss in caspase 8 was stable 
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until 180 minutes of treatment with 15µg/mL (lane 10). The loss in caspase 3 did not vary 

greatly from the untreated control, although there was a slight decrease in amount at 

10µg/mL at 60 minutes (lane 6) and 180 minutes of ActoD treatment at 15µg/mL (lane 10). 

Together this data suggests that caspase 8 and RIPK1 cleavage occurs within the first 30 

minutes of ActoD induced apoptosis, whereas caspase 3 activation is delayed until 60 

minutes.   
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Figure 5.6 RIPK1 activation occurs prior to caspase 3 activation. A) O-HeLa cells were 

treated with ActoD at concentrations of 5, 10 or 15µg/mL. At indicated timepoints, cells were 

lysed and processed for western blot analysis. Membrane was probed with anti-caspase 3, 

anti-RIPK1 and anti-caspase 8 antibodies to detect sequential apoptosis induction. Anti-

tubulin antibodies were included as a loading control. B) Band intensities of full-length 

caspase 3, RIPK1 or caspase 8 band detected in A) was estimated using ImageJ and 

normalised to corresponding tubulin band. Values are expressed as arbitrary units 

normalised to tubulin. Data is representative of three independent experiments (B) or one 

experiment from 3 similar experiments. 
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5.8 Discussion  

The data presented within this chapter first establishes that HRV replication is decreased with 

ActoD treatment. The decrease in HRV titre was not observed when also treated with a 

caspase 8 inhibitor or a RIPK1 inhibitor, 1 hour after ActoD treatment. RIPK1 and caspase 8 

activation was shown to occur within the first hour of ActoD induced apoptosis. The 

aforementioned experiments examined infectious viral particles, in order to identify the step 

in the viral replication cycle that is downregulated with apoptosis, a series of experiments 

were conducted looking at viral protein synthesis and viral release.  These experiments have 

shown that viral protein synthesis and viral release are not decreased with ActoD treatment, 

but virus particles retained within the cell are, eluding to an apoptotic disruption of viral RNA 

synthesis or capsid assembly.   

The induction of apoptosis has been reported to reduce viral replication (312), however few 

studies report the effect apoptosis has on the replication of Picornaviruses. Here we show that 

chemically inducing apoptosis with ActoD treatment reduces the production of infectious 

viral particles (Figure 5.2 and 5.5). Notably, ActoD has been shown to induce apoptosis 

within 4-5 hours of treatment (308), correlating with the decrease in viral titre seen at 9h.p.i 

(6 hours post ActoD treatment, Figure 5.2). The greatest difference in viral titre was seen at 

24h.p.i. (Figure 5.2), and as such was chosen for further experiments examining total 

infectious viral production. A 2005 study by Desczcz et. al reported that inducing apoptosis 

did not reduce overall HRV titre, however did reduce release of the virus (245); this is 

contradictory to results presented here as there was a decrease in total viral replication with 

apoptosis induction. The discrepancy between presented results could be attributed to the 

amount of virus used to infect cells (TCID50/mL= 100 (245), and M.O.I. = 3 in this study), 

or the serotype of HRV used, HRV14 (245) and HRV16 within this study. To study whether 

the same reduction in released virus was observed when apoptosis was induced or to 
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determine the stage in the viral replication cycle a series of experiments observed HRV 

translation, assembly and release with and without the induction of apoptosis.  

Interestingly, with the induction of apoptosis, there was an increase in viral protein synthesis 

from 9-24h.p.i., Figure 5.3 B). This finding shows that viral translation is not decreased and 

as such the decrease in infectious viral particles observed (Figure 5.2) cannot be attributed to 

insufficient protein production. Importantly, HRV protein synthesis is dependant on cellular 

factors – the RNA genome is translated into a large polyprotein through ultilisation of 

eukaryotic initiation factors, thus sufficient cellular activity still remained for viral protein 

production (313). Viral protein synthesis increased between timepoints, Figure 5.3 B), 

indicating that the proteins detected were not residual from before the induction of apoptosis 

and there was continual synthesis of new viral proteins.  

There was no difference in virus release with apoptosis induction as there were comparable 

amounts of infectious virus at corresponding timepoints, in treated and untreated groups 

(Figure 5.4B). Interestingly, as the titre at a particular timepoint is the culmination of titres of 

all timepoints up to that point, this data suggests that viral release stalls early in infection, in 

both treated and untreated groups (Figure 5.4 B), or released virus is re-infecting other cells. 

Cell-associated virus generally increased in untreated cells, and with the exception of 

however is only significantly increased at 24h.p.i., virus from ActoD treated cells generally 

decreased with each timepoint, (Figure 5.4 B). Together this data suggests that firstly, in the 

untreated control – infectious virus particles are contiually being assembled, but are restricted 

in the rate they are released from the cell, due to the plateau in titres from supernatants, 

Figure 5.4 B), or that repeated rounds of infection mean that virus is being consistently 

released, but quickly enters a new cell for the second round of infection. Secondly, the 

decrease in cell-associated virus across timepoints with ActoD treatment, but the maintained 

level of released virus suggests that virus was released from the cell, but the cell was unable 
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to produce more infectious viral particles. As the measured viral titre at a particular timepoint 

is a culmination of titres virus at all previous timepoints, a decrease in cell-associated 

infectious viral particles indicates that apoptosis may have a role in degrading the already 

produced but not released infectious virus particles. There is no current literature to support 

or reject either hypotheses.  

Total cell-associated and released virus were combined for experiments examining the 

specific effect of caspase 8 and RIPK1 activation, as the examination of all infectious virus 

particles produced is the most informative to understand alterations in viral replication.  

The induction of apoptosis consistently reduced infectious viral production (Figure 5.2, 5.5 

and 5.6) at 24h.p.i. However the inhition of caspase 8 1 hour post apoptosis induction 

resulted in infectious viral production no different from the untreated control. Together this 

data suggests that although commiting the cell to apoptosis reduces viral titre, the first hour of 

apoptosis induction and then inhibition of caspase 8 does not. Two hypotheses can be 

inferred from this data: 1) that the apoptosis that is detrimental to viral replication occurs 

through caspsase 8 and 2) that the caspase 8 induced events within the first hour of activation 

are not detrimental to the virus. To further analyse the effects of caspase 8 induced apoptosis, 

the experiment was repeated substituting the RIPK1 inhibitor Necrostatin-1 for the caspase 8 

inhibitor. Similar results were observed, in that, treatment of infected cells with ActoD alone 

resulted in decreased viral titre, but treatment with a combination of Necrostatin-1 and ActoD 

resulted in no comparable decrease of infectious viral particle production. This highlights 

RIPK1 as an essential component of the ActoD induced apoptosis pathway that is detrimental 

to HRV infectious viral particle production. The timing of initial RIPK1 activation in ActoD 

induced apoptosis was confirmed to be an early event, as a decrease in full-length RIPK1 was 

observed within 30-60 minutes of ActoD treatment (Figure 5.6). And as the first hour of 
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ActoD induced apoptosis was not detrimental to HRV infectious viral production, it can be 

inferred that events within the first hour of apoptosis are able to be countered by HRV.  

5.9 Conclusion  

Together this data suggests that HRV16 replication is decreased with apoptosis, and this is 

likely not a result of decreased viral protein synthesis or decreased virus release. 

Additionally, the first hour of ActoD treatment, with subsequent inhibtion of RIPK1 or 

caspase 8 did not reduce HRV16. This indicates that the detrimental effects of ActoD induced 

apoptosis occur in a caspase 8 and RIPK1 dependent manner, but the first hour of apoptosis is 

not detrimental to HRV replication. As RIPK1 activation by capsase 8 occurs within the first 

hour, alterations of this protein by HRV16 may provide a mechanism by which it dampens 

apoptosis induction.  
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6 RIPK1 Cleavage is Conserved Across Different HRV Strains 

6.1 Introduction  

The Human Rhinovirus genus consists of three species of small, positively sensed (+) single 

strand RNA viruses. The three species are classified based on the phylogenetic relationships 

determined by primary genome sequence conservation. HRV C is the most recently 

discovered Rhinovirus species makes up 33.3% of all HRVs and is associated with the most 

severe disease and asthmatic states (275). Due to receptor specificity, HRV C is unable to be 

cultured in non-transgenic O-HeLa cells (14) and as such this chapter will focus on HRV A 

and B viruses. Viruses are designated into HRV-A and B species, collectively, based on 

whether the nucleotide sequence conservation is over 70% for the coding regions of genome 

regions P1, 2C and 3CD (11) and classification into either A or B is based on the sequence of 

the VP1 or VP2/4 proteins.  In 2015, there were 78 recognised types of HRV-A and 30 of 

HRV-B (11). As mentioned, the 3CD region is used for classification into A and B groups, 

however there can still be variation within this region between A and B groups, with non-

structural proteins having varying mutation rates (11).  Any differences in sequence identity 

within the 3CD region, the genome region that encodes the 3C and precursor 3CD protease, 

could lead to dissimilarity in enzymatic activity of the protein. As such it is important to 

examine infection of multiple HRV-A and HRV-B viruses to fully understand whether any 

viral process involving the 3C protease towards the cell is conserved.    

Independent of the phylogenetic classification, HRVs are classified into groups based on the 

host cell surface proteins utilised by the virus for attachment to the cell. Major group HRV, of 

which there are 89 HRV- A and B viruses, bind intracellular-adhesion molecule-1 (ICAM-1). 

The minor group HRV, 10 HRV-A viruses, bind low-density lipoprotein receptor (LDLr) or 

related family members (13). Importantly, the mechanism of viral entry to the cell differs on 
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the basis of the receptor that is first used for attachment. Minor group HRV, which attach via 

LDLr are internalised via clatherin-mediated endocytosis – the physiological means of low-

density lipoprotein uptake into the cell. The internalisation pathway of major group HRV is 

less likely to be by endocytosis but is not as consistently defined than the pathway for minor 

group HRV. Studies have shown that the internalisation pathway of major group HRV is cell-

specific (61, 314) and that viruses can overcome selective entry inhibition by hijacking 

multiple entry pathways (64).  

The difference in viral entry pathways induces differential cellular responses (10). When 

genetically similar HRVs major and minor group HRVs (11) were used for infection studies, 

it was shown that viral induced cellular gene expression differed between major and minor 

groups and this also correlated with differential cytokine release and transcription factor 

phosphorylation (10). The induction of different cellular responses was also consistent 

between two major HRVs and between 2 minor HRVs. The induction of different cellular 

responses due to different entry pathways highlights the importance of studying HRVs from 

both major and minor groups in any study examining viral immune response induction and/or 

subsequent countermeasures.  

6.2 Hypothesis and Aims 

6.2.1 Hypothesis  

The RIPK1 cleavage by the HRV16 3C protease will be conserved between major and minor 

HRV serotypes and may provide a universal mechanism for HRV restriction of apoptosis.   

6.2.2 Aims 

The hypothesis was tested through the following aims. The specific aims for this chapter are: 
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1. To examine whether the novel cleavage of RIPK1 that was seen in HRV16 infection 

occurs in infection by other HRV serotypes of both A and B species and of both major 

and minor groups. 

2. To identify whether the 3C protease from different HRV serotypes is responsible for 

the cleavage of RIPK1. 

3. To elucidate any differences in the response of HRV serotypes to induced apoptosis. 
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6.3  Experimental Design 

 

  

Figure 6.1 Experimental design. O-HeLa cells were cultured and infected with multiple 

HRVs for 1 hour. Inoculum was removed and replaced with media. At 2h.p.i. cells were 

treated with Necrostatin-1 or remained untreated. At 3h.p.i. cells were treated with 

Actinomycin D or remained untreated. At 4h.p.i. cells were treated with caspase 8 inhibitor 

or remained untreated. At 6h.p.i. cells were treated with Rupintrivir or remained untreated. 

At indicated timepoints cells were either; lysed and processed for western blot analysis to 

determine RIPK1 cleavage and viral protease activity, collected and processed for flow 

cytometry to determine apoptosis or necrosis induction, or frozen to release virus and 

determine viral replicative ability with viral titration. *HRV83 was included only in initial 

protein (western blot) analysis experiments.  
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6.4 RIPK1 is Cleaved in Infection by Different Human Rhinovirus Strains 

To examine whether RIPK1 is cleaved by multiple HRV serotypes, Ohio-HeLa cells were 

infected with HRVs from A and B species and major and minor groups and proteins were 

collected for western blot analysis investigating RIPK1 cleavage.  

Specifically, Ohio-HeLa cells were grown overnight to ~80% confluency and media was 

removed. Cells were washed once and infected with HRV16, HRV2, HRV83, HRV2 or 

HRV1B as described in Section 2.2.3., or remained uninfected as control. Based on previous 

growth curve kinetics (Figure 5.2), four timepoints were chosen for HRV12, 2, 14 and 1B. 

Due to an inability to grow HRV83 to a high titre, two timepoints were chosen for HRV 83. 

At 6, 9, 12 and 24h.p.i. for HRV16, 2, 14 and 1B and 12 and 24h.p.i. for HRV83, media was 

removed and cells were washed once with cold PBS. Cells were lysed in RIPA buffer and 

processed for western blot analysis as described in Section 2.2.5. Proteins were separated on 

a 12.5% or 8% polyacrylamide gel when detecting RIPK1 cleavage products or known viral 

protease substrates, respectively. Proteins were transferred to nitrocellulose membrane. 

Membrane was robed with primary antibodies; rabbit anti-RIPK1 N-terminal antibodies were 

used to detect full length and RIPK1 cleavage products, mouse anti-PABP and rabbit anti-

eIF4G antibodies were used to confirm 3C and 2A protease activity, respectively. Tubulin 

was included as a loading control. After primary antibody incubation, blots were incubated in 

HRP conjugated secondary antibody specific to the species of primary antibodies. Bound 

antibodies were detected with ECL and visualised on the Li-Cor Odyssey protein detection 

system with Image Studio version 4 software. 

As shown in Figure 6.2 A), full length RIPK1 (~80kDa) was detected in all samples (lanes 1-

20). An N-terminal RIPK1 cleavage product of ~50kDa was detected in all infection samples 

over 9 hours of infection (lanes 3-5, 7-9, 11-13, 16-20). In samples infected with HRV83 and 
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HRV14 (lanes 11-13 and 12-24), a second RIPK1 cleavage product of ~45kDa was detected 

suggesting two possible viral cleavage sites within RIPK1. In samples subject to infection 

with HRV16 (lanes 3-5), HRV2 (lanes 7-9) and HRV1B (lanes 17-18) another RIPK1 

cleavage product ~40kDa was detected – potentially the caspase 8 generated RIPK1 cleavage 

product.  

As shown in Figure 6.2 B) full length PABP (~80kDa) was detected in all samples (lanes 1-

20). As compared to control, 3 additional PABP bands were detected, in all samples subject 

to infection with any HRV serotype for 9 hours or longer (lanes 3-5, 7-9, 11-13, 16-20). As 

PABP is a known substrate of the HRV 3C protease this confirms the HRV 3C protease was 

active in all infection samples. As shown in Figure 6.2 C) analysis of the known HRV 2A 

protease substrate eIF4G, showed that in all samples full length eIF4G was detected (lanes 1-

20). As compared to control (lane 1 and lane 14), additional lower molecular weight bands 

(~120kDa) indicative of eIF4G cleavage products were present in all samples subject to 

infection with any tested HRV serotype for 6 hours of infection or longer. As eIF4G is a 

known substrate of HRV2A, this confirms HRV 2A protease activity.  
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Figure 6.2 HRV16, 2, 14, 1B and 83 cleaves RIPK1 into an N-terminal fragment of 

~50kDa. O-HeLa cells were infected with HRV16, 2, 14, 1B and 83 at an M.O.I. of 3, or 

remained uninfected. At indicated timepoint, cell lysates were collected and processed for 

western blot analysis. Membranes were probed with A) primary anti-RIPK1 N-terminal 

examine RIPK1 cleavage; B) primary anti-PABP antibodies to confirm 3C protease activity, 

or C) anti-eIF4G antibodies to confirm 2A protease activity. Anti-tubulin antibodies were 

included as a loading control. Proteins were detected with ECL. Molecular weights are to the 

left of the blot in kilodaltons (kDa) and protein of interest to the right. Data is representative 

of three independent experiments. 
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6.5 RIPK1 Cleavage by Different HRV Strains is Inhibited with Rupintrivir 

Treatment 

Previous experiments in Section 6.4 have shown that infection with any tested HRV strain 

results in cleavage of RIPK1. These strains were chosen as there are representative strains 

of A and B species and major and minor groups. This cleavage was shown to parallel 

active viral infection as determined by cleavage of known 2A and 3C protease substrates. 

To identify whether RIPK1 cleavage was specific to 3C activity as described in HRV16 

infection (Chapter 4) infected cells were treated with the HRV3C inhibitor Rupintrivir. 

Specifically, Ohio-HeLa cells grown to ~80% confluency were infected with HRV16, 2, 

14 and 1B at an M.O.I. of 3 as described in Section 2.2.3. At 3h.p.i. infected and 

uninfected cells were treated with ActoD at 5µg/mL or remained untreated as control. At 

6h.p.i. infected and uninfected cells were treated with Rupintrivir at 1µM to inhibit the 

HRV 3C protease. At 12h.p.i. media was removed and cells were washed once with cold 

PBS. Cells were lysed in cold RIPA buffer and processed for western blot analysis as 

described in Section 2.2.5. Proteins were separated on a 12.5% or 8% polyacrylamide gel 

for detection of viral cleavage products or cleavage of known HRV protease substrates 

respectively and transferred to nitrocellulose membrane. To detect full length and 

aberrant processing of RIPK1 membranes were probed with primary rabbit anti-RIPK1 

N-terminal antibodies. To detect apoptosis induction blots were probed with primary 

rabbit anti-caspase 3 antibodies. To confirm HRV 3C activity or inhibition primary 

mouse antibodies specific to the known HRV 3C substrate PABP were included. Tubulin 

was included as a loading control. Bound antibodies were detected with ECL. Bands were 

visualised on Li-Cor odyssey imaging system with image studio version 4 software.  
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As shown in Figure 6.3 A) full length RIPK1 (~80kDa) was detected in all samples (lanes 

1-20). An additional RIPK1 cleavage product (~50kDa) was present in all infection 

samples without treatment or infection with ActoD treatment alone (lanes 2-5, 6, 7 and 

10), except HRV14 with ActoD treatment (lane 9). An extra RIPK1 band indicative of a 

lower molecular weight RIPK1 (~45kDa) cleavage product was detected in all samples 

infected with HRV14 without ActoD (lanes 4 and 14). With treatment of uninfected or 

infected cells with Rupintrivir alone the ~50kDa RIPK1 cleavage product was not 

detected in any sample (lanes 11-15), however the ~45kDa RIPK1 cleavage product was 

detected in HRV14 infection samples (lane 14). All samples treated with ActoD 

regardless of infection or Rupintrivir treatment, resulted in the detection of a RIPK1 

cleavage product of ~35kDa corresponding with the caspase 8 RIPK1 cleavage product 

(lanes 6-10 and 16-20). Full length caspase 3 was detected in all samples (lanes 1-20) and 

active caspase 3 (17kDa) was detected in all ActoD treated samples (lanes 6-10 and 16-

20). 

As shown in Figure 6.3 B) the cleavage of HRV 3C and 2A substrates are examined. 

HRV 2A protease activity was confirmed through detection of the known 2A protease 

substrate eIF4G. Full length eIF4G and no lower molecular weight cleavage products 

were detected in samples that remained uninfected, untreated or treated with Rupintrivir 

alone (lanes 1 and 11).  Infection with or without ActoD and Rupintrivir treatment 

resulted in multiple eIF4G cleavage products (lanes 2-5, 7-10, 12-15 and 17-20), 

confirming 2A protease activity and active HRV infection. ActoD treatment alone 

produced cleavage products dissimilar from the 2A cleavage product, and these bands 

were also detected in any infection sample treated with ActoD (lanes 6-10 and 16-20). All 

eIF4G cleavage products detected were unchanged with Rupintrivir treatment (lanes 11-
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15 and 16-20) as compared to corresponding control without Rupintrivir (lanes 1-5 and 6-

10, respectively).  

Full length PABP was detected in all samples (lanes 1-20). Without any treatment or 

treatment with ActoD alone, 2 (HRV14) (lanes 4 and 9) or 3 (lanes 1, 2, 5, 7, 8, 9) 

apparent PABP cleavage product bands were detected in infection samples. No PABP 

cleavage products were detected in any uninfected sample (lanes 1, 6, 11, 16). With 

Rupintrivir treatment, regardless of ActoD treatment only the 2 lower PABP cleavage 

products (lanes 11, 12, 15, 17, 18, 20) or no PABP cleavage products (lanes 14 and 19) 

were detected in infected samples, confirming Rupintrivir’s inhibitory effect of the 

HRV3C protease. The two lower PABP cleavage products may be a result of HRV 2A 

activity as similar proteolytic processing has been described by the Coxsackievirus 2A 

protease (315). 

These experiments describe that RIPK1 was cleaved in infection by the 3C protease of 

both major and minor group HRVs that belong to A or B species. Notably, the cleavage 

of RIPK1 by a B species virus may occur at a second site by the 2A protease.  
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Figure 6.3 Rupintrivir prevents RIPK1 cleavage by multiple HRVs. O-HeLa cells were 

infected with HRV16, 2, 14 and 1B at an M.O.I. of 3, or remained uninfected. Infected and 

uninfected cells were treated with ActoD at 3h.p.i. and/or Rupintrivir at 6h.p.i. or remained 

untreated. At 12h.p.i., cell lysates were collected and processed for western blot analysis. 

Membranes were probed with A) primary anti-RIPK1 N-terminal antibodies to examine 

RIPK1 cleavage and anti-caspase 3 antibodies to confirm apoptosis induction; B) primary 

anti-eIF4G antibodies to confirm 2A protease viral activity and anti-PABP antibodies to 

confirm 3C activity or inhibition with Rupintrivir. Anti-tubulin antibodies were included as a 

loading control. Proteins were detected with ECL. Lane numbers in B correspond to samples 

and lane numbers in A. Molecular weights are to the left of the blot in kilodaltons (kDa) and 

protein of interest to the right. Data is representative of three independent experiments. 
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6.6 Apoptosis Effects Replication of Some but Not All HRVs 

To confirm whether chemically induced apoptosis affects HRV1B, HRV2 and HRV14 

replication, infection experiments were conducted in the presence or absence of Actinomycin 

D (ActoD), caspase 8 inhibitor and Necrostatin-1.  

Specifically, O-HeLa cells were grown in 35mm dishes until ~80% confluent. Cells were 

infected with HRV1B, HRV2 and HRV14 at an M.O.I. of 3. At 1h.p.i. cells were treated with 

Necrostatin-1, or remained untreated. At 3h.p.i. infected cells were treated with Actinomycin 

D or remained untreated. At 4h.p.i. cells were treated with caspase 8 inhibitor, or remained 

untreated. At 24h.p.i. virus cultures were frozen at -80°C to lyse cells and release virus. 

Cultures were thawed and virus clarified from cellular debris. Viral titres (TCID50/mL) were 

determined by titration as described in Section 2.2.4.1 in triplicate. Data represents two 

independent experiments, each with three technical replicates and expressed as the mean +/- 

standard error of the mean (SEM).  

As shown in Figure 6.4, HRV1B replication was reduced when apoptosis was induced with 

ActoD treatment as compared to the untreated control. Treatment of infected cells with 

caspase 8 inhibitor did not reduce HRV1B titre as compared to the untreated control. HRV1B 

titre non-significantly increased when cells were treated with both ActoD and caspase 8 

inhibitor or ActoD and Necrostatin-1 as compared to ActoD treatment alone. Treatment of 

cells with Necrostatin-1 reduced HRV1B titre as compared to untreated controlHRV2 titre 

was reduced with ActoD as compared to untreated control, but this reduction was to a lesser 

extent when cells were treated with ActoD and caspase 8 inhibitor or ActoD with 

Necrostatin-1. Neither caspase 8 inhibitor or Necrostatin-1 treatment alone reduced HRV2 

titre.  
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HRV14 titre was not reduced with ActoD treatment as compared to untreated control, 

indicating HRV14 is not sensitive to apoptosis. HRV14 titre was not reduced by any 

treatment except ActoD with Caspase 8 inhibitor – indicating that caspase 8 activation may 

be beneficial for HRV14.   

Differences in the mean of each condition was non-significantly different as compared to 

other conditions for the same virus, however this data presents substantial trends and as such 

can be interpreted as such.  
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Figure 6.4 HRV1B and HRV 2 replication is downregulated with apoptosis induction. O-

HeLa cells were infected with HRV1B, HRV2 or HRV14 at an M.O.I. of 3. At 1h.p.i. cells 

were treated with Necrostatin-1, at 3h.p.i. cells were treated with ActoD and at 4h.p.i. cells 

were treated with caspase 8 inhibitor. Virus cultures were frozen at 24h.p.i. and then thawed 

and clarified. Samples were titrated in triplicate and titres calculated. Values are expressed 

as the mean +/- SEM. Data is representative of two independent experiments with three 

technical repeats. 
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6.7 Apoptosis is Not a Response to HRV1B and HRV2 Infection  

To further characterise the cell death pathways that are induced in HRV14, 2 and 1B 

infection, infected or uninfected cells were treated with ActoD at 3h.p.i. or remained 

untreated. Cells were collected by centrifugation and washed twice with PBS. Once PBS was 

removed, cells were resuspended in Annexin V binding buffer. Cells were stained with 

Annexin V-FITC conjugate (An) and Propidium Iodide (Pi). Cells were analysed by flow 

cytometry for presence of An or for Pi uptake with the BD FACS Aria I. Parameters were 

changed as compensation was performed to divide plot into quadrants indicative of; double 

negative (An-/Pi-; viable), single positive (An+/Pi-; early apoptotic or An-/Pi+; necrotic) or 

double positive (An+/Pi+; late apoptotic) cells.  

Data shown in Figure 6.4 A and B) indicates that without treatment or infection O-HeLa cells 

were mainly (95.3%) viable, 1.6% of cells were early apoptotic (An+/Pi-), 1.3% of cells were 

necrotic (An-/Pi+) and 1.9% of cells were late apoptotic (An+/Pi+). Treatment with ActoD 

induced apoptosis as only 79.7% of cells were viable (An-/Pi-), 9.1% of cells were necrotic 

(An-/Pi+), 9.96% of cells were early apoptotic (An+/Pi-) and 1.13% of cells were late 

apoptotic (An+/Pi+).  

HRV1B infection alone induced necrosis as 10.4% of cells were necrotic (An-/Pi+), however 

a larger proportion, 88.2%, of cells were viable (An-/Pi-), with 0.4% of cells being early 

apoptotic (An+/Pi-) and 1.0% of cells late apoptotic (An+/Pi+). Treatment of HRV1B 

infected cells with ActoD resulted in 80.4% of cells being viable (An-/Pi-) and 5.42% of cells 

being early apoptotic (An+/Pi-). However, the cells did not proceed into a late apoptotic state 

as only 1% of cells were An+/Pi+ (late apoptotic). ActoD treated, infected cells did respond 

with necrotic death as 13.2% of cells were An-/Pi+.  
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Infection with HRV2 alone resulted in 83.6% of cells being viable (An-/Pi-), 15.0% of cells 

being necrotic (An-/Pi+), only 0.3% of cells were early apoptotic (An+/Pi-) and only 1.2% of 

cells were late apoptotic (An+/Pi+). This was similar to ActoD treated, HRV2 infected cells, 

as 78.7% of cells were viable (An-/Pi-), 15.1% of cells were necrotic (An-/Pi+), 1.8% of cells 

were late apoptotic. However as compared to HRV2 alone, in HRV2 infected and ActoD 

treated cells, 4.5% of cells were early apoptotic (An+/Pi-).  

HRV14 infected cells were similar to uninfected control cells, in that 95.4% of cells were 

viable (An-/Pi-), 0.5% of cells were necrotic (An-/Pi+), 2.2% of cells were late apoptotic 

(An+/Pi+) and 2.0% of cells were early apoptotic (An+/Pi-). Of cells infected with HRV14 

and treated with ActoD, 10.9% of cells were necrotic (An-/Pi+), 1.4% of cells were late 

apoptotic (An+/Pi+), 9.8% of cells were early apoptotic (AN+/Pi-) and 78.0% of cells were 

viable (An-/Pi-).  

Together, this data shows that without ActoD the population of necrotic cells increased in 

response to HRV2 and HRV1B, but not HRV14. ActoD treatment alone caused an increase in 

the population of early apoptotic cells as compared to untreated control. This increase was 

observed at a similar extent in HRV14 infected cells, but to a lesser extent in HRV2 and 

HRV1B infection. This suggests that the cell death pathways induced in response to HRV 

infection may be specific to either A or B species. Additionally, the increase in necrosis and 

decrease in apoptosis with A species HRVs (HRV2 and HRV1B), may be due to a viral 

alteration of cell death pathways.   
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Figure 6.5 Cell death associated membrane changes in response to HRV1B, 2 and 14 

infection or apoptosis induction A) Ohio-HeLa cells were subject to infection with HRV1B, 

HRV2 or HRV14 at an M.O.I. of 3 and/or treated with ActoD at 3h.p.i. or remained untreated 

as a control. At 12h.p.i. cells were lysed and processed for flow cytometry analysis. Cells 

were labelled with Annexin V-FITC conjugate and DNA stain Propidium iodide. B) Values 

are expressed as percentage total cells in a sample Double negative cells are deemed viable. 

AnV+/Pi- cells are early apoptotic, An-/Pi cells, are necrotic, and double positive cells are 

late apoptotic. Data is representative of three independent experiments. 
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6.8 Discussion  

There being over 150 known HRV strains, it is essential to understand whether any 

mechanism for establishing infection is conserved among strains. Together, data in this 

chapter shows that RIPK1 is a 3C substrate of representative HRVs tested, suggesting 

conservation across most, if not all, strains. 

The viruses chosen were based on differences or similarities in receptor usage (major and 

minor group) and genetic relationship (species A and B).  

HRV16, HRV2 and HRV1B are A viruses and all these viruses were shown to cleave RIPK1 

at the same position (1 fragment detected, Figure 6.2) and this cleavage was entirely 

prevented with treatment of the HRV3C protease inhibitor (Figure 6.3). HRV14 and HRV83 

are B species viruses and cleaved RIPK1 in two places (2 fragments detected, Figure 6.2) and 

in the case of HRV14 infection, Rupintrivir treatment only prevented the generation of one 

RIPK1 cleavage product (Figure 6.3). This indicates that RIPK1 may also be a substrate of 

the B HRVs 2A protease. Notably, when 3C was inhibited, PABP cleavage was reduced thus 

the lower molecular weight RIPK1 cleavage product is unlikely a result of different 3C 

activity in HRV14 or 83. 

The substrate specificity of the 2A protease has been shown to have great variability, 

showing amino acid diversity in regions responsible for substrate diversity between HRV 

species (72, 316). Notably, the HRV-A 2A proteases have the same protein (Nup63 and 

Nup98) processing profile, which is different to the protein processing profile of the  HRV-B 

2A protease (127).  
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Together, this data supports that the HRV-B (HRV14 and HRV83) 2A protease may cleave 

RIPK1 in a manner that is different to the HRV-A viruses (HRV16, HRV1B, HRV2). Despite 

differences in substrate specificity, the 2A protease of HRV16 and 14 has been shown to 

cleave eIF4G, to produce the same cleavage products (127); this is in agreement with the 

results presented in Figure 6.3B.  

Unlike the 2A protease, the HRV 3C protease substrate binding site is highly conserved, with 

13 of the 14 amino acids essential for substrate binding homologous between 27 HRVs of 

different species (134). The shared substrate specificity of the HRV 3C protease is supported 

with cleavage of RIPK1 occurring in a similar manner between HRVs of A and B species 

(Figure 6.2), and being inhibited with Rupintrivir treatment, Figure 6.3.  

When HRV14 infected cells were treated with ActoD, viral load increased, unlike HRV16, 2 

or 1B (Figure 5.5 and 6.4) where treatment with ActoD reduced viral titre. Coinciding with 

this, inhibition of caspase 8 with ActoD treatment also reduced HRV14 titre indicating that 

caspase 8 activation is beneficial to HRV14 and inhibition is detrimental (Figure 6.4). Thus, 

the HRV-A viruses are sensitive to chemically induced apoptosis while the representative 

HRV-B virus is not. The data presented here is consistent with a study HRV14 that showed 

that infection, albeit at a large M.O.I., induced apoptosis and that inhibition of caspases 

reduced HRV14 titre (245). This study (chapter 6) is the first strain comparative data on the 

effects of apoptosis on HRV replication.  

In HRV A infection (HRV1B and HRV2), pre-treating infected cells with Necrostatin-1 

before ActoD treatment resulted in a reduction in HRV titre, but to a lesser extent than that 

seen in samples treated with ActoD alone. The smaller reduction in HRV titre indicates that, 

at least in part, the detrimental apoptotic effect occurs in a RIPK1 dependent manner. This 
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change was not significant, so although this change presents a valuable trend, it cannot be 

concluded to be scientifically robust.  

The percentage of early apoptotic cells was, as expected, highest in cells treated with ActoD 

alone. Infection with HRV1B or HRV2 reduced the percentage of cells proceeding into early 

apoptosis (Figure 6.5 B). This implies that HRV1B and HRV2 may possess a mechanism by 

which they alter apoptosis pathways. Importantly, a relatively high level of necrotic cell death 

was seen in infection with HRV1B and HRV2, regardless of ActoD treatment. Together with 

the consideration that in HRV1B and HRV2 infection, early apoptotic cells decreased, the 

increase in necrotic cell death suggests that the viruses are changing the cell death signalling 

from apoptosis to necrosis. The ability of HRV16 and HRV2 to promote cell lysis, a 

characteristic of necrotic cell death, has also been reported (247). HRV14 with ActoD 

treatment on the other hand, did not change the percentage of early apoptotic cells as 

compared to ActoD alone (Figure 6.5 A), and HRV14 infection alone induced a population of 

late apoptotic cells. This induction of apoptosis with HRV14 is consistent with previous 

reports (245), and data showing that the activation of apoptosis is beneficial to HRV14 

replication (Figure 6.4). The increase in late apoptotic HRV14 infected cells correlated with 

an increase in viable cells and a decrease in necrotic cells, indicating that HRV14 may 

subvert necrosis pathways to induce apoptosis.  

6.9 Conclusion  

Here it is shown that HRV1B, HRV2, HRV14 and HRV83 all cleave RIPK1 in the same 

manner as previously described for HRV16 infection. The cleavage of RIPK1 was prevented 

in viruses that belong to species A, and reduced to only one cleavage site in a B species virus 

infection. This suggests that HRV3C is implicated for the cleavage of RIPK1 in all tested 

viruses, but 2A from B species viruses may additionally cleave RIPK1 at a different site. 
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Additionally, the reduction in viral titre with apoptosis may be species specific as only A 

species viruses were sensitive to apoptosis induction. The cell death profile was also 

consistent, in that A species viruses reduced early apoptosis induced by ActoD treatment, 

while the representative B group virus reduced necrotic cell death, but not apoptosis. 

Together, this data suggests that the exact mechanism of cell death pathway alteration may be 

specific to the species of HRV, and the proteolytic processing profile of RIPK1. However, 

the cleavage of RIPK1 is conserved across all tested HRV strains.  
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Chapter 7 - Rhinovirus Infection in 

Bronchial Epithelial Cells 

  



Page 170 of 249 

 

7 Rhinovirus Infection in Bronchial Epithelial Cells  

7.1 Introduction 

Human Rhinovirus is the main viral etiological agent associated with asthma onset and 

exacerbations. Two hypotheses exist about the relationship between HRV and asthma; firstly, 

that HRV induces changes within epithelial cells that promote asthma and secondly, that 

epithelial cells from asthmatic airways harbour HRV replication to a greater extent (24).  

Asthmatic cells have inherent deficient innate immune responses, of particular importance 

interferon (IFN)-α (317), IFN-β (247, 317, 318), (IFN)-λ (276, 318), production of which is 

inversely correlated with HRV replication (247, 277). Additionally, the identification of the 

HRV C receptor, Cadherin-related family member-3 (CDHR-3) led from the discovery that a 

mutation in the receptor, that was an already established severe-asthma biomarker, resulted in 

an increase in HRV C cellular entry and replication (14). Thus, two examples have been 

documented of asthmatic cells supporting HRV replication, either due to decreased innate 

immune responses or increase viral attachment. This data supports the hypothesis that 

asthmatic cells have a predisposition to increased viral infection. 

The increase in HRV titre in asthmatic cells was also directly linked to a decrease in ability to 

undergo apoptosis. When challenged with HRV16, asthmatic cells underwent significantly 

more cell lysis than healthy epithelial cells (247). Together, this indicates that a mechanism 

may exist where HRV is able to drive an inflammatory cell death in asthmatic cells but not 

healthy cells. In response to HRV16 (247) and HRV1B (318) infection, apoptosis is 

significantly higher in bronchial epithelial cells from healthy patients than asthmatic. This 

indicates that HRV16 induces apoptosis in healthy cells, but induces cell lysis in asthmatic 

cells, potentially perpetuating inflammatory responses and asthma exacerbations. This 

apoptotic impairment was confirmed to be a result of deficient IFN-β production in asthmatic 
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cells, which together resulted in increased HRV16 titre (247). Importantly, the induction of 

apoptosis in asthmatic epithelial cells was restored with transfection of the dsRNA analogue, 

Poly(I:C) in conjunction with treatment with IFN-β, indicating that apoptosis might only 

proceed once viral RNA receptor-signalling complexes are engaged (247). As such, it can be 

deduced that a key event in upregulating HRV infection is the suppression of apoptosis, and 

this event may be typical in asthmatic bronchial epithelial cells.  

Along with cell lysis (247), HRV can induce upregulation in expression of proinflammatory 

cytokines. Specifically, regulated on activation, normal T cell expressed and secreted 

(RANTES) (247, 265), IL-6, IL-8 and IL-1β (318) increased significantly in asthmatic 

epithelial cells, in response to HRV1B, as compared to healthy epithelial cells. Together, with 

the deficient apoptotic ability of asthmatic cells, this suggests that HRV infection drives an 

inflammatory cell death pathway in asthmatic cells (318). RANTES is a potent chemo-

attractant that results in recruitment of immune cells, in particular eosinophils (319). 

Eosinophils are recruited to the area and produce TGF-α and TGF-β (267, 268, 270), which 

promote airway remodelling (255) and contribute to asthma exacerbations.  

7.2 Hypothesis and Aims 

7.2.1 Hypothesis 

We hypothesise that HRV16 will cleave RIPK1 in vivo and ex vivo. And that this cleavage 

will promote inflammatory processes upregulated in asthma.  

7.2.2 Aims 

The hypothesis was tested through the following aims. The specific aims for this chapter are: 

1. To use a cotton rat model of HRV16 infection to elucidate whether the HRV16 3C 

protease cleaves RIPK1 in vivo. 
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2. To determine whether RIPK1 is cleaved in HRV16 infection of differentiated primary 

bronchial epithelial cells, and to elucidate and relationship between the viral-induced 

cleavage of RIPK1, viral replication, an asthmatic phenotype and pro-inflammatory 

cytokine production. These results aim to understand whether the suppression of 

apoptosis, through RIPK1 cleavage, contributes to an asthmatic phenotype. 
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7.3 Experimental Design 

 

 

 

 

 

 

  

Figure 7.1 Experimental design A) Cotton rats were subject to intranasal challenge of 

HRV16 before collection of nasal cavities and lungs. After deparaffinisation and protein 

extraction, proteins were subject to western blot analysis and investigation of RIPK1. B) To 

determine HRV16 RIPK1 cleavage and apoptotic responses in asthmatic or healthy 

differentiated bronchial epithelial cells, bronchial epithelial cells were collected and 

conditionally reprogrammed. Cells were seeded into transwell inserts until confluency. Cells 

were airlifted and grown at the air-liquid interface until differentiated. Cells were starved of 

hydrocortisone for 24 hours prior to infection with HRV16 at an M.O.I. of 3. At experimental 

timepoint, basal media was collected for titre determination, 2x PBS washes were collected 

for cytokine analysis and cells were lysed for protein collection. Proteins were subject to 

western blot analysis investigating RIPK1 cleavage. Basal media containing virus was 

titrated and washes were subject to multiplex cytokine ELISA. 
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7.4  Cotton Rat Model for Examining RIPK1 Cleavage by HRV16 in vivo 

To investigate RIPK1 cleavage in vivo cotton rats were subject to intranasal challenge of 

HRV16 and at experimental timepoint rats’ nasal cavity and lungs were collected. Proteins 

were extracted and processed for RIPK1 investigation. 

Specifically, 12 inbred, female cotton rats were tested for seronegativity against respiratory 

viruses. After selection cotton rats were challenged intranasally with 2.1x107pfu of HRV16, 

as described in Section 2.2.10. At experimental timepoint, animals were sacrificed and skull 

and lungs were fixed in formaldehyde and paraffin embedded. Paraffin blocks were obtained 

and sectioned. Proteins were extracted from 2 x 15µm thick sections of each sample with the 

Qproteome FFPE protein extraction kit, described in Section 2.2.10, and samples processed 

for western blot analysis as described in Section 2.2.5. Proteins were separated on a 12.5% 

polyacrylamide gel and proteins were transferred to nitrocellulose membrane. Membrane was 

probed with primary antibodies; rabbit anti-RIPK1 N-terminal antibodies were used to detect 

full length and RIPK1 cleavage products, mouse anti-VP2 antibodies were used to confirm 

infection. Anti-tubulin antibodies were included as a loading control. After primary antibody 

incubation, blots were incubated in secondary antibody specific to the species of primary 

antibodies with a HPR conjugate. Bound antibodies were detected with incubation in 1mL 

each ECL reagent for 1 minute and visualised on the Li-Cor Odyssey protein detection 

system with Image Studio version 4 software. 

As shown in Figure 7.2, full length RIPK1 was detected in all lung (Figure 7.2 A, lanes 1-10) 

and in all nasal cavity (Figure 7.2 B, lanes 1-10) samples. A band of ~50kDa was present in 

all samples (Figure 7.2 A and B, lanes 1-10), and thus likely result of non-specific antibody 

binding. Tubulin was detected in all samples, indicating protein extraction was sufficient, 
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albeit lower in nasal cavity sample. VP2 was not detected in any lung or nasal cavity sample 

(Figure 7.2 A and B, lanes 1-10). 
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Figure 7.2 RIPK1 in cotton rat model of HRV16 infection. Cotton rats were intranasally 

challenged with HRV16, or remained uninfected. At indicated timepoints, animals were 

sacrificed. Nasal cavities (B) and lungs (A) were fixed in formaldehyde and embedded in 

paraffin. Proteins were extracted from each sample and processed for western blot analysis. 

Membranes were probed with anti-RIPK1 N-terminal antibodies and anti-VP2 antibodies to 

confirm infection. Molecular weights are to the left of the blot in kilodaltons (kDa) and 

protein of interest to the right. 
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7.5  ALI Model for Examining RIPK1 Cleavage by HRV16 ex vivo 

The contextualise the interplay between HRV16 and apoptosis, infection in a biologically 

relevant system was investigated and RIPK1 cleavage determined.  

Briefly, epithelial cells were obtained from asthmatic and non-asthmatic volunteers by 

bronchial brushing. Ex vivo cells were grown and subject to conditional reprogramming with 

addition of ROCK inhibitor and co-culturing with irradiated fibroblasts. Reprogrammed 

bronchial epithelial cells were seeded on transwell inserts and grown to confluency. Once 

confluent, cells were air-lifted and cultured at the air-liquid interface until cilia were observed 

and TEER measurements confirmed differentiation. At 24hours before infection, ALI media 

was removed and replaced with an equal volume of starvation media in the basal chamber. 

Cells were infected at an M.O.I. of 3, under the assumption of 50,000 cells/well, or remained 

uninfected. At 3h.p.i. virus was removed and cells treated with ActoD at 5µg/mL, or 

remained untreated. At indicated timepoint, cells were washed twice and lysed in 150µL of 

cell-extraction buffer. Proteins were collected and processed for western blot analysis. 

Proteins were separated on a 12.5% polyacrylamide gel and transferred to nitrocellulose 

membrane. Membrane was probed with primary antibodies; rabbit anti-RIPK1 N-terminal 

antibodies were used to detect full length and RIPK1 cleavage products, mouse anti-VP2 

antibodies were used to confirm infection. Anti-tubulin antibodies were included as a loading 

control. After primary antibody incubation, blots were incubated in secondary antibody 

specific to the species of primary antibodies with a HRP conjugate. Bound antibodies were 

detected with incubation in 1mL each ECL reagent for 1 minute and visualised on the Li-Cor 

Odyssey protein detection system with Image Studio version 4 software. 
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As shown in Figure 7.3 A and B), full length RIPK1 was detected in all samples with 

sufficient total protein (as indicated with tubulin). An apoptotic RIPK1 fragment ~40kDa was 

detected in some samples treated with ActoD (A lanes 21-22, B lanes 16). VP2 was not 

detected in any sample.  
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Figure 7.3 RIPK1 in ALI model of HRV16 infection. Ex vivo differentiated human healthy (A) or 

asthmatic (B) bronchial epithelial cells were grown at an air liquid interface infected with HRV16 at 

an M.O.I. of 3 for 3 hours, or remained uninfected. At 3h.p.i. cells were treated with ActoD or 

remained untreated. At indicated timepoint cell lysates were collected and processed for western blot 

analysis. Membranes were probed with primary anti-RIPK1 N-terminal antibodies to examine RIPK1 

cleavage; primary anti-VP2 antibodies to confirm HRV16 infection. Anti-tubulin antibodies were 

included as a loading control. Proteins were detected with ECL. Molecular weights are to the left of 

the blot in kilodaltons (kDa) and protein of interest to the right. 
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7.6 Apoptosis Results in the Basal Release of HRV16 

To understand HRV16 replication in asthmatic or non-asthmatic cells, and whether it is 

altered with apoptosis induction, bronchial epithelial cells were infected and treated with 

ActoD, with basal media analysed for HRV16. 

Briefly, epithelial cells were obtained from asthmatic and non-asthmatic volunteers by 

bronchial brushing. Ex vivo cells were grown and subject to conditional reprogramming with 

addition of ROCK inhibitor and co-culturing with irradiated fibroblasts. Reprogrammed 

bronchial epithelial cells were seeded on transwell inserts and grown to confluency. Once 

confluent, cells were air-lifted and cultured at the air-liquid interface until cilia were observed 

and TEER measurements confirmed differentiation. At 24hours before infection, ALI media 

was removed and replaced with an equal volume of starvation media in the basal chamber. 

Cells were infected through addition of inoculum to the apical surface of the cells at an 

M.O.I. of 3, under the assumption of 50,000cells/well, or remained uninfected. At 3h.p.i. 

virus was removed and cells treated with ActoD at 5µg/mL, or remained untreated. At 

indicated timepoints, basal media was collected and frozen at -80°C. Virus cultures were 

thawed and clarified from cellular debris. Viruses were titrated and titres were determined. 

Figure 7.3 shows that virus was only detected in samples treated with ActoD, except at 

12h.p.i. in cells from a healthy subject. Viral titres were consistent, except at 24h.p.i. in cells 

from a healthy subject, treated with ActoD.   
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Figure 7.4 Apoptosis induction results in basally released HRV16. Bronchial epithelial cells 

from asthmatic or non-asthmatic subjects were cultured at an air-liquid interface. Cells were 

infected with HRV16 at an M.O.I of 3. At 3h.p.i. cells were treated with ActoD. At indicated 

timepoint, basal media was collected and frozen. Virus culture was thawed, clarified, titrated 

and viral titres calculated.  
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7.7 Discussion 

HRV infection takes place in HeLa cell lines with similar kinetics as it does within primary 

human bronchial epithelial cells (298). Despite this, it is important to consider that HeLa cells 

are transformed, immortalised cervical cancer cells (320) and not a biological target of HRV 

infection.  

To fully understand whether the cleavage of RIPK1 by the HRV 3C protease (Chapters 3 and 

4) occurs in natural infection, and hence carries pathological significance, HRV infection in 

differentiated primary airway cells must be examined. To do this, ex vivo (asthmatic and non-

asthmatic) airway cells were cultured at air-liquid interface (ALI) to induce differentiation, 

then infected with HRV16 (Section 7.5). The study within this chapter aimed to establish an 

infection model of differentiated epithelial cells in order to confirm or exclude the cleavage 

of RIPK1 by HRV 3C in the best in vitro model of natural HRV infection. 

The results presented within this study are inconclusive as to whether the HRV16 3C protease 

cleaves RIPK1 in differentiated bronchial epithelial cells as neither the viral RIPK1 cleavage 

product, nor viral protein was observed (Figure 7.3). There are no published reports using 

western blot analysis to detect viral protease substrates in ALI cultures. To garner conclusive 

evidence as to whether HRV 3C protease cleaves RIPK1 in a biologically relevant model, 

routine ALI cultures must be set up for repeated infection experiments and the subsequent 

western blot analysis optimised.  

To determine the replicative ability of HRV in apoptotic and asthmatic conditions, media 

containing any basally released virus was collected and titrated as described in Section 

2.2.4.1. The results presented in Figure 7.4 show that regardless of asthmatic or healthy 

phenotype, virus was only detected in the basal media with apoptosis induction (ActoD 

treatment), aside from one anomaly (12 hours of infection in healthy cells, Figure 7.4). 
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Together, this indicates that apoptosis induction resulted in translocation of HRV from the 

apical to the basal chamber, hypothesised to occur through either infection of the basal 

epithelial cells, or disruption of the intercellular connecting junctions. The viral titre did not 

increase between timepoints within each sample set (Figure 7.4), as such it is likely that there 

was no actual viral growth and that no active infection took place. Coinciding with this, as 

discussed within Section 1.2.1.3.2, apoptosis induction activates caspase 3, which can cleave 

and upregulate the activity of Rho-kinases, inducing cell contraction (211). Notably, primary 

bronchial epithelial cells are sensitive to Rho-kinases, as a ROCK-1 inhibitor is required to 

grow cells to confluency (281) and to maintain polarity (321). Together, this suggests that 

treatment of the cells with ActoD resulted in caspase 3 activation as expected, potentially 

upregulating Rho-kinase activity and cell contraction, resulting in the direct translocation of 

HRV into the basal media. The hypothesis that there was direct movement of virus into the 

basal media without infection, is also supported by the inability to detect viral proteins within 

cell lysates (Figure 7.2). Further work is needed to optimise the induction of apoptosis and 

infection experiments, as required for validation of results presented throughout this thesis, in 

airway epithelial cells 

Non-transgenic mice are not susceptible to infection with major group HRV, as HRV is 

unable to bind murine ICAM-1 (322). Subsequently, the preferred model of HRV in vivo 

infection in small-animals is in cotton rats (Sigmodon hispidius) (323). As shown in Figure 

7.2, no aberrant RIPK1 processing was observed in samples taken from the nasal cavities or 

lungs of animals subject to HRV16 infection. Additionally, no viral protein (VP2) was 

observed (Figure 7.2), indicating that active infection was below the detection limit of 

western blot analysis. It is important to consider that infection detected within western blot 

analysis has a high-detection limit as a western blot examines every cell within the sample, 

and it is likely that the majority of cells remained uninfected. Together this data suggests that 
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although it was undetectable, the cleavage of RIPK1 in vivo by HRV16 cannot be excluded. 

The low number of cells infected with HRV has also been demonstrated in unpublished data 

by Dr Erin Walker. Specifically, sections of the HRV16 infected or mock infected cotton rat 

lungs and nasal cavities used within this study were mounted to microscope slides and 

deparaffinised. To detect active viral RNA, a fluorescent probe specific to the (-)RNA strand 

of HRV16 (HRV transcription is discussed in Section 1.1.4.7) was hybridized before staining 

with a nuclear stain and processing for confocal microscopy. Figure 7.5 shows that the 

majority of the tissue remains uninfected, while only small clusters of infected cells were 

observed at 6h.p.i. At 12 and 24h.p.i. infection was not observed in clusters (Figure 7.5), 

indicating that cell to cell spread of the virus had ceased. The low level of infection depicted 

in Figure 7.5 concurs with the data presented in Figure 7.2 and the hypothesis that infection 

was at such a low level that it is undetectable by western blot analysis. The analysis of 

proteins extracted from cotton rat tissue will need to be scrutinised and developed further 

before concluding whether the HRV 3C protease is able to cleave RIPK1 in vivo.  
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Figure 7.5 RNA replication detection in cotton rat lung samples by Dr Erin Walker. Cotton 

Rats were infected with HRV16 for indicated timepoint (above each panel) and samples 

collected as described in Section 2.2.10. A fluorescent probe (red) to viral RNA was 

hybridised and cells were subject to nuclear staining (blue). Images were obtained with 

confocal microscopy.  
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7.8 Conclusion  

Experimental plans in this study aimed to establish whether RIPK1 was cleaved in ex vivo 

differentiated primary epithelial cells and in vivo in a cotton rat model. The data presented 

here is inconclusive due to experimental limitations and low levels of infection. Further work 

will need to develop both the ex vivo and in vivo models described within this chapter before 

confirming or excluding whether RIPK1 is cleaved by HRV in a biologically relevant 

context.  
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Chapter 8 – Discussion  
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8 Discussion 

8.1 Summary of Results  

The results presented within this study show that HRV16 3C protease cleaves RIPK1, an 

adaptor protein of multiple cell death pathways. The HRV16 mediated cleavage of RIPK1 is 

shown to occur at glutamine 430, and such cleavage may alter the ability of RIPK1 to bridge 

PRRs and the extrinsic apoptosis pathway. This data shows that chemically induced apoptosis 

is subverted by HRV16 infection and that in HRV16 infection alone there is a signalling 

disconnect between early and late apoptosis. Data presented shows that RIPK1 associates 

with caspase 8 early in response to HRV16 infection, but this complex is later dissociated, 

potentially due to the HRV16 3C mediated RIPK1 cleavage. The effect of apoptosis on 

HRV16 infection was also examined, and as expected, HRV16 replication reduced viral titre. 

The detrimental effects of apoptosis to viral titre were shown to occur in a caspase 8 and 

RIPK1 dependent manner and, is likely to restrict viral RNA synthesis or viral release. The 

cleavage of RIPK1 was also shown to occur in infection by major and minor, species A and B 

HRVs, suggesting RIPK1 cleavage may be conserved by all HRVs. Interestingly, B species 

HRV (HRV14 and HRV83), may cleave RIPK1 at a second locus as two cleavage products 

were detected in infected samples; possibly due to 2A protease activity. We have shown that 

HRV2 and HRV1B can induce necrotic cell death even when apoptosis is induced, 

suggesting that the viruses actively dampen apoptosis and promote inflammatory cell death. 

This skewing of cell death pathways towards an inflammatory response may contribute to the 

pathogenesis of viral induced asthma.  

8.2 RIPK1  

Receptor-interacting protein kinase-1 (RIPK1), is a protein that participates in the induction 

of multiple cell death pathways. The functions of RIPK1 are fully described in Section 1.2.2). 



Page 189 of 249 

 

When RIPK1 is polyubiquitinated by cellular inhibitors of apoptosis (cIAPs), the 

polyubiquitin chains act as a scaffold for the recruitment of pro-survival, NFkB signalling 

proteins (194, 220). In apoptosis, RIPK1 is deubiquitinated and cleaved by caspase 8. 

Caspase 8 cleavage of RIPK1 results in the enhancement of the interactions of the death 

receptor complex (193, 226). When caspase 8 is inhibited and thus, the cell is unable to 

undergo apoptosis, RIPK1 binds RIPK3 through homologous  RIP homology interacting 

motif (RHIM) domains, which results in the induction of necroptosis (221, 225).  

RIPK1 is described in the immune response to HRV in two different, but interconnecting 

pathways.  

8.2.1 RIPK1 in TLR3 pathway  

TLR-3 is an endosomally located sensor that recognises the dsRNA of internalised viruses. 

TLR-3 activation is debated in HRV infection, however some studies have clearly linked 

TLR-3 activation with the downstream activation of HRV inducible genes (143). TLR-3 

ligand binding within the endosome results in receptor dimerization and the exposure of a 

TIR containing domain within the cytoplasmic protruding domain of TLR-3 (145). This 

activation allows TRIF to activate Inhibitor of NF-kB epsilon (IKKe) and Tank-binding 

protein 1 (TBK1) (324, 325). These proteins subsequently phosphorylate IRF-3, inducing 

IRF-3 phosphorylation and dimerization (325). The phospho-IRF3 dimer then binds 

cytoplasmic coactivators to enter the nucleus and induce expression of IFN-β (326). 

Importantly, IFN-β has been shown to be deficient in asthmatic cells and essential to cells 

undergoing apoptosis in response to HRV infection (247). Another pathway induced in 

response to dsRNA stimulation is the RIPK1 dependent apoptosis (148). TRIF contains a 

RHIM, that interacts with non-ubiquitinated RIPK1 (160). RIPK1 binds FADD and 

subsequently caspase 8, inducing the extrinsic apoptosis pathway (148). The ubiquitination of 

RIPK1 in this complex, negatively regulates apoptosis and may contribute to NF-kB 
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signalling. In our system, transfection of Poly(I:C) resulted in loss of full-length RIPK 

(Figure 3.6) and this has been shown to occur in a TLR3 dependant manner (148). TLR3 

activation has also been shown to be activated in response to HRV infection (143), indicating 

that RIPK1 dependent apoptosis is a response to HRV infection and likely a result of viral 

dsRNA recognition.  

8.2.2 RIPK1 and RLR pathway 

The two contextually relevant (143, 145) RLRs, MDA-5 and RIG-I, both associate via 

homologous CARDs on a mitochondrially anchored adaptor protein, IFN-β promoter 

stimulator-1 (IPS-1) (150, 153). The activation of the RLRs by viral RNA induces multiple 

IPS-1 dependent pathways. IKKe and TBK1 are recruited to RLR complexed IPS-1 and 

subsequently activate via IRF-3 phosphorylation (294). The phosphoIRF-3 forms 

homodimers and translocates into the nucleus for activation of IFN-β encoding genes, or 

where it complexes with Bax, inducing intrinsic apoptosis (294) (discussed in Section 

1.2.1.3.1.). Important to this study, is the recruitment of an IPS-1 dependant complex 

containing FADD, caspase 8 and RIPK1 (152), linking it to the extrinsic apoptosis pathway 

(163). The apoptosis induced from this complex has been shown to occur through active 

caspase 8 cleavage of RIPK1, which also negatively regulates IRF-3 activating pathways 

(152).  

Importantly, both the RLR and the TLR pathways have been shown to be induced in response 

to HRV infection and both pathways result in either apoptosis or IRF3 signalling inducing 

IFN-β (327). Viral attenuation of either pathway may provide a mechanism of how viruses 

counter the innate immune response that acts to restrict viral replication.  
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8.3 Human Rhinovirus, RIPK1 and Innate Immune Signalling   

8.3.1 Immune Response to HRV infection  

To identify whether RIPK1 is participating in the immune response to HRV infection a series 

of co-immunoprecipitation (Co-IP) experiments were conducted looking at the association of 

RIPK1 with the proapoptotic caspase, caspase 8. Caspase 8 is a key component of the 

extrinsic apoptosis cascade, and first associates with full length RIPK1 (194), and then 

cleaves RIPK1 to simultaneously shut down cell-survival pathways and enhance the inter-

protein association of the RIPK1/FADD/caspase 8 complex (193). The Co-IPs were 

conducted using anti-caspase 8 antibodies as the capture antibody, as opposed to anti-RIPK1 

antibodies for two reasons. Firstly, it has been reported that RIPK1 is a highly expressed 

protein, and not all RIPK1 is recruited to death receptor complexes (220, 328), as such 

capture of RIPK1 is not guaranteed to result in caspase 8-bound RIPK1 identification, and 

may provide a false negative. Secondly, RIPK1 associates with caspase 8 via it’s C-terminal 

domain (193), thus a C-terminal domain specific antibody is required for correct capture. As 

the antibody to the C-terminal of RIPK1 (Table 2.5) was nonspecific (Figure 4.6, unbound 

proteins), non-RIPK1 proteins may compete for antibody binding and may result in a false 

negative. Together, this reasoning provides justification in the use of the anti-caspase 8 

antibody as the capture antibody in Co-IP experiments.  

For the first time, this work has shown that RIPK1 associates with caspase 8 in response to 

HRV infection (Figures 3.4 and 3.5), indicating that the cell should have the initial 

proapoptotic signal. Data within chapters 3, 4 and 5 is published in (329). RIPK1 and caspase 

8 association was observed at 2 different times, within the first hour infection and at 9 hours 

of infection (Figure 3.4 and 3.5), and procaspase 8 was cleaved in HRV16 infection (Figure 

3.1). However, the late apoptotic marker, caspase 3 cleavage, was not observed at any 

timepoint between 0 and 24 h.p.i. (Figure 3.1). These results indicate that although apoptosis 
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could initiate, it could not proceed to the point of caspase 3 cleavage. The late apoptotic 

changes associated with HRV infection are widely unknown, as only one study has shown 

that HRV14 has been shown to induce apoptosis (245). However, late apoptotic changes have 

been shown to not be a response to a different Picornavirus, poliovirus. It was shown that 

productive poliovirus infection resulted in early apoptotic changes, but infected cells were not 

committed to apoptosis (228). The study also showed that in poliovirus infection in the 

presence of a replication inhibitor the infected cells did die via apoptosis; indicating that the 

virus was inducing apoptosis but there was an active suppression of the apoptosis pathway by 

the virus (228, 307)– there was limited mechanistic data presented in the study.   

Another means of apoptosis measurement is by detection of phosphatidylserine on the outer 

leaflet of the cell membrane. Normally cytoplasmically facing, phosphatidylserine is 

translocated to the outer face of the membrane when cleaved by a scramblase enzyme, 

exposing it to the detection reagent Annexin V (330). The flippase enzyme is activated by 

caspase 3 (331). In HRV16 infected cells (Figure 3.3), ~80% of cells subject to HRV 

infection were negative for Annexin V staining and ~20% of cells were positive for Annexin 

V staining. While no caspase 3 cleavage was detected on western blot (Figure 3.2), it may be 

due to a difference in cell collection techniques used. For western blot, only adherent cells 

were analysed, whereas for the Annexin V assay, both adherent and non-adherent cells were 

collected, thus it is likely that the non-adherent cells were those with active caspase 3. The 

conclusion reached from the western blot data is still valid as active viral infection was still 

demonstrated in the collected adherent cells by detection of the viral protein VP2 (Figure 

3.2). When apoptosis was induced in uninfected cells (Figure 3.3), as expected, the 

proportion of cells in a late apoptotic state increased to ~30% (from 5%, untreated uninfected 

control), however this increase was not seen in HRV16 infected cells (Figure 3.3). A similar 

alteration in induced apoptosis was also seen in HRV1B and HRV2, but not HRV14 infection 
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(Figure 6.5), indicating that the cell-death profile of an infected cell may be specific to 

species A or B.  When apoptosis was induced in HRV16 infected cells, there were 

undetectable quantities of cells that were late apoptotic (Figure 3.3) – indicating that the 

effect ActoD had on the cells was negated by the virus. Notably, these results show that 

induced apoptosis may be subverted by HRV, and could provide a mechanism by which a 

virus can protect the current host cell from apoptosis inducing signals from surrounding cells. 

Additionally, HRV1B and HRV2 infection showed that the decrease in apoptotic cells 

correlated with an increase in necrotic cells (while viable cells remained stable), indicating 

that these viruses may subvert apoptotic cell death into necrosis (Figure 6.5).  

Poliovirus infection has been shown to induce caspase dependent and caspase independent 

cell death programs (307), whereby within the first two hours of infection caspases were 

active, however caspase activation was halted after two hours of infection and the cell 

proceeded to die by CPE. This switch has been shown to coincide with viral suppression of 

the apoptosis program (228, 307). The results presented within the current study concur with 

those previously presented. Specifically, it was shown that RIPK1 is associated with caspase 

8 within the first hour of infection (1 hour of virus to cell contact) however at 4 hours of 

infection, RIPK1 caspase 8 association is disrupted, and later in infection this data suggests 

that the complex reassembles (Figure 3.4 and 3.5). This could be indicative of the changing 

cell death programs that have previously been described for poliovirus (307). In terms of the 

innate immune responses and subsequent cell death pathways, that are induced in response to 

HRV infection specifically, there is evidence to suggest that biphasic responses occur (139). 

The detection of an invading pathogen is dependent on molecular patterns carried by the 

virus, termed pathogen associated molecular patterns (PAMPs) and PAMPS are recognised 

by a multitude of receptors or signalling proteins termed PAMP recognition receptors 

(PRRs). In the case of HRV, the two PAMPs that are of importance are the viral capsid 
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proteins that are detected by receptors on the outer face of the cellular membrane and the 

viral RNA which is detected within the cytoplasm as reviewed in (332). The initial 

attachment of the virus to the host-cell receptor can occur simultaneously with viral capsid 

protein’s ligation to TLR2, shown to be responsible for the very early innate immune 

response to HRV infection (139). After attachment, the virus is internalised via one of several 

mechanisms and is transferred to an endosome (12, 13). Endosomal PRRs that detect HRV 

ssRNA are TLR7 and TLR8 and this is also an early innate immune response with virus 

being internalised and the genome uncoated within the first hour of infection (139). The 

initial two immune responses described can result in several changes in the expression of 

non-constitutively expressed RLRs; RIG-I and MDA-5 (139). RLRs, described in Section 

1.1.6.3.3. have been implicated in the detection of triphosphate RNA and dsRNA, and are 

cytoplasmically located to detect the viral RNA replication intermediates (155, 333) . HRV 

RNA replication occurs after initial translation has occurred, as such the activation of the 

RLRs occurs later in infection and is dependent on the early TLR activation (142, 143). The 

data presented in the current study agrees with a two-phase innate immune induction. RIPK1 

associates with caspase 8 within the first hour of infection and was also detected at 2 hours 

post infection (Figure 3.5). At 4 hours of infection, the RIPK1/caspase 8 association is 

ambiguous but could still be present and this may represent the early PRR activation 

described. At 6 hours post infection the association is not detectable, and this could perhaps 

be due to the cell death pathway switch, as previously described for poliovirus by Agol et al. 

(2000). At 9 h.p.i., RIPK1 is bound to caspase 8, indicating that it may be associated with 

caspase 8 (Figure 3.4) in response to the activation of the RLRs, as previously demonstrated 

(327). The activation of TLR3 by HRV is not agreed upon, in some cases it is found to be 

activated (143) and in others not (142). Once activated by dsRNA, TLR3 complexes with 

TRIF and RIPK1, linking the PRR with the extrinsic apoptosis pathway (148). TLR3 detects 
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dsRNA and is endosomally located (with receptor domain facing inwards) (141) and as such, 

theoretically, could not detect HRV dsRNA which is retained within the cytoplasm. One 

hypothesis is that secondary structures within HRV RNA can activate TLR3 within the 

endosome (139). To further understand the role of RIPK1 in HRV infection the synthetic 

dsRNA analogue, Polyinosinic:polycytidylic acid (Poly(I:C)), was transfected into HeLa cells 

to mimic the endosomal genomic entry as occurs in HRV infection (334). The transfection of 

Poly(I:C) within this study induced a loss of full length RIPK1 (Figure 3.6), indicating that 

caspase 8 activation is likely a result of dsRNA stimuli. The poly(I:C) induction of TLR3 

signalling is known to induce MDA-5 and RIG-I dependent interferon (IFN) production 

(143). And Wark and colleagues have shown that apoptosis induced by IFN requires 

Poly(I:C) stimulation (247). A mechanism can be proposed whereby, apoptosis or preceding 

IFN production, requires HRV RNA and occurs in a TLR3 dependent manner. Importantly, 

TLR3 signalling requires RIPK1 binding to TRIF, which is the TLR3 adaptor protein (148, 

335, 336). As full-length RIPK1 was lost, and caspase 3 was activated, in response to 

Poly(I:C), it is proposed that this apoptosis is occurring through TLR3. Hence, if there was no 

suppression of apoptosis, caspase activation could be expected in response to HRV infection, 

however caspase 3 was not activated (Figure 3.2), indicating that in active HRV infection an 

apoptosis supressing function exists.  

The HRV genome encodes two mature proteases 2A and 3C, and one precursor protease 3CD 

(86). The proteases were first identified as the means of cleaving the large viral polyprotein 

into mature structural and non-structural proteins (86). Cellular substrates of the proteases 

were later identified and the coinciding effects of the protein cleavages were determined to 

contribute to switching off cellular processes that may hinder viral replication. Examples of 

these protease substrates include eukaryotic initiation factor 4G (eIF4G) (117) and Poly-A 

binding protein (PABP) (123), where cleavage switches translation from cap-dependent 
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(cellular) to favour cap-independent (viral) translation (45, 301), discussed in Section 1.1.5.1. 

In addition to translation and transcription proteins, multiple proteins that participate in 

transducing the apoptotic signal from PAMP to effector caspase are also cleaved, as reviewed 

in (227).  

This study is the first to report that HRV16 cleaves RIPK1. Infection experiments showed a 

novel but consistent RIPK1 band of ~50kDa (when detected with an antibody specific to the 

N-terminal) and ~25kDa (when detected with an antibody with an unknown epitope, or 

specific to the C-terminal), discussed within chapter 4. In Silico sequence analysis determined 

three putative HRV 3C and no HRV 2A cleavage sites within RIPK1, glutamine 39, glutamic 

acid 85 and glutamine 430 (305). Importantly, cleavage at glutamine 430 would result in two 

cleavage products, an N-terminal fragment of ~50kDa and a C-terminal fragment of ~25kDa. 

The N-terminal fragment, full length RIPK1 and the apoptotic cleavage product (~35kDa) 

were consistently detected by an antibody specific to amino acids around Leu190 (called the 

N-terminal RIPK1 antibody in experiments where cells were subject to HRV16 infection or 

transfection of the 3C protease, confirming the band detected at ~50kDa as the N-terminal of 

RIPK1, Figure 4.3A for example. Interestingly, the C-terminal RIPK1 cleavage product was 

difficult to detect in the aforementioned experiments and such difficulty has been previously 

described (328). To confirm the size of any C-terminal RIPK1 fragment a full length RIPK1 

construct C-terminally tagged with a FLAG epitope was expressed before cell lysates were 

treated with the HRV 3C protease and purified with anti-FLAG immunoprecipitation. The 

purified RIPK1 construct was detected with a C-terminal RIPK1 primary antibody specific to 

amino acids 611-625 (Figure 4.6), and was ~25kDa. Importantly, it has been previously 

shown that the addition of C- or N-terminal tags to RIPK1 does not affect protein folding and 

subsequent accessibility to viral proteases (328), and this was observed as FLAG-tagged 

RIPK1 was cleaved by HRV14 3C protease (Figure 4.6). 
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Taken together, these experiments have shown that cleavage by the 3C protease results in 

RIPK1 being fragmented into an N-terminal fragment of ~50kDa and a C-terminal fragment 

of ~25kDa – indirectly confirming the viral cleavage at glutamine 430. The cleavage of 

RIPK1 has been described in Human Immunodeficiency Virus-1 (HIV-1) infection, as a 

result of the viral protease, PR (328). Prior to the current study, RIPK1 cleavage by HIV-1 

was the only published case of a viral protease cleaving RIPK1. The cleavage of RIPK1 by 

HIV was mapped to occur between amino acids 462 (leucine) and 463 (tyrosine), however 

the substrate specificity of the protease has been determined to be based on protein folding 

rather than primary sequence identity (328, 337). It was also shown that PR could produce a 

second RIPK1 cleavage product at a similar, albeit at a slightly higher (but undefined) 

molecular weight (328).  The detected N-terminal cleavage product by the HIV-1 protease is 

not dissimilar in molecular weight to that detected in HRV16 infection within this study.  

The importance of the cleavage of RIPK1 in HRV16 infection was shown in that the N-

terminal cleavage product was not bound to caspase-8, however full-length RIPK1 was – 

eluding to disruption of the RIPK1 and caspase 8 association (Figure 3.4 B). Validating the 

disruption of this interaction; the association between the C-terminal of RIPK1 and caspase 8 

is essential as the caspase 8 binding domain is within the C-terminal of the protein. The 

cleavage of RIPK1 by caspase 8 abolishes the ability of RIPK1 to participate in pro-survival 

and NF-kB activating pathways, and RIPK1 then functions to enhance the interactions 

between the proteins in the death-inducing signalling complex thereby promoting apoptosis  

(193). C-terminal RIPK1 and caspase 8 association was seen when apoptosis was induced as 

expected, however when infection and apoptosis induction was combined, the C-terminal of 

RIPK1 was not bound to caspase 8 (Figure 3.4). Collectively, these results indicate that 

although the cleavage of RIPK1 by HRV16 does not occur within the caspase 8 binding 

domain, it may still disrupt the caspase 8 associated protein complex. HIV-1 cleavage of 
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RIPK1 occurs within the intermediate domain at Leu462/Tyr463 (328), and not within the 

RHIM – however as determined by luciferase assay the association with RIPK3 was 

disrupted (328). RIPK1 dependent NF-kB activation was also disrupted with HIV-1 cleavage 

of RIPK1 (328). As RIPK1 and RIPK3 association is dependent on binding through 

homologous RHIMs and NF-kB activation is dependent on ubiquination at Lysine377, it can 

be inferred that regardless of the precise location of viral cleavage within RIPK1, multiple 

downstream RIPK1-protein associations can be disrupted by the viral protease. A similar 

mechanism may be active in HRV16 infected cells, wherein cleavage within the intermediate 

domain impacts on RIPK1 interactions with caspase 8 or RIPK3, however this remains to be 

elucidated.  

8.4 Apoptosis and HRV Replication  

Apoptosis is a mechanism of restricting viral replication. This study demonstrated that 

infectious HRV16, HRV1B and HRV2 are downregulated with apoptosis (Figures 5.2 and 

6.4). Coinciding with this, specific inhibition of caspase 8 or RIPK1 with Necrostatin-1 in 

cells treated with an apoptosis inducer restores viral titre to a level similar to the untreated 

control. HRV14 replication, the representative B group virus was not sensitive to apoptosis 

(Figure 6.4), consistent with previous reports (245). The induction of apoptosis did not 

change HRV14 titre, but the inhibition of caspase 8 in the presence of ActoD did (Figure 

6.4), implying caspase 8 is necessary for HRV14 replication. There is no current literature to 

support differential death pathways induced or required by different species of HRV. A 

hypothesis could propose that the difference in substrate recognition by the 2A protease (127) 

may contribute to novel cleavage of death associated signalling proteins, and thus confer less 

sensitivity to induced cell death. HRV16 protein synthesis was not reduced with ActoD 

treatment and HRV16 release into the supernatant was also not inhibited. Cell-associated 
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infectious HRV16 was reduced with ActoD treatment and this could be due to apoptosis 

interfering with viral assembly.  

The release of HRV16 was not affected by ActoD treatment, however cell-associated 

infectious viral particles were decreased (Figure 5.4A and B). This data suggests that firstly, 

viral release is the rate limiting step in the replication cycle, as a decrease in cell associated 

virus did not affect virus release. Secondly, this suggests that either viral RNA synthesis or 

viral assembly is effected by ActoD treatment. ActoD is a dsDNA-intercalating agent, which 

forms a blockade of cellular RNA polymerase (284, 338), reducing the expression of the 

procaspase 8 inhibitor, Flice-Inhibitory Protein (FLIP) (283). FLIP is a constitutively 

expressed inactive homologue of procaspase 8, where FLIP binding to procaspase 8 provides 

a physical barrier to caspase 8 activation (285). Decrease in the expression of FLIP results in 

aberrant caspase 8 activation and the induction of extrinsic apoptosis (285). Importantly, 

studies with Encephalomyocarditis virus have shown that ActoD inhibition of RNA synthesis 

was specific to cellular RNA, and did not reduce viral RNA (339). The level of HRV RNA 

synthesis was not determined in the current study however, if like the previous report (339), 

viral RNA synthesis does not decrease with apoptosis, the decrease in cell associated virus 

production is likely due to the impediment on viral assembly. Further work is required to 

elucidate whether viral RNA synthesis or viral assembly is impeded with apoptosis.    

HRV RNA production is not dependent on a cellular polymerase, however is proposed to 

occur at autophagy-induced cytoplasmic membranous scaffolding (47) or fragmented-golgi 

vesicles (340). Of these, autophagy is suppressed by pro-apoptotic caspase 8 activity (341, 

342). There is limited literature describing the exact role of autophagic vesicles in viral 

replication, however another hypothesis is that it may participate in a step after viral RNA 

synthesis (47). The requirement for autophagy-like vesicles for viral assembly is reviewed in 

(343). Experiments looking at the aggregation of HRV capsid proteins at autophagy-derived 
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vesicles could help determine whether the vesicles participate in HRV assembly, and whether 

apoptosis changes this association.  

8.5 Strain Specific RIPK1 Cleavage 

To determine whether RIPK1 cleavage was conserved among strains, a likely indication of 

importance in viral pathogenesis, key experiments were repeated with HRV1B (A minor), 

HRV2 (A minor), HRV14 (B major) and HRV83 (B minor). HRV are grouped into major 

and minor groups on the basis of receptor used for attachment to host-cell. Minor group HRV 

bind low-density lipoprotein receptor (13) and major attach by intracellular adhesion 

molecule-1 (12), and viral attachment and entry is sufficient to trigger innate immune 

responses (139). Importantly, attachment of major and minor group HRVs elicit different 

innate immune responses within the cell (10). Thus, any signalling that is restricted by both 

major and minor HRV may affect multiple immune signalling pathways, and data presented 

in this thesis shows that RIPK1 is cleaved in cells infected with both major and minor group 

HRV (Figure 6.2).  

HRV14 and HRV83 are both B species HRV, and in cells infected with these, two RIPK1 

cleavage products are detected (Figure 6.2). Rupintrivir reduced, only one of the RIPK1 

cleavage events, indicating that the B species HRV 2A protease may exhibit proteolytic 

activity towards RIPK1 (Figure 6.3). The HRV 2A proteases cleave proteins in a manner and 

with kinetics that are specific to the species (127), supporting the conclusions that the 

differential processing of RIPK1 (Figure 6.2) may be due to 2A protease activity. While 2A 

protease has been shown to exhibit differential substrate activity, the 3C protease activity is 

more conserved (134). The highly conserved catalytic triad within 3C results in both 

conserved 3C substrates as well as the development of broad-spectrum 3C protease 

inhibitors, one of which is Rupintrivir (134, 137). Purified HRV14 3C protease also cleaves 
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substrates of poliovirus and Coxsackievirus B, indicating that 3C substrate specificity may be 

conserved amongst between rhinovirus and enterovirus species (110). Unpublished data has 

shown that infection with poliovirus and Coxsackievirus B3, also produced RIPK1 cleavage 

in a manner similar to that seen within the current study (344). This data suggests that not 

only may the cleavage of RIPK1 be important to HRV A and B infection but also to 

enteroviruses generally. The cell death pathways induced by poliovirus occur in two phases. 

Initially, caspase-dependent cell death is induced, then, viral-induced changes switch the cell 

towards caspase-independent cell death (307). Together, with the data presented within this 

thesis, this supports a mechanism whereby the cleavage of RIPK1 may facilitate the switch in 

cell death signals away from an apoptotic demise. As apoptotic cell death was shown to be 

induced (Figure 3.4), and subverted by HRV (Figure 3.3) the specific cleavage of RIPK1 by 

the HRV 3C protease may help intercept apoptosis signalling.   

8.6 HRV in vivo and in Asthma 

To determine whether RIPK1 cleavage occurred in vivo, cotton rats were subject to intranasal 

challenge of HRV16 (Section 7.4). Proteins were extracted from the lungs and nasal cavities 

and analysed for RIPK1 cleavages. Viral induced changes in RIPK1 were unable to be 

detected (Figure 7.2). The inability to detect RIPK1 cleavage products and VP2 in infected 

samples is probably due to the large amount of proteins present with only a small portion 

infected, as shown by Figure 7.5. The samples were generated by Dr Jorge Blanco, who has 

analysed viral RNA production with real-time polymerase chain reaction (RT-PCR) in the 

same cotton rat experiment (282). Blanco et al. (2014) showed that viral RNA released from 

the tissue peaked at 2h.p.i. and decreased thereafter, with ~50% less RNA detected at 10h.p.i. 

and ~30 log difference at 24h.p.i. (282). The low level of released viral RNA shown in (323), 

supports the described hypothesis that the amount of viral infection (at 6, 12 and 24 hours) 

was too low to cause a detectable change in RIPK1 (Figure 7.2).  
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Biologically relevant to HRV infection is the exacerbation of asthma. The interplay between 

HRV infection and asthma is paradoxically described in two arguments; firstly, that 

predisposed airway epithelium has deficient innate antiviral responses and secondly, that 

HRV infection results in inflammatory cytokine expression – perpetuating inflammation and 

causing airway damage (24).  Both the aforementioned mechanisms can be related back to a 

deficient apoptotic response. Deficient IFN-β production in asthmatic bronchial epithelial 

cells directly results in decreased apoptosis, which subsequently results in increased HRV 

replication (247). This study has shown that HRV2 and HRV1B infection results in the 

subversion of apoptotic cell death resulting in necrotic cell death (Figure 6.5), and previous 

studies have shown that HRV16 infection of asthmatic cells results in cell lysis. Together this 

data suggests a mechanism whereby HRV shuts down apoptosis, promoting cell lysis 

(necrosis) resulting in increased inflammation. This study was unable to confirm the cleavage 

of RIPK1 in asthmatic or healthy bronchial epithelial cells (chapter 7).  However, this study 

does show that RIPK1 cleavage occurs in multiple cell lines, by multiple HRVs and that 

inflammatory cell death is induced. HRV16 infection of ex vivo bronchial epithelial cells was 

inconclusive as to whether HRV 3C cleaves RIPK1 in a biologically relevant model, due to 

an inability to detect viral protein (Figure 7.3); hence the biological relevance of the 

presented study is yet to be confirmed or discredited.  

Additionally, viral proteins were not detected within the bronchial epithelial samples and 

therefore HRV 3C protease RIPK1 cleavage in this cell types cannot be excluded.  

8.7 Experimental Design and Limitations 

8.7.1 Choice of Cell Lines 

Initial cell-based experiments were conducted with Ohio-HeLa cells due to the high 

expression of ICAM-1 and LDLr in these cells (85). Although not a physiological target of 
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HRV infection, O-HeLa cells are widely used in HRV infection studies and work has shown 

that the results in O-HeLa cells are comparable to that in primary bronchial epithelial cells 

(298). Protease dependent events such as protein and RNA production, polyprotein 

processing, and viral induced cell shut off was comparable between the HeLa cell lines and 

bronchial epithelial cells (298). Thus, in this study which sought to identify a new role of the 

viral protease in attenuating restrictive host factors, the use of HeLa cells in model 

experiments is acceptable. Results from experiments initially conducted in HeLa cells were 

validated in lung adenocarcinoma human alveolar basal epithelial cells (A549s) and alveolar 

cells have been shown to be infected by HRV in rare clinical cases  (345). A549 cells were 

unable to be infected (data not shown) and there is little literature to suggest that A549 cells 

can support productive HRV16 infection. Regardless, it was important to examine viral 

interactions with RIPK1 endogenous to A549 cells. To bypass the requirement for viral 

delivery of the protease, a GFP-tagged 3C protease construct was transfected into A549s and 

samples were processed for western blot analysis. As per experiments with O-HeLa cells, 

endogenous RIPK1 was cleaved by the HRV 3C protease (Figure 4.5), indicating that the 

cleavage observed may occur in biologically relevant cell lines. To further characterise the 

cleavage of RIPK1 in a biologically relevant system, human bronchial epithelial cells were 

grown at an air-liquid interface until differentiated (Section 7.6). The cells were infected with 

HRV16 and treated with ActoD. No viral cleavage of RIPK1 was detected in this system, but 

no viral protein synthesis was detected either. Without confirming active viral protein 

synthesis and proteolytic activity, RIPK1 cleavage within this system cannot be excluded. 

The main limitation of this data, is the logistical difficulty in conducting those experiments. 

The bronchial epithelial cells were ex vivo, conditionally reprogrammed healthy or asthmatic 

cells and seeded and cultured in a collaborators laboratory. Conditionally reprogrammed 

primary epithelial cells are cultured in the presence of a Rho-kinase (ROCK) inhibitor. As 
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described in Section 1.2.1.5.1, Rho kinases induce cytoskeletal changes that result in cell 

contraction and clumping, an early apoptosis effect. For the cells to differentiate, the ROCK 

inhibitor is removed, allowing the cytoskeletal changes required for differentiation (281). In 

the case of one sample, removal of the ROCK inhibitor resulted in contraction of the cells 

(independently of apoptosis induction) and an inability to be used within this study. The 

failure of one set of asthmatic cells to maintain polarity and subsequently differentiate as 

described, meant that the +/- HRV16 sample set could not be repeated.  

8.8 Implications of this Study  

This study, for the first time has shown that RIPK1-dependent apoptosis effects HRV 

replication, and that HRV is able to skew apoptosis towards an inflammatory cell death. 

Importantly, it has been shown that HRV16 and 1B behave in a similar manner, in that 

infection results in cell lysis rather than apoptosis in asthmatic airway epithelial cells (247). 

Importantly, it is shown that an early, post-binding event in HRV infection is what causes this 

alteration in viral replication and cell death (247). The results presented within this study 

provide a possible mechanism, to explain what has already been described. This study is 

important as it provides mechanistic data explaining how HRV may provoke inflammatory 

cell death, which may underlie virus induced asthma exacerbations. 

8.8.1 Viruses, Disease and Apoptosis  

The information presented within this study contributes to two broad research areas. Firstly, 

how viruses interact with host-cells to cause disease. And secondly, the understanding of any 

dampening of cell-death pathways can contribute to the understanding of diseases that are a 

result of inherent apoptotic failure. Both will ultimately contribute to the development of 

therapeutic agents.  
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Apoptosis inhibiting mechanisms are utilised by many viruses (346, 347). Epstein Barr virus, 

Human Herpesvirus 8 and Human Papilloma virus all encode genes that actively supress 

apoptotic pathways (347), these genes have also been shown to be oncogenic thus promote 

cellular proliferation into a cancerous phenotype. The data within the current study provides 

the mechanism by which HRV can attenuate apoptosis pathways, through the cleavage of an 

adaptor protein that participates in multiple cell death pathways. The data presented here may 

be applicable to other viruses, and subsequently, may have implications in understanding how 

other viruses cause cancer.  

8.9 Future Directions  

8.9.1 Investigation of Alternative Cell Death Pathways 

RIPK1 interacts with RIPK3 via the RHIM, and induces necroptosis, specifically, within the 

intermediate domain of RIPK1 is the RHIM, where RIPK3 interacts by a homologous domain 

(166). The association of RIPK1 and RIPK3 then results in the homodimerization of Mixed 

Lineage Kinase Domain Like Pseudokinase (MLKL) (166). MLKL is responsible for the 

membrane disruption seen in necroptosis (167). The association between these two proteins 

was not confirmed or excluded in this study. Ultimately, the cell lysis that results from 

MLKL membrane disruption may lead to one of two viral outcomes. Firstly, the cell lysis 

may be destructive to the cell and therefore reduce HRV titre. The bursting of a plasma 

membrane leads to rapid destruction or dissociation of the cellular machinery and this means 

that the virus has abrogated any chance of continuing to replicate within that cell. This not 

only results in lysis of the infected cell, but also the release of danger associated molecular 

patterns onto neighbouring cells (348). This in turn, results in cell death induction in 

neighbouring cells (349), limiting HRV cell to cell spread and reducing replicative ability of 

the virus. Both RIPK1 induced apoptosis or RIPK3 induced necroptosis are destructive to the 

virus, and RIPK3 necroptosis may be a secondary cell death pathway induced when apoptosis 
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is inhibited (221). To mechanistically understand this, work must be done to first confirm 

MLKL activation in HRV infection and to correlate that with cleavage of RIPK1. A 

luciferase reporter assay is described for RIPK1 and RIPK3 interactions (328), and could be 

used in a similar manner to detect RIPK3 activation with and without the HRV 3C protease. 

As cell lysis could ultimately be destructive to the virus, it may be a secondary mechanism of 

cell death induction rather than a mechanism that the virus is inducing for self-benefit. 

However, contrary to the destructive nature, it has also been reported that in response to 

HRV16 and 1B infection, asthmatic cell lysis correlated with increased HRV RNA 

production. Thus, the subversion of an apoptotic cell death towards an inflammatory cell 

death was beneficial to the virus (247). Within the study by Wark et al., infectious viral 

particles were not measured, thus it would first need to be determined whether RNA 

production alone was upregulated, or infectious virus particles as well (247). Examining the 

RIPK1-RIPK3 interaction in HRV infected cells in the presence of a caspase 8 inhibitor 

would also give valuable information as to whether disruption of apoptosis results in the 

induction of RIPK1-RIPK3 necroptosis as an alternative cell death pathway. Ultimately, this 

information will help delineate how HRV induces heightened inflammatory responses in 

particular individuals.  

8.9.2 Investigation of Apoptosis and Autophagy 

Apoptosis induction, specifically caspase 8 activation has considerable cross-talk with 

autophagy pathways – however no study has yet shown that viral mediated suppression of 

apoptosis results in increased autophagy. Autophagy is hijacked by Picornaviruses for two 

reasons, firstly, to produce intracellular vesicles for RNA replication sites and secondly, 

autophagy provides a non-lytic viral egress mechanism (47, 350, 351). Viral release into the 

extracellular environment in autophagic vesicles occurs in poliovirus infection, with each 

vesicle delivering a bolus of infectious viral particles to adjacent cells (350). This results in 
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efficient dissemination of large amounts of virus, while retaining cellular function for the 

continuation of viral replication.  Any action of the virus that is acting to reduce caspase 8 

activation, may result or allow autophagy to proceed at a high rate. Together, this suggests a 

mechanism by which HRV mediated cleavage of a key apoptotic adaptor protein (RIPK1), 

supresses caspase 8 activity and promote autophagy. To test this hypothesis, autophagy and 

infectious viral particles must be measured in infection alone samples, as well as with the 

RIPK1 inhibitor, Necrostatin-1. The colocalization of Picornavirus replication sites with 

proteins associated with autophagic membranous structures has previously been 

demonstrated. Using a chemical inducer of apoptosis may result in disruption of this 

association and/or correlate with changes in viral release and titre. Together this data would 

aim to elucidate the mechanistic reasoning for HRV dampening apoptotic signalling.  

8.9.3 Post-translational Modification of RIPK1 in HRV Infection  

RIPK1 undergoes several post-translational modifications dependent on the cell death or 

prosurvival signal being elicited within the cell, reviewed in (352) and described in Section 

1.2.2 and Figure 1.7. RIPK1 K63-linked polyubiquitination is non-degradative and results in 

response to TNF-α stimulation and the formation of complex I (220). Polyubiquitination at 

lysine 377 is due to cellular inhibitor of apoptosis (cIAP)s 1 and 2, which promotes cell 

survival and inhibits apoptosis (219, 353). The importance of this ubiquitination state is 

highlighted by the notion that RIPK1 is constitutively ubiquitinated at this site in cancer cells, 

and knock down of the cIAPs reduced the constitutive ubiquination which resulted in 

aberrant apoptosis (219). The K63-polyubiquitin chain at lysine 377 provides a scaffolding 

for a prosurvival protein complex that results in the phosphorylation and activation of the 

IKKα/IKKβ complexes, resulting in the NF-kB induced prosurvival gene expression (220, 

353). Importantly, the ubiquitin scaffold provides a blockage of RIPK1/caspase 8 apoptosis 

(194, 354). The ubiquination state of RIPK1 was not determined within this study. Future 
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work investigating RIPK1 cleavage should be aimed at elucidating whether the HRV 3C 

protease cleaves RIPK1 when ubiquitinated as described. If the HRV 3C protease does not 

cleave RIPK1 when ubiquitinated, it provides evidence to suggest that it is just the apoptotic 

function of RIPK1 that is detrimental to HRV.  

We observed a different cell death profile induced by HRV14 as opposed to HRV2 and 

HRV1B infection (Figure 6.5). As RIPK1 activation was essential to the replicative ability of 

HRV1A, 16 and 2, but detrimental to HRV14 (Figure 5.2 and 6.4), the ubiquitination state of 

RIPK1 may be different in HRV14 infection than 16, 2 and 1B. To test this hypothesis a 

knock-out cell line of the ubiquitination ligases could be developed for infection experiments. 

Although, the cells may likely undergo apoptosis – infection may prevent apoptosis – if 

RIPK1 cleavage is crucial to the apoptosis response to infection.  

Establishing a tagged-RIPK1 transfection model was difficult, as over expression of RIPK1 

within our system resulted in aberrant cell death (data not shown). To this end, the system 

could utilise overexpression of cIAPs in the effort to ubiquitinate the exogenously expressed 

RIPK1 – preventing the cell from entering apoptosis. A main limitation of this study was the 

inability to maintain cell survival to support HRV infection in cells transfected with RIPK1 

(data not shown). Site directed mutation of the proposed HRV 3C cleavage site would result 

in confirmation of the putative cleavage site, as well as give insight to the replicative ability 

of HRV when RIPK1 is unable to be cleaved. This cleavage inhibition would give the best 

understanding of whether the cleavage of RIPK1 by HRV 3C confers an advantageous 

cellular environment for HRV replication. Together, the overexpression of the cIAPs may 

help create a stable transfection system for analysing the interaction between HRV and 

RIPK1 mutants, and confirming RIPK1 induced changes in viral replication. The roles of 

cIAPs and RIPK1 in cell-death pathway are complex, with ubiquitinated RIPK1 found as part 

of the RIPK3 necroptosis inducing complex, in a manner that was not directly related to 
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cIAP1 and 2 functions (355). To this extent, a mechanism exists where in situations where 

RIPK1 is ubiquitinated and thus the cell unable to undergo apoptosis, the cell can proceed to 

RIPK3 dependent necroptosis with overarching cell death signalling (355). Future work on 

this topic should look to identify whether HRV induces RIPK1/RIPK3 dependent 

necroptosis, and if so, if RIPK1 is ubiquitinated within the complex. If RIPK1 is not 

ubiquitinated within the RIPK1/3 complex, it indicates that functionally there is no ubiquitin 

impediment on RIPK1 inducing apoptosis – further implicating HRV 3C mediated cleavage 

as a mechanism of apoptosis suppression.  

8.9.4 Investigation of Strain Specific Modulation of Apoptosis  

This study clearly shows that RIPK1 cleavage occurs in all HRVs tested by the HRV3C 

protease, and that RIPK1 may be cleaved in at a different site by the B species 2A protease 

(Figure 6.2). The species specific differential 2A protease processing of cellular substrates 

has previously been described (127). To confirm that the HRV14 and 83 2A protease is 

responsible for this cleavage, treatment of cells with a 2A protease inhibitor, in a similar 

manner done within this study for the 3C protease (with Rupintrivir, Figure 6.3), would 

confirm or exclude 2A as responsible for the additional RIPK1 cleavage. Additionally, 

expression of exogenous HRV14 2A protease, as done with the HR16 3C protease (Figure 

4.5), would also confirm or exclude this hypothesis.  It is important to note, that infection 

with HRV83 did result in the additional cleavage of RIPK1 (Figure 6.2), supporting the 

hypothesis that RIPK1 cleavage may be different depending on species, however the HRV83 

titre was too low to continue with ongoing experiments. HRV14 replication was not sensitive 

to apoptosis, but was sensitive to the inhibition of apoptosis - unlike HRV16, 1B or 2 (Figure 

6.4). To determine whether the difference in replicative ability in apoptotic conditions is 

species specific, future work should look to understand other HRV B replication kinetics in 

apoptosis inhibition or induction. 
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 Additionally, the establishment of routine ALI cultures will allow the investigation of RIPK1 

cleavage in HRV C species. The HRV C receptor is only expressed on the cell surface of 

fully differentiated mucosal epithelial cells (54). This is important as there are distinct levels 

of species specific pathogenicity. HRV C species cause the most severe diseases, HRV A the 

next most severe, with HRV B causing more mild disease (356).  If the HRV mediated 

cleavage of RIPK1 contributes to the pathogenicity of HRVs, then species specific alterations 

of RIPK1 must be investigated. The cellular responses that are induced in response to HRV 

infection are specific to the receptor used for attachment and the entry pathway used (10) The 

entry mechanism of HRV C viruses is not known, as such any work characterising the 

immune responses supressed by HRV C viruses should also ascertain the innate immune 

responses induced.  

8.10  Proposed Model of HRV Induction and Suppression of Apoptosis  

8.10.1 Proposed Model 

From the data presented within this study, we propose the following model (Figure 8.1) of 

innate immune activation and suppression. In HRV infected cells the host initiates an innate 

immune response which, in the absence of the HRV 3C protease, would result in apoptosis as 

shown in Figure 8.1 A). PRRs such as TLR-3 (used as an example in Figure 8.1), RIG-I or 

MDA-5 are activated upon recognition of HRV dsRNA (143). TLR-3 recruits TRIF, which 

binds RIPK1 through homologous RHIM domains (148, 357). RIPK1 binding then results in 

FADD and procaspase 8 recruitment (148). Caspase 8 can then cleave RIPK1, to further 

promote apoptosis or cleave caspase 3 to transduce the apoptotic signal. Apoptosis 

subsequently reduces viral replication, possibly indirectly by reducing the autophagic 

membranous structures utilised by the virus for RNA replication and assembly (47). As 

shown in Figure 8.1 B), we propose that in HRV infected cells, the initial engagement of 

TLR-3, TRIF and RIPK1 occurs, after which the HRV 3C protease cleaves RIPK1. The 
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cleavage of RIPK1 either dissociates FADD and caspase 8 or impedes their recruitment to 

RIPK1. This results in halted propagation of the apoptotic signal concomitant with 

continuation of viral replication, potentially due to optimal levels of autophagy. Additionally, 

when caspase 8 is impeded, the cell responds by inducing necroptosis through homologous 

interactions of the RHIM in RIPK1 and RIPK3 (358). Thus, if caspase 8 signalling is 

disrupted, RIPK1 may heterodimerise with RIPK3 and induce necroptotic cell lysis, releasing 

inflammatory DAMPs and contributing to an asthmatic phenotype (359). 
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Figure 8.1 Proposed model of HRV mediated modulation of RIPK1 and subsequent 

inhibition of extrinsic apoptosis. A) In normal immune response to dsRNA, TLR-3 recruits 

TRIF which also binds RIPK1 through homologous RHIM domains (148, 194). RIPK1 binds 

FADD through homologous death domains, and FADD binds procaspase 8 which results in 

autocatalysis into active caspase 8 (193). Active caspase 8 cleaves RIPK1, to further promote 

apoptosis and cleaves the effectors of apoptosis. Apoptosis decreases HRV1B, HRV2 and 

HRV16 replication potentially through disrupting viral replication sites on autophagy 

derived vesicles. B) After dsRNA recognition and engagement of the TLR-3/TRIF/RIPK1 

complex, the HRV 3C protease cleaves RIPK1, subsequently dissociating or impeding 

signalling to procaspase 8 and FADD. This disruption to apoptotic signalling may result in 

an optimal amount of autophagic vesicles which serve as HRV replication sites. Additionally, 

the impairment of apoptosis may result in the induction of necroptosis, which may contribute 

to viral induced asthma.   
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8.10.2 Validation of Results  

While this thesis was in the final stages of editing, a study was published by the Greber group 

describing cleavage of RIPK1 by HRV16 (360). The 2018 study shows that the cleavage of 

RIPK1 by the HRV16 3C protease produced a similar sized N-terminal RIPK1 fragment, as 

shown in chapter 4. The data generated by Lotzerich et al. supports the proposed model in 

Figure 8.1. They show that the cleavage of RIPK1 dissociates it from TRIF, and that results 

in a failure to activate caspase 8, Figure 8.2 taken from (360). Interestingly, it is also shown 

that Poly(I:C) transfection results in cleavage of RIPK1 by caspase 8 (360), supporting the 

data presented in Figure 3.6. It is also described that 3C and the precursor 3ABC are 

immunoprecipitated with RIPK1 (360), and this could cause a physical blockade to RIPK1 

function.  
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Figure 8.2 Model of RIPK1 cleavage and subsequent subversion of apoptosis proposed by 

Lötzerich et al. (2018). The study shows that the recognition of dsRNA by TLR-3 results in 

activation of caspase 8, which then induces apoptotic cell death. The activation of TLR-3 is 

induced in response to HRV16 infection, however 3C mediated processing of RIPK1, dissociates 

RIPK1 from TRIF. The 3C protease and 3ABC protease bind RIPK1, subsequently apoptosis is 

inhibited. Figure taken from (360) and obtained under the terms of Creative Commons.  
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8.11 Concluding Remarks  

This study presents for the first time that the apoptotic adaptor protein, RIPK1, is cleaved by 

the HRV16, HRV14, HRV1B, HRV2 and HRV83 3C protease. Caspase 8 association with 

RIPK1 and caspase 8 activation are also described within this study, contextualising the 

induction of apoptosis as an innate immune response to HRV16 infection. The cell death 

profiles of representative HRVs demonstrate that A species HRVs are sensitive to apoptosis, 

but retain the ability to change the cell death out come from apoptotic to necrotic.  The 

understanding of the subversion of apoptosis pathways by HRV provides insight into the 

pathogenesis of HRV induced asthma exacerbations.   
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