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ABSTRACT 

 
Arthritogenic alphavirus infection causes debilitating pain in the joints and muscles with 

many patients experiencing such symptoms chronically. However, there is insufficient 

evidence to explain the underlying causes behind symptoms of persistent arthralgia and 

myalgia. Joint-associated tissues are the main site of inflammation during alphavirus 

infection, and it has been shown that alphaviruses induce damage to the cartilage and 

synovium. Therefore, the cell types present in these tissues play critical roles in disease 

pathogenesis. The findings described in this thesis contribute to the general understanding 

of host-pathogen interactions during alphavirus infection of joint-associated cell types. 

Here, the analysis of murine joints revealed chondrocytes as a target of RRV infection 

(Chapter 1). Further evaluation of human primary chondrocytes and skeletal muscle cells 

through short-term in vitro cell culture showed that these cell types could support 

productive RRV infection. Our study presents the first evidence of the role of 

chondrocytes in alphavirus disease pathogenesis. 

 

Currently, there are gaps in our understanding of chronic alphavirus disease, especially 

in the absence of detectable viraemia after recovery from infection. Here, we have 

investigated the responses of several cell types in joint-associated tissues during chronic 

infection. Human primary cells and their corresponding cell line counterparts for 

chondrocytes, muscle cells and fibroblast-like synoviocytes (FLS) were infected with 

four alphaviruses of clinical importance, namely Ross River virus (RRV), Barmah Forest 

virus (BFV), chikungunya virus (CHIKV) and o’nyong’nyong virus (ONNV). We found 

that all cell types studied were able to retain residual alphaviral nucleic acids after 

recovery from infection despite several passages in culture (up to 10 weeks), indicating 

the potential of these cell types as reservoirs for the virus and/or viral RNA (Chapter 2). 

Regretfully, we were unable to determine the roles of the lingering viral nucleic acids 

though we hypothesise that they may play roles in causing chronic inflammation. During 

this study, we also established persistent alphavirus infection in chondrocyte C28/I2 and 

muscle RD cell lines (Chapter 2) and hypothesise that these two cell types could act as 

potential harbours for virus evasion from the immune system. The characterisation of 

genetic variants present in samples from persistent infections led to the identification of 

several mutations which could potentially be important for alphavirus persistence. We 

speculate that C28/I2 and RD cell lines are suitable candidates for exploring alphavirus 

evolution through selective pressures applied by in vitro serial passaging of infected cells. 



   
 

   
 

ii 

 

Our findings indicate that infected chondrocytes, muscle cells and FLS contribute to 

alphavirus disease pathogenesis through increased expression of pro-inflammatory 

cytokines associated with clinical disease such as IL-6, MCP-1 and IL-8 (Chapter 1 and 

2). However, further studies are required to determine if the presence of residual 

alphaviral nucleic acids serves as PAMPs that are responsible for eliciting chronic 

inflammatory responses. While we have shown that RRV-infected chondrocytes play a 

role in causing alphavirus-induced inflammation, we also observed that these cells cause 

cartilage damage through disruption of ECM homeostasis. As the main cell type of the 

cartilage, chondrocytes are responsible for the regulation of ECM synthesis and 

degradation. During RRV-infection of chondrocytes, we observed reduced gene 

expression of key ECM constituents COL1A1, COL2A1 and ACAN and elevated gene 

expression of ECM breakdown enzymes like HPSE, ADAMTS4 and MMP9 (Chapter 1, 

2 and 3). We also observed evidence of this through our transcriptomic analysis of RRV-

infected and uninfected bystander chondrocytes. This is also the first study that 

investigates the direct and indirect responses to alphavirus infection of chondrocyte 

(Chapter 3). 

 

As an avascular tissue type, chondrocytes are not easily accessible to virus infection. 

However, we found evidence of RRV RNA in the chondrocytes of infected mice (Chapter 

1) and have shown that these cells are susceptible to alphavirus infection (Chapters 1-4). 

Therefore, we can only speculate on the possible routes of alphavirus infection of 

chondrocytes. The use of in vitro chondrocyte models with complex ECM architecture 

allows for greater physiological relevance in the study of cartilage and their responses to 

alphavirus infection. The synovium is a neighbouring tissue with access to the blood 

supply network and provides nutrients to the cartilage. Therefore, it is possible that 

chondrocytes can acquire alphavirus infection via the synovium. Fibroblast-like 

synoviocytes (FLS) are the main resident cell type of the synovium and maintains the 

synovial fluid through the expression of ECM components and breakdown enzymes like 

MMP3. We found that interactions between chondrocytes and FLS result in increased 

viral infectivity profiles (Chapter 4). Our study also demonstrates that the ECM 

surrounding the chondrocytes acts as a physical barrier that prevents access to virus 

particles. Treatment of cells with MMP3 was able to loosen the interactions of the ECM 

and expose the chondrocytes to virus infection, resulting in greater virus attachment and 
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infectivity compared to non-treated cells. Taken together, this thesis presents key findings 

on the possible mechanisms involved in alphavirus disease pathogenesis and the roles of 

cell types of joint-associated tissues in causing the chronic symptoms of joint and muscle 

pain felt by the majority of infected patients. 
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INTRODUCTION 
 
1.1 Alphaviruses 

1.1.1 Introduction 

The Togaviridae family consists of two genera: Alphavirus and Rubivirus [1]. 

Alphaviruses are divided into two groups based on the genetic diversity of their non-

structural proteins and are known as Old World and New World alphaviruses, some of 

which are of importance due to the diseases they cause [2]. The Old World alphaviruses 

such as Ross River (RRV), Barmah Forest (BFV), chikungunya (CHIKV) and o’nyong-

nyong (ONNV) viruses can cause debilitating disease in humans and are known to be 

primarily arthritogenic due to the symptoms they present namely arthralgia and myalgia 

[3]. The New World alphaviruses like the Venezuelan equine encephalitis (VEEV), 

Eastern equine encephalitis (EEEV) and Western equine encephalitis (WEEV) 

predominantly cause encephalitis in humans and animals. Sindbis (SINV) and Semliki 

Forest (SFV) viruses are classical well-studied alphavirus models of disease pathogenesis. 

Based on genomic sequence homology, alphaviruses can also be grouped into four groups: 

SF, EEE, WEE and VEE (Figure 1) [4]. The SF group includes viruses such as RRV, 

BFV, CHIKV and ONNV [4]. In this literature review, clinically important Old World 

alphaviruses RRV, BFV, CHIKV and ONNV will be discussed. The Rubivirus genus 

contains the causative agent of rubella and will not be discussed further as it is not the 

topic of this thesis. 

 

Alphaviruses are enveloped spherical viruses, acquiring their lipid membrane from host 

cells [5]. Each virion is approximately 65-70 nm in diameter, and they display T=4 

icosahedral symmetry. The two envelope glycoproteins, E1 and E2, form heterodimers 

which assemble into 80 trimeric spikes on the surface of the virion [6]. Alphaviruses are 

single-stranded, positive-sense ribonucleic acid (RNA) viruses with a genome of 

approximately 11.5 kb in length, a 7-methylguanylate cap at the 5’ terminus and 

polyadenylation at the 3’ terminus. The genome encodes for four non-structural and five 

structural proteins (Figure 2).  The non-structural proteins are nsP1, nsP2, nsP3 and nsP4, 

and the structural proteins are capsid, E3, E2, 6K and E1. The main functions of each 

component of the virus will be briefly introduced in section 1.1.3. 
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Figure 1. Phylogenetic tree of several members of the Togaviridae family  
Viruses are grouped into clades through maximum-likelihood analysis using genomic 

sequences of the structural polyprotein. Some of the complexes shown are Semliki 

Forest (SF), Venezuelan equine encephalitis (VEE), Eastern equine encephalitis (EEE) 

and Western equine encephalitis (WEE) complexes. The four arthritogenic alphaviruses 

RRV, BFV, CHIKV and ONNV discussed in this literature review belongs to the SF 

complex. The source image originates from reference [4]. 
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Figure 2. Elements of the alphavirus genome and functions of its encoded proteins  
The alphavirus genome consists of four non-structural (nsP1, nsP2, nsP3 and nsP4) and 

five structural genes (capsid, E3, E2, 6K and E1). (Image modified from Sherman et al., 

2010 [7]). 

 

 

1.1.2 Infection process 

As arboviruses, alphaviruses are transmitted through mosquito vectors to human and 

vertebrate hosts (described in greater detail in section 1.1.4). Many cell types (such as 

leukocytes, fibroblasts, endothelial and muscle cells) and joint-associated tissues (like 

bone, cartilage and skeletal muscle) are permissive to alphavirus infection [8–12]. 

Alphaviruses attach to cells, via interactions between E2 and receptors found on many 

vertebrate and invertebrate cells, such as natural resistance-associated macrophage 

protein (NRAMP) and matrix remodelling associated protein 8 (MXRA8), recently 

reviewed by Holmes et al. [13]. Over the years, the cellular receptors of alphavirus remain 

unidentified as cells lacking the proposed receptors were still able to support virus 

infection [13]. 

 

The virion binds to attachment factors or some receptor on the cell surface and is 

internalised through receptor-mediated endocytosis (Figure 3) [5,14]. Once internalised, 

the acidic pH in the endosomal compartment allows the virion to fuse with the endosomal 

membrane, causing the release of its nucleocapsid core into the cytoplasm  [5,14]. The 

nucleocapsid disassembles, and the positive-sense virus genome is directly translated into 

two polyproteins which are P1234 and P123 [15]. Upon further processing of these two 

polyproteins by nsP2, the four non-structural proteins nsP1, nsP2, nsP3 and nsP4 are 

produced [15]. The virus can generate sub-genomic RNA (26S) in addition to genomic 

length RNA (42S) via two open-reading-frames (ORFs). The non-structural proteins 
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induce synthesis of the negative-strand RNA, used for replication of the viral genome 

(positive-sense RNA) which are incorporated into progeny virions. Subgenomic RNA 

(26S) is also generated and translated into a polyprotein which is cleaved proteolytically 

to form the four structural proteins capsid, pE2, 6K and E1 [5,14]. The structural proteins 

are transported to the endoplasmic reticulum (ER) and undergo further post-translational 

modifications in the Golgi apparatus. Virus genomes and capsid proteins interact and are 

assembled into icosahedral nucleocapsid cores which are transported to the plasma 

membrane for packaging [5,14]. These nucleocapsid cores associate with glycoproteins 

to form progeny virions which are released through budding from the host cell membrane 

(Figure 3) [5,14]. While the packaging signal is suggested to have importance in driving 

nucleocapsid core assembly, it is not essential as viruses without the packaging signal are 

still able to replicate successfully [16–19]. 

 

An alternative model of virus assembly has been proposed where nucleocapsid formation 

is not essential for virus assembly and that both events could occur at the same time at 

the cell surface. Studies of SINV and SFV with deletions in the capsid protein results in 

replicating particles with no nucleocapsid formation in the cytosol , later confirmed by 

Lulla et al. with their studies with VEEV [20]. Additionally, it has been shown that cells 

infected with a VEEV mutant containing only glycoproteins and the protease domain of 

the capsid protein produced mainly genome-free particles [20]. This suggests that 

interactions between glycoproteins and the protease domain of capsid protein are 

sufficient for virus assembly. The amino-terminal subdomains SD1, SD2, SD3 and SD4 

of the capsid protein, were not required for virus assembly but was demonstrated to be 

involved in selective packaging of the virus genome [20]. 
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Figure 3. The life cycle of alphavirus infection  
The virus attaches to receptors on host cells and enters the cell by receptor-mediated 
endocytosis. Within the endosomes, the low pH environment induces conformational 
changes in the viral envelope glycoproteins allowing the virus to fuse with the endosomal 
membrane and for the release of its viral genome into the cytoplasm. Virus replication 
initiates and after assembly and packaging at the host membrane, newly-synthesised 
particles are released for infection of other cells. (Image modified from Jose et al., 2009 
[5]). 
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1.1.3 Structural and genomic organisation – key roles of viral components 

The positive-stranded RNA is crucial for genomic replication as in vitro experiments 

attempting to reproduce replication using the negative-strand with replicase have not been 

successful [21]. Negative-stranded RNA produced during viral replication usually exist 

as double-stranded RNA (dsRNA), which are easily recognised by pattern recognition 

receptors (PRRs) such as toll-like receptor 3 (TLR3), retinoic acid-inducible gene I (RIG-

I) and melanoma differentiation-associated protein 5 (MDA-5) [22]. However, it has also 

been shown that most of these dsRNA intermediates are encapsulated in membrane 

spherules and are not accessible to detection and degradation by PRRs [21,22].  

 

The structural proteins are responsible for the assembly of virus particles. Within each 

virus particle lies the nucleocapsid core which is formed by 240 copies of capsid proteins 

(each around 30kDa). Genomic RNA is contained within the nucleocapsid core in a 

disordered manner. The capsid protein has roles in viral RNA encapsidation and 

nucleocapsid formation as well as virus particle formation and viral egress. The latter 

roles are achieved via the capsid proteins interaction with the viral glycoproteins. The 

first 100 amino acids of capsid protein are basic and may interact with RNA [23]. The 

RNA packaging signal located within the non-structural genes of genomic RNA results 

in packaging of newly-synthesised virions.  

 

The pE2 glycoprotein is a precursor to E3 (around 10 kDa) and E2 (around 50 kDa) 

glycoproteins, which are produced upon furin cleavage in the Golgi. Furin is a host 

enzyme responsible for cleavage of newly-synthesised proteins, thereby activating them 

to perform their functions. While the functional roles of E3 are not well-elucidated, it is 

hypothesised to play a role in pE2 and E1 (around 50 kDa) heterodimerisation and 

facilitates the transport of the glycoproteins to the plasma membrane for budding [5]. 

Cleavage of E3 is essential to make the newly synthesised virions fusion-competent [5]. 

The E2 glycoprotein is involved in virus entry through receptor binding and receptor-

mediated endocytosis. E2 has been shown to play roles in the regulation of viral fusion 

through pH protection of the E1 fusion protein and the folding and transport of E1 to the 

plasma membrane for viral budding and release [24,25]. Although E2 plays a role in viral 

fusion, the E1 glycoprotein is the main fusion protein serving a role in facilitating 

membrane fusion between the viral membrane and the endosome [25]. Both E1 and E2 

are type I transmembrane proteins, and their dimeric interactions are essential for virus  
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membrane fusion process [24]. After virus internalisation through receptor-mediated 

endocytosis, the low endosomal pH environment in the endosome triggers conformational 

changes of E1 glycoprotein which results in the formation of fusion pores between the 

virus and endosomal membranes, thereby facilitating the subsequent release of its viral 

genome into the cytoplasm [26]. Surface biotinylation studies on whole SINV virions by 

Sharp et al., 2006, demonstrated that the E1 glycoprotein is more buried in the virus 

structure compared to E2. Only one lysine residue was accessible to surface biotinylation 

in E1 while seven lysine residues were found to be biotinylated in E2. The whole virus 

structure, as determined by cryo-electron microscopy (cryoEM), also shows that E1 

envelopes most of the viral membrane with E2 lying on top of the E1 layer [27]. Although 

no direct evidence for how the E1 glycoproteins mediate membrane fusion, a model has 

been proposed to describe the conformational changes required for E1 to facilitate this 

process. 

 

6K is a small polypeptide approximately 6 kDa in size that is found in virions in small 

quantities. However, due to its small size, it is undetectable under cryo-electron imaging 

and reconstruction. Loss-of-function mutation studies of 6K demonstrate reduced titres 

of the infectious virus, but these particles appear to maintain their structural integrity; 

they are structurally indistinguishable from the wild-type virions [28,29]. 6K has also 

been demonstrated to play a role in thermostability of SFV and RRV [28,29]. Deletion of 

this protein results in defective SFV replication in mammalian cells but not in insect cells 

[28]. One possible reason to account for this is the effect of 6K on thermostability since 

the temperature in mammals is higher than in insects [28]. However, it is not the only 

factor as other pathways such as the release of newly-synthesised virus particles, 

glycoprotein trafficking, membrane permeability and virus-induced apoptosis may also 

be affected. In a study by Taylor et al., the authors show that RRV lacking 6K resulted in 

smaller plaques compared to wild-type RRV when plaque assays were performed using 

Vero cells [29]. The same study also demonstrated that infectivity and virus budding 

processes were impaired when this 6K deletion mutant  was pre-incubated at low pH prior 

to infection [29]. Together, these findings may explain the reduced disease they observed 

upon infection of mice using this RRV mutant strain [29]. Viroporins are viral proteins 

which interact with host membranes and are important in virus infection and spread. 

Recently, it has been demonstrated that the CHIKV 6K protein oligomerise to form ion 

channels which interact with membranes of the endoplasmic reticulum (ER), which is 
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indicative of its role as a viroporin [30]. The use of an ion-channel inhibitor amantadine 

was able to disrupt the viroporin functions of the CHIKV 6K  and impaired virus budding 

from cells [30]. 

 

Although the non-structural proteins are not involved in virus attachment and binding, 

they have importance during replication after the virus has been internalised. In the early 

stages of infection, P123 and P1234 polyproteins are generated from genomic RNA [15]. 

In the form of a polyprotein, nsP2 is a protease that can only cleave in cis, thus generating 

nsP4 proteins predominately [15]. As the infection progresses and more P123 

polyproteins are generated, P123 is cleaved in cis at the nsP1/nsP2 and nsP2/nsP3 

linkages, resulting in the production of the remaining three non-structural proteins [15]. 

Apart from non-structural polyprotein processing, the N-terminal domain of nsP2 serves 

as a helicase and is involved in unwinding of the RNA during replication and transcription. 

Upon unwinding of the viral RNA, nsP4 functions as an RNA-dependent RNA 

polymerase (RdRP) and is involved in the replication of the viral genome. nsP1 is a 

guanine-7-methyltransferase and a guanyltransferase, which is important for the capping 

of the newly-synthesised genomic and subgenomic viral RNA molecules. The role of 

nsP3 is complex though it has been suggested that it is involved in replication complexes 

[5]. nsP3 can be found in cytoplasmic granules that contain host mosquito or human 

proteins.  
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1.1.4 Global transmission of alphaviruses 

Most alphaviruses are maintained through continuous cycles of transmission in 

mosquitoes and vertebrate hosts [31]. Infection results in a viraemic period of 5-7 days, 

during which, further transmission of pathogens to new hosts may occur. Virus 

transmission to humans occurs through the bite of an infected mosquito and may lead to 

large-scale epidemics when environmental conditions are favourable for mosquito 

breeding [32,33]. Over the years, arthritogenic alphaviruses such as RRV, BFV, CHIKV 

and ONNV have caused localised and global outbreaks in different parts of the world 

(Figure 4) [34]. 

 

 

 
Figure 4. Geographical distribution of notable arthritogenic alphaviruses  
This illustrates the spread and distribution of several arthritogenic alphaviruses along 

with their associated outbreaks and vectors. Examples include RRV and BFV (localised 

to Australia and surrounding regions), ONNV (Africa), and CHIKV (with widespread 

global distribution). The source image originates from reference [34]. 

 

 

For RRV, macropod marsupials serve as the primary reservoir with Aedes sp. and Culex 

sp. mosquitoes being the vectors [35]. RRV is endemic to Australia, Papua New Guinea 

and the Pacific Islands. In 1979-1980, an RRV outbreak occurred in the Pacific Islands 
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(Samoa, Fiji, the Cook Islands and New Caledonia) and was believed to be brought by an 

Australian traveller. Since then, there were no reported outbreaks of RRV outside 

Australia. However, a recent study by Lau et al. demonstrated seroprevalence of RRV in 

people born after the outbreak in Samoa, one of the islands in South Pacific, suggesting 

that non-marsupials may be able to serve as reservoirs for RRV [35]. Apart from humans, 

horses are known carriers of RRV and can transmit the virus to mosquito vectors [36]. 

Infected horses produce antibodies against the virus [37,38] and experience disease 

signs/symptoms such as reluctance to move, joint pain and swelling [36,39]. Recently, a 

serological study demonstrated evidence of RRV exposure not only in macropod 

marsupials and horses, but in birds and flying foxes as well [40]. In another serological, 

domestic cats and dogs in Brisbane, Australia, were found to mount an immune response 

to RRV, however, these animals do not develop viraemia nor clinical signs of disease 

[41]. Taken together, this indicates that while domesticated cats and dogs probably do not 

play a role in the transmission cycle, other non-human vertebrate hosts apart from 

macropod marsupials have potential as reservoirs hosts. 

 

In the case of BFV, it circulates in Australia via with Aedes sp. and Culex sp. mosquitoes 

and the host reservoirs have not been identified [42]. Birds and bats have been suggested 

to be potential reservoirs [43]. Furthermore, cats and dogs in Australia, have been shown 

to have antibodies against BFV but do not exhibit signs of disease [41]. 

 

Historically, CHIKV has been found to circulate in Africa, Asia, and the Pacific [42]. 

After the 2005 outbreak in islands of the Indian Ocean, it spread to Europe via a large 

number of imported cases through travellers. Subsequently, it has expanded its 

geographical distribution to South and North America, likely due to the increase of global 

travel [42]. Humans and non-human primates are the main reservoirs for CHIKV though 

this virus can infect other animals as well [44]. In a recent study, several avian and 

mammalian species were infected experimentally with CHIKV [45]. Though most of the 

infected animals developed strong antibody responses against CHIKV, only big brown 

bats, hamsters and mice developed viraemia [45]. CHIKV is usually transmitted by Aedes 

aegypti and Aedes albopictus mosquitoes [44]. It was demonstrated that a A226V 

mutation in CHIKV is responsible for vector transmission to Aedes albopictus mosquitoes 

and causing global outbreaks from 2004-2010 [46]. Despite this, the Singapore 2008 
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strain did not have the A226V mutation, which is present in the Italy 2007 strain, and this 

is indicative of the presence of a number of virus strains in circulation [46].  

 

ONNV is mainly restricted to Africa and is transmitted by Anopheles mosquitoes with 

unknown host reservoirs [42]. A serological survey on wild animals and non-human 

primates in Africa found neutralising antibodies against CHIKV and ONNV in forest 

buffalos, elephants, duikers, mandrills, gorillas and monkeys [47]. Interestingly, most of 

these animals also had neutralising antibodies against other arboviruses such as dengue, 

yellow fever and West Nile viruses [47]. 

 

1.1.5 Clinical manifestations 

Patients in the acute phase of arthritogenic alphavirus infection typically suffer from 

similar clinical manifestations such as fever, rash, headache, diarrhoea, vomiting, myalgia, 

fatigue, arthralgia (joint pain) and arthritis (inflammation of joints) (Figure 5) 

(summarised in Table 1) [3,8]. Though these viruses are known to be mainly arthritogenic, 

CHIKV has been associated with neurological signs in some instances [48–50]. Sequelae 

such as joint and muscle pain  have been described following resolution of the initial 

acute infection and may persist for a prolonged time (10-15 months) [51,52]. Analysis of 

synovial fluid from joints of patients suffering from viral arthritis show that these 

symptoms may be caused by inflammatory responses to viral antigenic material [53]. 

Currently, no targeted treatment for alphavirus infection has been established, and there 

are also no known vaccines. Non-steroidal anti-inflammatory drugs (NSAIDs) are 

therefore typically prescribed for symptomatic management through the suppression of 

inflammation. In this section, the clinical manifestations caused by each of the four 

alphaviruses of interest: RRV, BFV, CHIKV and ONNV, will be described. 

 

 

 
 
  



   
 

   
 

12 

 

Figure 5. Clinical manifestations of arthritogenic alphaviruses  
A: rash and swelling of the ankle during RRV infection (source image from reference 

[54]); B: bullous rash in a child with CHIKV (source image from reference [55]); C: rash 

of the face during acute CHIKV infection (source image from reference [56]); D: swelling 

and stiffness in hands at the chronic stage of CHIKV infection (source image from 

reference [56]).  
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Table 1. Symptoms presented during alphavirus infection  
This table describes the clinical symptoms of RRV, BFV, CHIKV and ONNV disease.  

Virus Incubation 
period 

% Asymp-
tomatic 

Main 
symptoms 

Other symptoms References 

RRV 3-21 days 55-75 Fever, rash, 
myalgia, 
arthralgia or 
arthritis 

Fatigue, headache, 
sore throat, 
lymphadenopathy 

[8,57,58] 

BFV 7-9 days Unknown Fever, rash, 
myalgia, 
arthralgia or 
arthritis 

Lethargy, headache, 
depression and mood 
swings 

[8,59] 

CHIKV 1-12 days 3.8 – 27.7 Fever, rash, 
myalgia, 
arthralgia or 
arthritis 

Headache, 
photophobia, 
bleeding, diarrhoea, 
conjunctivitis, sore 
throat, vomiting, 
cough, nausea, red-
eye, back pain 

[14,48,49] 

ONNV Unknown 13.6 Fever, rash, 
myalgia, 
arthralgia or 
arthritis 

Headache, pruritis, 
lymphadenopathy, red 
eyes and bleeding 
gums 

[8,60,61] 

 

 

 

Ross River virus causes widespread disease in Australia. In the last ten years, 3,000 to 

5,000 cases have been reported annually while sporadic outbreaks have also occurred, 

such as in 2015 (9,544 cases) and 2017 (6,915 cases), according to the National Notifiable 

Diseases Surveillance System (Australia) [62]. The incubation period of RRV is between 

3 to 21 days, with an average of 7 to 9 days [58]. Most patients experience acute and 

symmetrical joint-related symptoms, such as tenderness, minor restriction of movement, 

and severe redness and swelling [58]. The joints commonly affected are those present in 

the ankles, fingers, wrists and knees [57,58]. Other symptoms include rash (which affects 

about 50% of patients), fever (30-50%), myalgia (50-60%) and arthralgia. A rash appears 

mainly on the limbs, but can also be found on palms, soles, face and scalp [58]. Many 

studies have also reported examples of patients who experience long-term permanent or 

intermittent joint pain (more than three years) [8]. 
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Another alphavirus, Barmah Forest virus, causes prevalent disease in Australia, with 300 

to 2,000 cases annually [62]. In 2013, there were 4,236 cases reported, making this the 

largest outbreak in Australia [62]. The discovery of BFV occurred in 1974, however, the 

disease it causes has not been as intensively studied. BFV infection is typically seen as a 

milder form of RRV infections and is often underreported or misdiagnosed as RRV [63]. 

BFV has an incubation period of around 7-9 days but this could be up to 21 days. Patients 

suffering from BFV infections experience the same clinical signs as RVV infection such 

as fever, rash, muscle pain and polyarthritis [11,64]. Among these symptoms, a rash is 

more commonly observed for BFV infections compared to RRV infections [59]. The 

arthralgia and myalgia usually resolve within six months after BFV infections [59].  

 

Chikungunya virus causes chikungunya fever (CHIKF) in humans, a debilitating disease 

that involves extreme joint pain. This virus is not endemic to Australia, and the only cases 

reported are due to returned travellers. In the last ten years, a range of 12-134 cases was 

reported annually. However, CHIKV has emerged as a global pathogen, particularly since 

the 2005 outbreak, where it caused 1.4-6.5 million cases throughout the world [8]. During 

the initial stage of infection, the virus incubates within the host for 1-12 days, with an 

average incubation period of 2-4 days [48,65]. While CHIKV results in the symptoms 

described above, it is also common for CHIKF patients to experience migratory 

polyarthritis, where joint pain spreads from one joint to another [48,50]. Acute symptoms 

of CHIKF usually resolve within two weeks while arthralgia has been observed to persist 

for at least 10-15 months [51,52]. In a study conducted by Manimunda et al., a cohort of 

203 patients were surveyed, and 75% experienced joint pain for more than a month, and 

31.5% experienced joint swelling in the same period [52]. They also reported that a higher 

percentage of patients experienced pain in the lower joints and knees compared to joints 

from the upper half of the body (52.1% to 59.5% compared to 8.5 to 40.4% respectively) 

[52]. A similar study conducted by Sissoko et al. followed 147 patients over 15 months 

[51]. They found that more than half of the original cohort experienced either permanent 

or recurrent joint pain [51]. Joint-related symptoms appear to be a causative factor in 

CHIKV disease pathogenesis, and the mechanisms behind these symptoms are mostly 

unknown. Though not common, CHIKV has also been reported to cause neurological 

complications like encephalitis, and haemorrhagic signs such as gum and nose bleeding 

[48–50]. 
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In comparison to the three alphaviruses discussed above, ONNV presents similar clinical 

symptoms in humans, some of which include fever, rash and joint pain. As ONNV and 

CHIKV are closely-related genetically, they cross-react in serological assays, making it 

challenging for correct diagnosis [66]. A recent study by LaBeaud et al. surveyed 1848 

people in coastal Kenya and found that 26% were seropositive for alphaviruses [67]. 

Within the alphavirus seropositive group, 56% were found to be ONNV-positive and 6% 

CHIKV-positive, which was interesting given that the last outbreak of ONNV in Kenya 

occurred in 1961 [67]. Furthermore, the similarity between the two viruses allowed for 

cross-protective immunity demonstrated in a study by Partidos et al., where a vaccine 

developed for CHIKV infection was able to confer protection against ONNV infection 

[68]. Despite the fact that the overlapping symptoms and serological cross-reactivity for 

these two alphaviruses present challenges in correct diagnosis, there is potential for 

therapeutics against one to induce cross-protection for the other. 
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1.2 Joint anatomy 

1.2.1 Cell types found in the joint 

The human musculoskeletal system is made up of several tissues such as skeletal muscle 

and bones. The skeletal muscle is a form of muscle tissue that surround the joints and are 

attached to the bones by tendons, which are fibrous connective tissue made of collagen 

fibres. The articular joint is the most common joint in the human body and is made up of 

several tissues like the articular cartilage, articular capsule, subchondral bone and 

ligaments (Figure 6). The articulating surfaces of bones are covered by a thin layer of 

articular cartilage tissue which serves to minimise friction and absorbs shock and 

minimise interactions between the bones. The articular cartilage is an avascular tissue and 

does not have access to the blood supply network. As hyaline cartilage, it is comprised of 

a dense network of extracellular matrix (ECM) and highly specialised cells known as 

chondrocytes. Chondrocytes are the primary cell type within the articular cartilage, and 

each cell is responsible for the synthesis and maintenance of ECM surrounding it. To 

perform their function, chondrocytes produce a variety of ECM components and 

degrading enzymes. Once they are formed, chondrocytes rarely replicate further, though 

they remain metabolically active.  

 

Chondrocytes are often isolated from cartilage tissue derived from operative procedures 

and it is challenging to obtain a reasonable amount of cells and tissue for experimental 

purposes. To derive sufficient numbers of cells for in vitro experiments, chondrocytes are 

isolated and expanded in monolayer culture for many passages [69,70]. This causes the 

chondrocytes to become de-differentiated as the cells gradually lose expression of ECM 

markers such as type II collagen and aggrecan, which define their chondrogenic state. 

Phenotypically, the dedifferentiated chondrocytes acquire a fibroblast-like morphology, 

different from their original rounded appearance. To restore the expanded cells to their 

differentiated state, these chondrocytes are placed under conditions that support re-

differentiation.  This involves the addition of cell culture media supplements such as 

ascorbic acid, insulin, transferrin, selenite and transforming growth factor beta (TGF-β) 

[69,70]. The use of 3D culture systems also help to encourage re-differentiation of cells 

through mimicking the structure of cartilage tissue. Over the years, many cartilage models 

have been characterised and these include suspension [71], monolayer [70,72], high-

density monolayer [70], micro-mass [72], and pellet  [73,74] cultures as well as the use 

of support matrices  [69] such as agarose [75,76], alginate  [77] and collagen [74]. 
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Figure 6. Graphical representation of the cell types and tissues present in the 

articular joint 

The articular joint contains a variety of tissues that include cartilage, synovium, muscle 

and bone. The cell types present are often specialised and have specific functions. In 

particular, chondrocytes and synoviocytes are responsible for maintenance of the 

complex extracellular matrix in the joints, important for mobility and resistance of 

compressive loads. 

 

The articular capsule, also known as the joint capsule, consists of the synovial and fibrous 

membranes as well as the joint cavity which contains synovial fluid. The synovial 

membrane, alternatively referred to as the synovium, is made up of two layers: the inner 

layer that is in contact with synovial fluid or intima and the outer layer otherwise known 

as subintima. The intima is generally made up of a single layer of synoviocyte cells of 

macrophage and fibroblast lineages. Type A synoviocytes are commonly known as 

synovial macrophages, and type B synoviocytes are referred to as fibroblast-like 

synoviocytes. The subintima layer is comprised of connective tissues (where six types 

exist) such as fibrous, adipose and areolar types, nerves and a network of blood and 

lymphatic vessels that provide nutrients for the synovium and cartilage tissues. Healthy 
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synovium is usually marked by the absence of cells in the subintima layer. The synovial 

macrophages are a minority of the total population of synoviocytes and are responsible 

for maintaining the synovial fluid through clearance of cellular debris. These resident 

synovial macrophages are derived from blood monocytes which infiltrate into the 

synovium and migrate to the intimal layer. The fibroblast-like synoviocytes are 

responsible for the synthesis of extracellular matrix molecules that make up the synovial 

fluid such as hyaluronan and lubricin.  

 

1.2.2 Extracellular matrix components present in the joint 

The articular cartilage is made up of water and ECM components such as collagen 

proteins, proteoglycans and non-collagenous proteins. Collagens are the main structural 

protein within the ECM (60% of its dry weight), with type II collagen forming the bulk 

of the collagen proteins present (90-95% of collagens) [78,79]. The other collagens 

present, types I, IV, V, VI, IX and XI, provide support to the type II collagen matrix. 

 

Proteoglycans are proteins that carry at least one covalently-linked carbohydrate chain or 

glycosaminoglycans (GAGs). The types of GAGs that are commonly expressed on 

proteoglycans include chondroitin sulfate (CS), dermatan sulfate (DS), heparan sulfate 

(HS), hyaluronan (or hyaluronic acid) and keratin sulfate (KS). These molecules attract 

ions and water to promote hydration of the ECM, allowing the ECM to have its shock-

absorbing properties. Of these, aggrecan is a proteoglycan that is abundantly expressed 

in the articular cartilage. It is a glycosylated protein with CS and KS side chains. It is 

known for its interactions with hyaluronan, and together, they form large aggregates 

which helps the cartilage tissue resist mechanical compression by heavy loads. This 

proteoglycan has been demonstrated to be susceptible to the action of a large variety of 

proteases in vitro [80]. The degradation of aggrecan results in aggrecan fragments which 

are both retained in the tissue and released into the synovial fluid. The amount of aggrecan 

decreases with age, thereby impairing its function in the cartilage. Mechanical 

overloading on weakened cartilage results in further damage to the ECM and reduced 

capacity to withstand heavy loads. Versican is another proteoglycan that can form 

aggregates with hyaluronan in the cartilage. However, it is expressed at much lower levels 

compared to aggrecan. Versican carries CS GAG chains on its core protein. 
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Another group of proteoglycans present in the cartilage are the non-aggregating 

proteoglycans, which interact with collagen molecules. Examples include decorin, 

biglycan, fibromodulin, lubricin, perlecan and asporin. Decorin has a single CS or DS 

GAG chain along its core protein, and in recent years, it has been shown to interact with 

a diverse group of biomolecules such as ECM proteins, growth factors, enzymes, 

membrane proteins, cell-surface receptors and immune-related proteins [81]. It is 

suggested to be essential for cartilage function due to its role in the assembly network of 

aggrecan aggregates and collagen in the ECM [82]. Despite the structural similarity to 

decorin, biglycan has different functions and is known for its role as a positive regulator 

of osteogenesis [83]. Fibromodulin carries multiple KS side chains and has many binding 

partners. Therefore, it has potential as a drug candidate for osteoarthritis [84]. Lubricin is 

produced by chondrocytes and synoviocytes and is also found in synovial fluid, where its 

role as a cushioning and lubricating molecule is well-studied [85]. It is also known for its 

interactions with cartilage oligomeric matrix protein (COMP), fibronectin and type II 

collagen [86]. Unlike the non-aggregating proteoglycans described above, asporin does 

not have GAG side chains. Perlecan is a large proteoglycan with CS and HS side chains. 

It has the capacity to bind to growth factors and play roles in the growth and development 

of the cartilage [87]. Asporin is known for its involvement in TGF and TLR signalling 

pathways. It is produced by chondrocytes, and its function in the cartilage is also heavily 

regulated through a feedback loop [88,89]. It has been shown that asporin can bind 

directly to TGF-β, thus inhibiting TGF-β /receptor interactions, suggesting its potential 

role in the negative regulation of chondrogenesis [88]. However, it has also been reported 

that TGF-β treatment results in asporin expression, further illustrating the complex role 

of asporin in chondrogenesis [89]. All these examples are indications that many ECM 

components have multi-functional roles apart from their main function as building blocks 

of ECM assembly. 

 

Non-collagenous proteins and glycoproteins are other ECM components that can be 

found in the cartilage. Of these, structural proteins such as the thrombospondin, matrilin 

and tenascin families, fibronectin, cartilage intermediate layer protein 1 (CILP1) form a 

part of the matrix. Although thrombospondin-1, -3 and -5 can be found in the cartilage, 

thrombospondin-5 otherwise known as COMP is predominantly expressed in cartilage 

and is known as a marker for cartilage breakdown and turnover. COMP interacts with 

various types of biomolecules such as cell surface receptors, ECM components (such as 
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the collagen and matrilin families and glycoproteins like fibronectin and aggrecan), and 

growth factors and play roles in chondrogenesis [90]. The ECM molecules that COMP 

can bind to include: aggrecan, collagen types I, II and IX, lubricin and fibronectin. 

Fibronectin exists as soluble dimers and insoluble multimer form. It contains multiple 

domains which allows it to bind to collagen and heparin binding sites and cell surface 

receptors. Though fibronectin is best known for its role in wound healing, it is involved 

in a variety of cellular processes such as adhesion, growth and differentiation. Other roles 

for fibronectin include the regulatory activity of ECM breakdown; degraded fibronectin 

results in fragments that induce inflammatory responses with implications for 

inflammatory diseases such as osteoarthritis (OA)  and rheumatoid arthritis (RA) [91]. 

While the mechanisms behind this remain unknown, it is suggested that these fibronectin 

fragments act as damage-associated molecular patterns (DAMPs) that trigger the TLR-2 

signalling pathway [92]. 

 

 

1.2.3 Extracellular matrix breakdown enzymes 

Cartilage and synovium breakdown are contributing factors for joint pathologies like 

alphavirus disease and arthritic-like disorders such as OA and RA. Damage to cartilage 

and synovium involves the degradation of ECM constituents and breakdown enzymes. 

Here, several key enzymes involved in ECM destruction are described (summarised in 

Table 2). Cytokines play important roles in driving expression of ECM enzymes during 

RRV infection and this is described in section 1.4.1 below.  

 

Extracellular matrix proteins are degraded by proteinases from two main families: matrix 

metalloproteinase (MMP) and a disintegrin and metalloproteinase with thrombospondin 

motifs (ADAMTS) families, with all members along with substrates extensively reviewed 

by Lu et al. [93]. Within the MMP family, collagenases (or MMP-1, -8 and -13) are 

named as such due to their ability to cleave collagen molecules. Despite this, collagenases 

can act on other ECM components and also have proteolytic activity on soluble proteins. 

However, collagenases are not the only enzymes capable of digesting collagens. Other 

members of the MMP family such as MMP-2, -9 and -14, can break down collagen as 

well [79,93]. Of these, though MMP-2 and -9 are known as gelatinases for their role in 

digesting gelatin; these two enzymes can act on other ECM molecules such as aggrecan 

and laminin. MMP-14, also known as MT1-MMP, has wide substrate specificity and is 
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able to break down aggrecan, fibronectin, gelatin and laminin [94]. Another group of 

MMPs known as stromelysins (MMP-3 and -10) are known for their role in activating 

proMMP. The MMP family is secreted as pro-enzymes and require activation to perform 

their functions. Members of the ADAMTS family such as ADAMTS4 and ADAMTS5 

are also known as aggrecanases, and together with the MMPs, they are responsible for 

the bulk of aggrecan breakdown. Other ECM breakdown enzymes that can digest 

aggrecan include cathepsins B and L  which are cysteine proteases. 

 

 

Table 2. Extracellular matrix enzymes and their substrate specificity 

ECM enzyme Main function Examples of substrates 

ADAMTS4 aggrecanase aggrecan 

ADAMTS5 aggrecanase aggrecan 

cathepsins B and L  aggrecan 

MMP1 collagenase collagen 

MMP2 gelatinase aggrecan, collagen, gelatin, laminin 

MMP3 stromelysins activation of proMMPs 

MMP8 collagenase collagen 

MMP9 gelatinase aggrecan, collagen, gelatin, laminin 

MMP10 stromelysins activation of proMMPs 

MMP13 collagenase collagen 

MMP14  

(or MT1-MMP) 
 

aggrecan, collagen, fibronectin, 

gelatin and laminin 

 

 

1.2 Host defence pathways 

1.2.1 Foreign nucleic acid-sensing mechanisms 

The innate immune system is activated when it senses damage to cells and tissues. This 

occurs through the sensing of conserved molecular patterns such as pathogen-associated 

molecular patterns (PAMPs) and DAMPs [95]. Pattern recognition receptors (PRRs) 

recognise these PAMPs and DAMPs and trigger activation of downstream immune 

responses. Pathogen recognition plays a crucial role in innate immunity, and it is vital 

that there are mechanisms in place that allows for the differentiation of self and foreign 

material to prevent accidental stimulation of immune responses. PRRs can recognise a 
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variety of structures including glycans, proteins and nucleic acids. The five main groups 

of PRRs are C-type lectin-like receptors, cytosolic DNA-sensing receptors, nucleotide 

oligomerization domain (NOD)-like receptors (NLRs), RIG-I-like receptors (RLRs) and 

Toll-like receptors (TLRs) [95,96]. Nucleic acid sensors can be found in various cell types 

and locations. The understanding of mechanisms involved in immune activation by 

foreign nucleic acids is important in alphavirus disease pathogenesis as viral nucleic acids 

are implicated in causing disease during chronic infections (see section 1.3.2). It has been 

shown that PRRs such as TLR3, TLR7, TLR8, RIG-I, MDA5 and PKR are able to 

recognise endogenous and foreign RNA molecules present within the cytosol and 

endosomes [96–99] and activate several immune signalling pathways. There is a 

redundancy of receptors and signalling pathways used by the different cell types, and this 

highlights the importance of nucleic acid-sensing. 

 

The TLRs are a family of proteins that are involved in innate immunity, especially in 

pathogen recognition. They are expressed as single receptors in macrophages and 

dendritic cells and number from TLR1 to TLR11, in humans [100]. Apart from TLR3, all 

other TLRs signal via the myeloid-differentiation primary-response-protein-88 (MyD88) 

pathway. TLRs 3, 7, 8 and 9 are found in the endosomal compartment of the cell. TLR3 

senses dsRNA while TLR7 and TLR8 senses ssRNA. TLR9 senses DNA from viruses, 

bacteria and protozoa, and also unmethylated CG dinucleotides [95]. Once activated, 

TLR7 and TLR9 can induce type I interferon response via NF-κB and IRF3/7 signalling. 

Recognition of PAMPs by TLRs trigger signalling pathways such as MyD88, which has 

been shown to play a protective role in RRV infections in a murine model with its 

interactions with TLR7 [101]. RRV-infected mice deficient in either MyD88 or TLR7 

displayed more severe disease symptoms and higher virus titres at later stages of infection 

compared to RRV-infected WT mice, suggesting the involvement of either protein in viral 

clearance. Mice overexpressing TLR8 developed arthritis [102], suggesting a possible 

role in alphavirus-induced disease pathogenesis. The receptor for advanced glycation 

end-products (RAGE) is able to bind to extracellular nucleic acids and internalise them 

by endocytosis, exposing them to TLR recognition [103]. RAGE can be expressed in a 

variety of cell types such as endothelial, muscle, neuronal, monocytes and T, B and 

dendritic cells. It was suggested that nucleic acid sensors located at the cell surface play 

a role in rapid detection of nucleic acids and elicitation of immune responses to their 

presence [103]. Accumulation of extracellular nucleic acids results in increased 
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expression of RAGE and RAGE is thought to play a role in inflammatory disease 

pathogenesis. 

The RLR family consists of three DExD/H box RNA helicases, namely RIG-I, MDA5 

and LGP2. They are found in the cytoplasm and recognise foreign RNA molecules which 

have certain modifications that are not typically found in host cells. RIG-I detects RNA 

containing 5’-diphosphates and uncapped ssRNA with 5’-triphosphates while MDA5 

senses dsRNA molecules [95]. Other cytosolic nucleic sensors include: RNA polymerase 

III, AIM2, IFI16 and cyclic GMP-AMP (cGMP) synthase (cGAS). AIM2 and IFI16 bind 

to dsDNA via the HIN200 domain and activates downstream signalling pathways that 

result in the production of cGMP and stimulator of interferon genes (STING) 

[99,104,105]. STING-deficient cells were reported to have increased susceptibility to 

infection by RNA and DNA viruses [99]. cGMP produced could be transported to 

neighbouring cells via gap junctions, allowing them to mount antiviral responses to 

prevent the spread of viral infection [106].  

1.2.2 Pathways involved in the regulation of inflammation 

Interleukin 6 (IL-6) is a multifunctional cytokine produced by many cell types of 

lymphoid and non-lymphoid lines. Examples of these include macrophages, mast 

cells, dendritic cells, B and T cells, fibroblasts, vascular endothelial cells, 

keratinocytes and mesangial cells [107]. Known for its pleiotropy, IL-6 affects a 

multitude of cellular pathways such as immunity and inflammation, and cell 

development processes such as proliferation, differentiation, hematopoiesis and 

oncogenesis [107]. IL-6 signalling is initiated through its binding to the IL-6 

receptor (IL-6R), made up of two subunits: interleukin 6 receptor alpha subunit 

(IL-6RA) and interleukin 6 signal transducer (IL6ST or gp130). The IL6RA subunit 

is ligand-specific to IL-6 and exists in two forms: membrane-bound (mIL-6R) and 

soluble form (sIL-6R). The soluble form of IL-6R is produced through an 

alternative mRNA splice variant or via cleavage from cells by metalloproteinases 

ADAM10 and ADAM17. The gp130 subunit acts as a common signal transducer for all 

members of the IL-6 family: IL-6, IL-11, IL-27, IL-35, IL-39, cardiotrophin-like 

cytokine factor 1 (CLCF1), ciliary neurotrophic factor (CNTF), cardiotrophin 1 

(CTF1), leukemia inhibitory factor (LIF) and oncostatin M (OSM) [108]. This is 

indicative of redundancy within the IL-6 family as these cytokines have 

overlapping functions [107,108].  
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There are three modes of IL-6 signalling: classical IL-6/6R signalling, IL-6 trans-

signalling and IL-6 trans-presentation [107,109]. In classical IL-6/6R signalling, IL-6 

cytokines bind and interact with mIL-6R, which is only expressed in limited cell types 

such as hepatocytes and immune cell subsets, and this drives anti-inflammatory responses. 

This triggers the dimerization of gp130 and phosphorylation of JAK family kinases and 

other downstream signalling processes such as JAK-STAT and Ras-mediated signalling 

processes. The transcriptional factors in the JAK-STAT pathway are responsible for 

induction of gene expression by binding to the promoter regions of the activated genes. 

However, IL-6 trans-signalling occurs when IL-6 forms a complex with sIL-6R and 

activates the dimerization of gp130. As the expression of gp130 is ubiquitous among cell 

types, the IL-6/sIL-6R complexes can induce IL-6-mediated signalling responses in cell 

types that do not express IL-6R [109]. Consequently, this results in the activation of 

cytokines which play pro-inflammatory roles and induces chronic inflammation. The 

third mode of IL-6 signalling, also the most recently reported, occurs when the IL-6/mIL-

6R complex on dendritic cells is presented to gp130 on T cells for the priming of 

pathogenic Th17 cells [110]. Indeed, IL-6 trans-signalling has been shown to be 

responsible for inflammation and pain in mouse model studies of experimentally induced 

arthritis and in patient cohorts with rheumatoid arthritis [111–114]. Moreover, there are 

abundant studies and genome wide association studies (GWAS) over the years that 

indicate the role and importance of IL-6-mediated JAK-STAT signalling in arthritic 

diseases [113,115–118]. 
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1.3 Alphaviral disease pathogenesis 

1.3.1 Host immune responses 

After the virus is inoculated into the body, it can replicate in a variety of cell types such 

as fibroblasts, skeletal muscle cells and also monocytes. For CHIKV, the virus 

disseminates through the lymph nodes and infects leukocytes, liver and spleen, which are 

considered to be the primary sites of viral replication (Figure 7) [119]. The virus further 

disseminates into joint tissues such as bone and muscle, where it induces acute disease 

pathology [8]. 

 

Elevated populations of monocytes, macrophages, natural killer (NK) cells and CD4+ T 

cells were observed in CHIKV-infected patients, demonstrating that leukocytes and their 

inflammatory products play an important role in causing alphavirus disease pathogenesis 

[5,53]. Moreover, the same cellular infiltrates have been reported in several CHIKV and 

RRV mouse model infections [9,120–122]. Patients suffering from RRV infections are 

also found to have a large population of macrophages in synovial fluid [61]. These 

leukocytes are involved in innate and adaptive immune responses indicating that both 

arms of the host immune system are important in disease pathogenesis. Monocytes can 

differentiate into macrophages and these two types of leukocytes are involved in 

phagocytosis, antigen presentation and cytokine production. NK cells are able to 

recognise infected cells and induce apoptosis of these cells. CD4+ T cells, also known as 

helper T cells, are activated upon recognition of foreign molecules presented by antigen 

presenting cells and enhance host immune responses through the secretion of cytokines. 

Indeed, the presence of such large amount of pro-inflammatory infiltrates have been 

associated with muscle damage observed in CHIKV and RRV mouse model infections 

[9,120–122]. 
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Figure 7. Alphavirus disease pathogenesis during acute and chronic stages 

Upon infection, virus replicates at primary sites (liver, spleen, muscle and lymph nodes) 

and disseminates via the bloodstream to joint-associated tissues, including bone, muscle 

and immune cells. This is the site of acute infection. Contributing to the mechanism of  

acute disease, alphavirus infection causes the enhanced expression of cytokines and 

matrix proteases that result in inflammatory responses. Currently, the mechanisms 

behind chronic arthritis are unknown and virus and/or viral antigens are implicated in 

causing persisting inflammation. The source image originates from reference [119]. 

 

 

However, the involvement of leukocytes during alphavirus infection is complicated as 

they can play pathogenic and protective roles. Even though macrophages have been 

implicated in mediating viral clearance, they may release soluble mediators that cause 

tissue damage. In a study by Gardner et al., mice were depleted of macrophages using 

liposomes containing clodronate and subsequently infected with CHIKV. It was found 

that these mice exhibit less severe disease signs compared to mice treated with control 

liposomes or PBS [122]. Additionally, the mice displayed longer viraemia, and this 
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suggests the role that macrophages play in clearance of virus [122]. In a similar study 

done by Lidbury et al. using RRV, mice depleted of macrophages were infected and found 

to have lower levels of immune infiltrates, along with reduced pro-inflammatory 

mediators characteristic to alphavirus infection such as tumour necrosis factor-alpha 

(TNF-α), interferon-gamma (IFN-γ) and monocyte chemoattractant protein-1 (MCP-1) 

[123].  

 

Recently, Haist et al. co-cultured monocytes with CHIKV- or RRV-infected Vero cells 

and found that the type I IFN expression was stimulated in monocytes and this provides 

further evidence into the protective role played by leukocytes during alphavirus infection 

[124]. Vero cells are interferon-deficient; thus IFN present in the supernatant would have 

been induced, expressed and secreted from monocytes in response to viral infection. To 

determine if the monocytes were infected directly or indirectly through phagocytosis, the 

monocytes were again co-cultured with Vero cells and infected with RRV-GFP in the 

presence and absence of a phagocytosis inhibitor Latrunculin B [124]. The type I IFN 

expression by the monocytes remained similar though the percentage of GFP-positive 

monocytes decreased slightly, suggesting that phagocytosis uptake did not contribute 

significantly to virus infection and type I IFN expression [124]. Full-length RRV-GFP 

RNA or RRV-GFP replicon RNA was electroporated into Vero cells to determine if the 

structural genes were required for type I IFN induction [124]. Cells electroporated with 

either construct were GFP-positive but only the cells electroporated with full-length 

RRV-GFP RNA were able to express type I IFN, suggesting that viral RNA replication 

alone may not be sufficient for type I IFN induction and immune response activation. The 

authors also detected the presence of viral RNA in monocytes and macrophages purified 

from skeletal muscle of RRV-infected mice and increased expression of interferon 

regulatory factor 7 (IRF7), known to be a transcription factor involved in type I IFN 

expression [124]. This suggests that alphavirus infection induces type I interferon 

response in monocytes/macrophages. 

 

Myeloid differentiation primary response 88 (Myd88) and toll-like receptor 7 (TLR7) are 

involved in sensing of foreign pathogens. It has been shown that Myd88 and TLR7 

signalling have protective effects in RRV infection [101]. Myd88- and TLR7- deficient 

mice infected with RRV demonstrated more severe tissue damage compared to wild-type 

mice [101]. This highlights the multi-factorial role of the interferon response in alphavirus 
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infections. RRV infection also results in disruption of bone homeostasis and contributes 

to bone loss [125]. Chen et al. demonstrated that RRV infected primary osteoblasts 

produce pro-inflammatory cytokines such as IL-6 and CCL2 that increases 

osteoclastogenesis, the formation of osteoclasts that reabsorbs bone, an important factor 

in disease pathology [125]. They also show that RRV infection induces increased 

osteoclastogenesis, which leads to bone loss using a mouse model for arthritis [125]. They 

subsequently also found that osteoblasts from osteoarthritis (OA) patients are more 

susceptible to RRV infection compared to osteoblasts from healthy donors, demonstrating 

that RRV infection may exacerbate existing arthritic conditions [126]. 

 

1.3.2 Chronic alphavirus infection - virus and/or nucleic acid persistence 

Many patients who recovered from alphavirus infection experience chronic symptoms of 

arthalgia and myalgia [51,52]. Although there is insufficient evidence to show that the 

persisting level of infectious virus particles is the leading cause of long-term disease 

pathogenesis in humans, it has been demonstrated that alphaviral antigens may persist in 

tissues for months after the initial infection [9].   

 

RRV can replicate to high titres in bone, joint and skeletal muscle-associated tissues in 

mice and it has been shown that several cell types present in these tissues have the 

potential to be reservoirs for persistent virus and/or antigen [9]. Persistent RRV infection 

has also been demonstrated in primary human synoviocytes [127], human and murine 

macrophages [128–130] and human and murine osteoblasts [128]. It has been suggested 

that macrophages are responsible for producing pro-inflammatory cytokines during acute 

alphavirus infection, and they are susceptible to RRV infection and to other alphaviruses 

such as BFV, CHIKV, SFV and SINV as well [61].  

 

Using B cell knockout mice, Poo et al. were able to establish persistent CHIKV infection 

[131]. Viraemia was detected up to 500 days post-infection (d.p.i.) in µMT-/-, Rag1-/-, 

Rag2/Il2rg-/- and NRG mice [131]. The authors also found persisting CHIKV RNA (both 

positive- and negative-stands) in infected WT mice up to 100 d.p.i. and established that 

the persisting RNA is replicating and not a by-product of prior infectious virus replication 

[131]. Despite this, they were unable to isolate infectious virus particles from these 

infected WT mice after day 14, suggesting that viral RNA is sufficient for inducing 

inflammation [131]. In another study, the authors found both viral antigen and RNA in a 
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CHIKF patient 18 months after infection, suggesting that other mechanisms apart from 

virus persistence play a role in disease pathogenesis [132]. 

 

Studies using alphavirus murine models have demonstrated that viral RNA may play a 

role in alphavirus disease pathology and persistence [97,131,133,134] suggesting that 

alphavirus-induced arthritis may be caused by inflammation triggered by viral RNA. 

Following subcutaneous inoculation of CHIKV in mice feet, viral RNA can be detected 

in joint and skeletal muscle-associated tissue of infected mice up to 16 weeks post-

infection [134]. Elevated CHIKV RNA levels in serum, quadriceps muscles, liver, brain 

and spinal cord tissues were detected at 3 d.p.i. where viraemia is present and minimal 

levels were detected by 28 d.p.i. [134]. On comparison of the CHIKV RNA levels in 

various other tissue types, the authors found that CHIKV RNA were still detectable in 

both ankles after 16 weeks post-infection (10^3-5 copies of CHIKV RNA/µg RNA). This 

suggests that viral persistence might be specific to joints. 

 

The effect of CHIKV-specific monoclonal antibodies (mAbs) on chronic disease 

pathology was also investigated with mAbs against CHIKV [134]. The Rag1 knockout 

mouse model was used to evaluate the role of adaptive immunity in chronic CHIKV 

infection as these mice do not have mature B and T lymphocytes. Prophylactic mAb 

treatment was shown to prevent CHIKV virus and RNA persistence in Rag1−/− mice. 

Interestingly, when infected mice were given mAb treatment post-infection, viral 

clearance from serum was observed, but the treatment did not decrease RNA levels in 

joints and quadriceps muscles [134]. It may be possible that the prophylactic treatment 

resulted in clearance of virus, preventing infection and blocking the release of the viral 

genome. However, the long-term effects of viral RNA-induced persistence of 

alphaviruses are still not well elucidated, and it is important to study other alphaviruses 

such as RRV, BFV and ONNV to delineate the mechanisms involved. It has been shown 

that persisting RNA is observed during infection by other alphaviruses such as RRV. For 

instance, another study was done using samples isolated from patients with RRV infection 

5 weeks after the presentation of clinical symptoms where RRV RNA was detected in the 

synovium extracted from the knee joints of these patients [135].  

  

In another example of chronic infection of alphaviruses, SINV has been shown to have 

persisting levels of RNA in neurons up to 13 weeks post-infection [136]. Griffin et al. 
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studied long-term SINV infection in the brain and spinal cord of mice and found that 

infectious virus levels peak at 2-3 d.p.i, starts clearing at 4-5 d.p.i. and is fully cleared by 

7-8 d.p.i. [136]. Viral RNA levels were observed to peak at 4-5 d.p.i, after which it 

decreases and is maintained at low levels between 60-180 d.p.i. [136]. The authors 

postulate that the virus-infected neuronal cells are allowed to survive, and possess 

mechanisms in place for the inhibition of viral replication [136]. However, they found 

that clearance of viral genomes appears to be a slow process [136].   

 

It has also been suggested that defective interfering virus particles (DIPs) are produced 

during virus infections such as in parainfluenza virus (PIV) and respiratory syncytial virus 

(RSV) [137]. These DIPs are also known to be involved in the maintenance of viral 

nucleic acids by continuously competing with full-length viral genomes for viral 

polymerase, resulting in replication of viral nucleic acids [137]. Using fluorescence in 

situ hybridisation (FISH) to label the defective viral genomes from RSV and Sendai virus, 

Xu et al. showed that they accumulate in a subpopulation of infected cells and these cells 

can survive the infection longer than infected cells with full-length viral genomes, thus 

establishing maintenance of defective viral genomes [137]. This illustrates the possibility 

that viral genomes could be present in a variety of forms, and these forms may be 

necessary in establishing viral persistence. Other RNA viruses such as Ebola virus 

(EBOV) also have RNA persistence following infection [97]. In several case studies, 

EBOV virus infection relapsed after recovery from the initial infection and clearance of 

viraemia [97]. It was found that EBOV RNA persisted at various locations such as the 

cerebral spinal fluid (CSF), semen and ocular fluid [97].  

 

 

1.4 Inflammatory mediators involved in Old World alphavirus infection 

The presence of pro-inflammatory mediators associated with alphavirus infection has 

been well-characterised. These same cytokines are also associated with rheumatoid 

arthritis and have been suggested to be responsible for alphavirus-induced arthritis [119]. 

Elevated levels of MCP-1, TNF-α, IFN-γ, interleukin-6 (IL-6), macrophage migration 

inhibitory factor (MIF), interleukin-beta (IL-1β) and granulocyte macrophage colony-

stimulating factor (GM-CSF) are associated with viral-induced arthritis and some of these 

soluble factors have been found in serum and synovial fluids of RRV- or CHIKV-infected 

patients [53,138–140]. Furthermore, IL-6, TNF-α, IFN-α, IFN-β, and IFN-γ, were found 
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in the serum of mice infected with RRV or CHIKV and in non-human primates infected 

with CHIKV [12,122,123]. Interestingly, chemokines involved in leukocyte attraction are 

often highly expressed or upregulated as well. For instance, MCP-1 is commonly found 

in both clinical and animal studies of alphavirus-induced arthritis, suggesting the key role 

that leukocytes play in disease pathogenesis [123,139]. It has been shown in a clinical 

study that levels of MCP-1, IL-6 and IL-8 were higher in synovial fluid compared to 

serum, indicating that these immune infiltrates are induced in the synovial tissues [132]. 

Indeed, pharmacologic treatment to inhibit the effects of MCP-1 by Bindarit was able to 

reduce the presence of inflammatory infiltrates in the synovial tissues [141,142]. 

Upregulated expression of MIF in serum and tissues of RRV-infected mice correlates 

with severe inflammation and tissue damage [138]. Further study into the mechanism 

using wild-type and MIF-deficient mice revealed that although comparable virus titres 

were detected, the MIF-deficient mice developed a milder form of the disease, had 

reduced numbers of inflammatory infiltrates and had less muscle damage [138]. 

  

Alphavirus disease pathogenesis is also associated with inflammation triggered by 

complement activation. The complement system is a signalling cascade that aids 

leukocytes in performing their functions of viral clearance and immune signalling. The 

three pathways of the complement system are the classical, alternative and lectin 

pathways, and they differ in how they recognise foreign pathogens. Components of the 

complement system were detected in synovial fluid from patients and also tissues of mice 

with RRV infection. In a study by Morrison et al., wild-type and complement component 

3 (C3)-deficient C57BL/6 mice were infected with RRV [143]. Mice deficient in C3 

displayed reduced disease symptoms compared to wild-type mice after RRV infection 

[143]. Furthermore, though the number and composition of inflammatory infiltrates 

within the skeletal muscle tissues of the hind limb were similar, less severe muscle 

damage was seen in the infected C3-deficient mice [143]. In a separate study, RRV-

infected mice with complement receptor 3 (CR3) and mannose binding lectin (MBL) 

deficiencies also resulted in reduced disease symptoms, thereby suggesting that RRV 

infection activates complement through the lectin pathway [144,145].  

 

1.4.1 Roles of cytokines in cartilage breakdown and joint pathology 

Cartilage damage is a causative factor for many musculoskeletal disorders such as 

osteoarthritis (OA), rheumatoid arthritis (RA) as well as alphavirus-associated arthritis. 
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Chronic pain is driven by pro-inflammatory responses in the joint, and the mechanisms 

behind this are complex as inflammatory mediators are involved in many cellular 

processes. Some of these inflammatory mediators include proteases, cytokines and 

chemokines. In particular, cytokines and chemokines are able to induce pain by direct 

interactions with nociceptors (pain receptors) in the joint [146]. Additionally, pro-

inflammatory cytokines can induce expression of prostaglandins which are able to 

activate and/or sensitise nociceptors [146].  

 

Osteoarthritis is known to result in joint damage, especially cartilage degradation and 

inflammation of the synovium. It is also one of the leading musculoskeletal disorders that 

affect many people worldwide [147]. It has been shown that chondrocyte death is a 

feature of OA disease formation [148]. However, it remains uncertain if chondrocyte 

death is caused by the role of these cells in disease pathogenesis or a side effect of the 

cartilage damage that occurs during OA [148]. Patients diagnosed with rheumatoid 

arthritis (RA) after CHIKV infection were found to have joint damage, suggesting that 

alphavirus-induced infection may affect joint pathology [149]. Although CHIKV is not 

known to infect chondrocytes, chondrocytes were stained positive for CHIKV RNA in 

infected IRF3/7 knockout mice but not in wild-type mice [150]. 

 

Although many inflammatory mediators such as cytokines and chemokines are associated 

with joint pathology and alphavirus-associated disease pathogenesis, they often have 

multi-functional roles. The balance between the expressed cytokines is delicate and 

tightly regulated. For instance, pro-inflammatory cytokines such as interleukin-1 (IL-1), 

interleukin-6 (IL-6) and tumour necrosis factor alpha (TNF-α) are expressed at low levels 

in healthy synovial tissue and are highly expressed in synovial tissue from RA patients. 

However, it is also observed in normal synovium tissue that anti-inflammatory cytokines 

such as interleukin-1 receptor agonist (IL-1RA) are produced at higher levels compared 

to pro-inflammatory IL-1, which results in dampened IL-1-mediated inflammation. The 

expression of pro-inflammatory cytokines stimulates the production of more cytokines 

and other inflammatory mediators, and this further enhances inflammation.  

 

Both serum and synovial samples from RA patients are associated with elevated levels of 

IL-6 compared to mock controls, with the synovium being the major source of IL-6 

secretion [151,152]. This production of IL6 by synoviocytes appears to be enhanced by 
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IL-1 and TNF-α activity [152]. Interestingly, while RA and OA patients exhibit similar 

levels of synovial inflammation, it was observed that the RA synovial fluid samples had 

greater amounts of IL-6 and TNF-α compared to that for OA patients [153]. As a cytokine 

with diverse functions, IL-6 has the capacity to activate immune cells, induce osteoclast 

formation and drive production of MMPs. Another example of the broad functions that 

IL-6 possess is demonstrated in a recent study by Kaneshiro et al. where the authors found 

that both IL-6 and TNF-α play roles in regulation of the cell cycle, resulting in increased 

production of RA-FLS cells [154]. 

 

Monocyte chemoattractant protein-1 (MCP-1) is another key cytokine in joint pathology 

that is encoded by the CCL2 gene. It has been shown that MCP-1 expression increases 

with the degree of inflammation in synovium from RA patients [155]. In the same study, 

the authors found MCP-1 in the synovial fluid of patients suffering from various arthritic 

diseases such as gout, OA, RA and traumatic arthritis and this suggests that the role of 

MCP-1 in joint inflammation is likely to be a general mechanism across arthritis-like 

diseases [155]. Similar to IL-6, MCP-1 can induce production and release of MMP. The 

treatment of healthy and OA chondrocytes with MCP-1 results in the release of MMP-3 

[156]. However, this phenomenon seems to be restricted to MMP-3 as a different study 

reported MCP-1 induced gene and protein expression of MMP-3 but not MMP-9, -13 and 

TIMP-1 in treated chondrocytes [157]. This study by Yuan et al. also showed that 

treatment of healthy and OA chondrocytes with IL-1β and TNF-α results in elevated 

soluble MCP-1 production [157]. Degraded ECM products such as collagen, fibronectin 

and hyaluronan have the capacity to act as DAMPs, which activates immune responses 

[91,92,158].  

 

1.4.2 Roles of cytokines in chronic alphavirus infection 

During the chronic stage of alphavirus infection, patients experience symptoms of joint 

and muscle pain that originate from persistent inflammation of the joints. However, the 

mechanisms behind this are unclear, and it is hypothesised that residual viral antigenic 

material are potential underlying causes for stimulation of pro-inflammatory responses. 

A long-term study looked at the expression levels of 13 cytokines in the serum of patients 

who had chikungunya disease during the 2007 Chikungunya outbreak in Italy [46]. It was 

found that the severity of disease based on high body temperature, high pulse rate or low 

platelet counts, correlated with MIG (CXCL9), IP-10 (CXCL10) and IgG levels [46]. 
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Comparing between individuals with acute and recovering patients (after 6 and 12 

months), the authors found trends in the cytokine profile analysed [46]. During the acute 

stage of infection, cytokines such as IL-6, MCP-1 (CCL2), MIG (CXCL9) and IP-10 

(CXCL10) were highly expressed, but the levels of these cytokines decreased as the 

patients recovered [46]. Cytokines that showed a different profile, where they increased 

as the disease progressed from acute to chronic stages of infection, are IL-1β, IL-2, IL-5, 

IL-12 and TNF-α [46]. In a study with a cohort from the 2008 Chikungunya outbreak in 

Singapore, high levels of IL-6 and GM-CSF were found in patients with persistent 

arthralgia symptoms [139]. Also, a cytokine, IL-17, that was not detectable during the 

initial stage of infection was found in samples of chronic stage patients [139]. In the same 

year, a similar study was performed with patients suffering from CHIKV disease in India 

[159]. The authors reported elevated levels of IL-6, IL-8, MCP-1 (CCL2), MIP-1α (CCL3) 

and MIP-1β (CCL4) during chronic infection [159].  

 

In a separate study, it has been shown that direct injection of synthetic ds- and ss-RNA 

such as poly(IC) and poly(I) and also purified viral dsRNA into murine joints results in 

inflammation [133]. The authors also assessed immune infiltrate production in spleen 

cells following incubation with synthetic double-stranded (ds) and single-stranded (ss) 

RNA and found that levels of TNF-α, MCP-1 and MIP-1α increase in a dose-dependent 

manner [133]. This raises the question of whether the presence of random RNA molecules 

is enough to induce inflammatory response during alphavirus infection or whether 

persisting viral genomic RNA is required.  
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PROJECT OVERVIEW 
 

Mosquito-borne arthritogenic alphaviruses such as Ross River (RRV), Barmah Forest 

(BFV), chikungunya (CHIKV) and o’nyong’nyong (ONNV) viruses can cause 

debilitating disease in humans both in Australia and worldwide [160–163]. During acute 

infection of these viruses, patients typically experience similar clinical manifestations 

such as fever, rash, headache, myalgia (muscle pain), fatigue, arthralgia (joint pain) and 

joint swelling [3,8,164]. Interestingly, several studies have reported that 5-50% of 

patients experience long-term joint and muscle pain after recovery (10-15 months) even 

though viraemia usually clears one week after infection [8,51,52]. However, the disease 

pathogenesis of chronic alphavirus infection remains unclear. I hypothesise that the cell 

types of joint-associated tissues play important roles in causing acute and chronic disease. 

 

Though these four alphaviruses are medically important, the larger body of research has 

been focused on RRV and CHIKV. This is largely due to the prevalence of clinical cases 

caused by these two viruses, and allowing for a greater sample size of naturally occurring 

infections to be studied. However, the similarities in clinical disease symptoms could 

possibly result in misrepresentation of the number of BFV and ONNV cases, thereby 

highlighting the importance of studying these two other viruses as well. Currently, the 

mechanisms of clinical disease pathology caused by alphavirus infection are still not well-

understood.  

 

In this thesis, I postulate that (i) cells of joint-associated tissues are potential targets and 

reservoirs for virus and/or viral RNA (Chapters 1 and 2) and (ii) interactions between the 

cell types of joint-associated tissues and the extracellular matrix (ECM) are important for 

disease pathogenesis (Chapters 3 and 4) 
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The specific aims are as follows: 

 

Aim 1. To identify cell types in the joint which are permissive to alphavirus infection 

(Chapter 1 and 2) 

This project aims to study the interactions between alphaviruses and the major cell types 

found in joints that contribute to symptoms of persisting arthralgia and myalgia. These 

cell types that will be studied are chondrocytes (cartilage), muscle cells (skeletal muscle) 

and fibroblast-like synoviocytes (synovium).  

 

Using a histology approach, novel cell types of joint-associated tissues which are 

permissive to RRV infection will be identified with labelled RNA probes specific to RRV. 

Subsequently, virus infectivity and permissivity in chondrocytes, muscle cells and 

fibroblast-like synoviocytes will be studied using four alphaviruses: RRV, BFV, CHIKV 

and ONNV. 

 

 

Aim 2A. To determine if cell types of joint-associated tissues could be potential 

reservoirs for virus and/or viral RNA (Chapter 2) 

Ross River virus can replicate to high titres in bone, joint and skeletal muscle-associated 

tissues in mice and it has been shown that cell types present in these tissues have the 

potential to be reservoirs for persistent virus and/or antigen [9]. Of the cell types present 

in joint-associated tissues, persistent RRV infection has been demonstrated in primary 

human synoviocytes [127], human and murine macrophages [128–130] and human and 

murine osteoblasts [128]. While viraemia is usually cleared one week post-infection, the 

presence of RRV-specific RNA in synovium extracted from patients with RRV disease 

(RRVD) 5 weeks after the symptoms first presented indicates that alphaviral antigens 

may persist in tissues post-recovery and may play possible roles in chronic inflammation. 

To further illustrate the importance of studying chronic alphavirus infection, another 

study has found CHIKV-specific RNA in the ankles of infected mice up to 16 weeks post-

infection. Interestingly, the RNA appears to be cleared from the serum and other tissues 

by 2 weeks post-infection, indicating that chronic CHIKV disease may be caused by viral 

RNA present uniquely in tissues of and surrounding the joints. This also suggests that 

RNA persistence in the joints plays an important role in RRV and CHIKV chronic disease 
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and could be a generalised mechanism for all arthritogenic alphaviruses including BFV 

and ONNV. 

 

As the joint is a major site of alphavirus-induced inflammation that results in symptoms 

of arthralgia and myalgia, various cells types that constitute the joint (chondrocytes, 

muscle cells and fibroblast-like synoviocytes) will be studied. Acute and chronic 

alphaviral infection (RRV, BFV, CHIKV and ONNV) of these cell types will be 

evaluated in short-term (7 days) and long-term (10 weeks) periods. Infectious particle 

quantification will be determined by plaque assays and qPCR will be used to evaluate 

viral genome copy numbers. This approach allows for the identification of cell types that 

support persistence of virus and/or viral RNA. 

 

Aim 2B. To determine if the presence of viral RNA during acute and chronic 

infection induces host inflammatory responses (Chapter 2) 

To evaluate the pro-inflammatory response caused by infected cells, an analysis of gene 

expression levels of pro-inflammatory mediators associated with alphavirus infection will 

be conducted (IL6, CCL2, IL1β, IL8). To determine the cell types which contribute to the 

expression of pro-inflammatory mediators during chronic alphavirus infection, this will 

be studied in a long-term period (10 weeks) for each of the four alphaviruses RRV, BFV, 

CHIKV and ONNV. 

 

Aim 2C. To characterise the genomic sequences of virus particles present during 

persistent infection and identify potential mutations for virus persistence 

The lack of detectable viraemia during chronic alphavirus infection has presented 

challenges in deciphering the mechanisms that contribute to persistent symptoms of 

arthralgia and myalgia. However, alphaviruses could be replicating at the localised sites 

of inflammation without spread to the blood supply. Therefore, if persistent infections 

could be established in cell types of the joint (Aim 2A), potential mutations that may 

contribute to virus persistence could be identified. 

 

Cell culture supernatants from the long-term infections (Aim 2A) will be assessed for the 

presence of infectious virus particles. Samples showing evidence of persistent infections 

will be used for the characterisation of genetic variants present. Viral genomes present in 

these samples will be isolated, reverse-transcribed and amplified by PCR. Genomic 
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sequences will be obtained through Sanger sequencing and assembled into contigs that 

represent the genetic variants present in the sample. Virus stocks will be used as controls 

to represent the viral genomes prior to infection. A sequence alignment of the assembled 

contigs isolated from the persistent and virus stock samples would allow for the 

identification of changes in genomic sequence that have occurred as a result of infection. 

 

Aim 3. To identify pathways activated by uninfected chondrocyte cells during RRV 

infection (Chapter 3) 

Chondrocytes are the only cell type found in cartilage tissue and are responsible for 

maintenance of cartilage. During in vitro RRV infection, chondrocytes induces 

breakdown of extracellular matrix (ECM) proteins. Traditional cell culture methods of 

infection results in a mixed population of infected and uninfected cells. Therefore, it is 

difficult to distinguish the direct and indirect effects caused by the alphavirus through this 

model of infection. 

 

To further delve into this, a RNA-Seq approach will be used to study the transcriptome 

of infected and uninfected (bystander) chondrocyte cells during RRV infection in 

comparison to healthy mock cells. An in-depth analysis will be performed to identify key 

genes that are significantly up- or down-regulated. These genes will be categorised 

according to their putative functions based on Gene Ontology (GO) functional enrichment 

analysis. Further analysis looking at key pathways will be undertaken in addition to 

comparison with published literature for similar work). These novel genes will also be 

validated for protein expression by western blotting. 

 

 

Aim 4. To study interactions between chondrocytes and the extracellular matrix 

(ECM) during RRV infection (Chapter 4) 

Chondrocytes are important for synthesis and maintenance of the extracellular matrix 

(ECM) in the articular cartilage [92]. These cells are able to synthesise ECM components 

such as collagens, aggrecan (ACAN) molecules. Chondrocyte models such as monolayer, 

high-density and micro-mass culture systems have been widely studied for their use as in 

vitro models of cartilage [69,72]. To determine if degradation of extracellular matrix 

components results in increased susceptibility to RRV infection by allowing virus 

particles to have access to the cell surface, the effect of RRV infection of three 
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chondrocyte in vitro models, low-density, high-density and micro-mass cultures will be 

evaluated. Viral infectivity of these models will be compared by quantifying the amount 

of infectious particles produced (plaque assays) and viral genome copy numbers present 

in the cells (qPCR). The expression of extracellular matrix components (COL2A1, 

ACAN and PRG4) will also be characterised at gene (qPCR) and protein (western blotting) 

levels. 

 

The neighbouring cell type in joint-associated tissues, fibroblast-like synoviocytes (FLS), 

are responsible for the synthesis of extracellular matrix molecules that make up the 

synovial fluid such as hyaluronan and lubricin. These cells are also known to produce 

matrix degrading enzymes. We hypothesise that the ECM architecture surrounds the 

chondrocytes and plays a role in protecting them from infection in the cartilage. The 

increased production of ECM breakdown enzymes from the surrounding infected cell 

types such as FLS due to alphavirus infection may cause the breakdown of ECM 

components and allow for greater access of the cells to virus infection. To study the effect 

of RRV-infected fibroblast-like synoviocytes on chondrocytes, a co-culture experiment 

will be performed with the three chondrocyte in vitro model systems.  

 

To determine if the ECM acts as a physical barrier to RRV infection, we will evaluate the 

effect of ECM breakdown enzymes (e.g. MMP3) with the three chondrocyte in vitro 

model systems. The MMP-3 enzyme, expressed by both chondrocytes and synoviocytes, 

is able to degrade a variety of extracellular matrix molecules, such as type II collagen. 

Though it is a secreted molecule, it is able to enter cells; therefore it has the capacity to 

have inter- and extra-cellular functions. This enzyme plays an important role in cartilage 

remodelling as it is able to activate proMMPs such as proMMP-1, 7 and 9, thereby 

causing an enhanced cartilage breakdown effect. MMP-1 primarily acts as a collagenase, 

and MMP-7 and -9 acts on other ECM molecules such as gelatins and fibronectin. 
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CHAPTER 1 - CHONDROCYTES CONTRIBUTE TO 

ALPHAVIRAL DISEASE PATHOGENESIS AS A SOURCE OF 

VIRUS REPLICATION AND SOLUBLE FACTOR PRODUCTION 
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Abstract 68 

Alphaviruses such as chikungunya (CHIKV), o’nyong’nyong (ONNV), Ross River (RRV) and 69 

Barmah Forest (BFV) viruses cause debilitating disease globally with symptoms such as joint 70 

and muscle pain often persisting for a prolonged period. In our study using primary cells and 71 

cell lines, we confirm that several cell types present in the joint are permissive to RRV, BFV, 72 

CHIKV and ONNV infection. Additionally, we demonstrate the potential of these cells to act 73 

as reservoirs for long-term viral replication and/or maintenance of viral RNA over ten weeks. 74 

Persistent production of infectious viral particles was also established in RD muscle and C28/I2 75 

chondrocyte cell lines. This led to the identification of sequence variants which may affect 76 

chronic disease pathogenesis. Taken together, our study reveals broad insights into the possible 77 

interactions between cell types of the joint and alphavirus infection. 78 

 79 

 80 

Introduction 81 

The Old World alphaviruses are arboviruses that cause debilitating clinical symptoms 82 

worldwide. Some of the medically significant members of this group include chikungunya 83 

(CHIKV), o’nyong’nyong (ONNV), Ross River (RRV) and Barmah Forest (BFV) viruses. In 84 

recent years, CHIKV has re-emerged as a widespread pathogen, causing outbreaks across Asia 85 

[1], Africa [2], Europe [3] and the Americas [4], resulting in a substantial public health burden 86 

for the global human population. Other alphaviruses are currently confined to specific regions 87 

however they have the potential to cause epidemics: BFV (Australia), RRV (Australia, Papua 88 

New Guinea and the Pacific islands) and ONNV (Africa) [5,6]. Apart from RRV, the most 89 

recent outbreak for the remaining three alphaviruses occurred in the last 20 years: 2002 (BFV), 90 

2017, (CHIKV), 1979 (RRV) and 2003 (ONNV) [7].  91 

 92 

Patients in the acute phase of Old World alphavirus infection typically suffer from similar 93 

clinical manifestations such as fever, rash, headache, myalgia, fatigue, arthralgia (joint pain) 94 

and arthritis (joint inflammation) [8,9]. Though these viruses are known to be mainly 95 

arthritogenic, some members of this group are known to cause both neurological and 96 

haemorrhagic manifestations [10–13]. CHIKV infections have been associated with symptoms 97 

and diseases including encephalitis, Guillain‐Barré syndrome and neuro-ocular diseases [14]. 98 

As a prototype alphavirus, Sindbis virus (SINV) is extensively studied and causes mainly 99 

arthritogenic disease in humans. It is also known for its use as a model system to study acute 100 

encephalitis in mice [13].  101 
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Common clinical manifestations such as joint and muscle pain may persist for a prolonged 102 

period after recovery from the infection (CHIKV: 10-15 months and RRV: above three years), 103 

and this results in poorer quality of life [9,15,16]. Analysis of synovial fluid from joints of 104 

patients suffering from alphaviral arthritis show that these symptoms may be caused by host 105 

inflammatory responses to viral antigenic material [17]. No specific treatment has been 106 

developed, and there are also no licensed vaccines. Non-steroidal anti-inflammatory drugs 107 

(NSAIDs) are typically used for symptomatic management through suppression of pain and 108 

inflammation. These drugs are often prescribed for chronic disorders such as osteoarthritis and 109 

rheumatoid arthritis, both of which present similar symptoms to arthritogenic alphavirus 110 

infections. However, prolonged use is known to cause gastrointestinal complications and side 111 

effects on the heart and kidneys [18]. 112 

 113 

Though RRV can replicate in bone, joint and skeletal muscle-associated tissues, viraemia 114 

usually clears one week after infection, and the causes of long-term disease pathogenesis 115 

remain poorly understood [19]. The presence of viral antigen and RNA in a CHIKV patient 18 116 

months after infection indicates that alphaviral antigens may persist in tissues post-recovery 117 

from infection and may play possible roles in chronic inflammation [20]. Other alphaviruses 118 

such as SINV have also been shown to exhibit signs of persisting viral RNA post-infection, 119 

though the mechanisms for this remains unknown. Griffin et al. studied long-term SINV 120 

infection in the brain and spinal cord of mice and found that while infectious virus is fully 121 

cleared after a week, viral RNA levels were maintained at low levels between 60-180 days 122 

following infection [21]. Recent studies also demonstrated that muscle cells could survive 123 

CHIKV infection and harbour persisting alphaviral RNA [22,23]. 124 

 125 

Studies using alphavirus murine models have demonstrated that viral RNA may play a role in 126 

alphavirus disease pathology and persistence [24–26] suggesting that alphavirus-induced 127 

arthritis may be caused by inflammation triggered by viral RNA. Following subcutaneous 128 

inoculation of CHIKV in mice feet, viral RNA can be detected in joint and skeletal muscle-129 

associated tissue of infected mice up to 16 weeks post-infection (log 3-5 copies of CHIKV 130 

RNA/mg RNA in both ankles) [25]. Interestingly, the RNA appears to be cleared from the 131 

serum, liver, brain, and spinal cord by two weeks post-infection [25]. This suggests that chronic 132 

CHIKV disease may be caused by viral RNA present uniquely in tissues of and surrounding 133 

the joints. Additionally, RRV-specific RNA was found in synovium extracted from the knee 134 

joints of RRV disease (RRVD) patients five weeks after the symptoms first presented [27]. 135 
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Another RNA virus Ebola virus (EBOV) also reported RNA persistence following infection 136 

[28]. In several case studies, EBOV infection relapsed after recovery from the initial infection 137 

and clearance of viraemia [28]. It was found that EBOV RNA persisted at various locations 138 

such as the cerebral spinal fluid (CSF), semen and ocular fluid [28]. 139 

 140 

We have recently shown that chondrocytes in murine cartilage are susceptible to RRV infection 141 

[29] (see results from Chapter 1). Persistent RRV infection has also been demonstrated in 142 

primary human synovial cells (containing fibroblast-like and macrophage-like cells) [30], 143 

human and murine macrophages [31–33] and human and murine osteoblasts [31]. In this study, 144 

we aim to determine if cell types of joint-associated tissues could be potential reservoirs for 145 

the virus and/or viral RNA and whether this could trigger host inflammatory responses. To 146 

achieve this, we performed short-term (seven days) and long-term (10 weeks) alphavirus 147 

infections (RRV, BFV, CHIKV and ONNV) of various cell types that constitute the joint 148 

(chondrocytes, muscle cells and fibroblast-like synoviocytes) and measured viral kinetics to 149 

assess acute and chronic stages of infection. This approach allows for the identification of cell 150 

types that support persistence of virus and/or viral RNA. To evaluate the pro-inflammatory 151 

response in infected cells, an analysis of gene expression levels of several soluble mediators 152 

associated with alphavirus infection was conducted. 153 

 154 

 155 

Materials & Methods 156 

Viruses 157 

The CHIKV infectious clone CMV-ICRES1 (kindly provided by Andres Merits, University of 158 

Tartu, Tartu, Estonia) used in this study contains the sequence of an isolate from the 2005 La 159 

Reunion outbreak (LR2006 OPY1) which is of the East Central South African (ESCA) 160 

genotype [34]. This infectious clone was introduced into Vero cells by lipid-based transfection 161 

with Lipofectamine 3000 (Thermo Fisher). The RRV T48 strain was obtained from field-162 

caught Aedes vigilax mosquitoes in Ross River, Queensland in 1959. Virus stocks were 163 

generated using pRR64, an infectious clone with the full-length sequence of T48 (a kind gift 164 

from Richard Kuhn, Purdue University), as described elsewhere [35]. Briefly, the Sac1-165 

linearized plasmid was in vitro transcribed using SP6 RNA polymerase, and the RNA was 166 

electroporated into Vero cells for generation of infectious virus. The ONNV infectious clone 167 

(another construct by Andres Merits, University of Tartu, Tartu, Estonia) is based on the virus 168 

strain isolated from a French soldier situated within Chad in 2004 [36]. Virus stocks were 169 
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amplified in a similar way to RRV T48, as described above. Barmah Forest virus strain 170 

BFV2193 was formerly isolated from Culex annulirostris mosquitoes from Murray Valley, 171 

Victoria, Australia, in 1974 [37]. All virus titers were quantified by plaque assay using Vero 172 

cells. Vero cells were grown in OptiMEM supplemented with 3% foetal bovine serum (FBS) 173 

and infected cells maintained with OptiMEM with 1% FBS. 174 

 175 

Short-term virus infections 176 

Primary human chondrocytes (Clonetics, Lonza), skeletal muscle cells (Sk.M) (Clonetics, 177 

Lonza) and fibroblast-like synoviocytes (FLS) (ScienCell) were cultured in 12-well plates. 178 

Chondrocytes were differentiated prior to use in experiments. The cell lines used are C28/I2, 179 

RD and SW982. Cells were infected at a multiplicity of infection (MOI) of 1.0 for one hour at 180 

37°C. The virus inoculum was removed, and cell monolayers were washed thrice with PBS. 181 

After the addition of 1 mL maintenance media to each well, the cells were further incubated at 182 

37°C. Cell culture supernatants were collected at time-points 0, 1, 3, 5 and 7 days post-infection 183 

(d.p.i.) and used for determination of virus titer via plaque assay. Cells were lysed using TRIzol 184 

(Life Technologies) reagent for isolation of total RNA and used for viral genome quantification 185 

and gene expression analysis by real-time PCR. 186 

 187 

Long-term virus infections 188 

Primary human chondrocytes (Clonetics, Lonza) were seeded in 12-well plates and 189 

differentiated according to the manufacturer’s instructions before infection. Primary Sk.M, 190 

FLS cells and cell lines C28/I2, RD and SW982, were cultured in T25 flasks. Cells were 191 

infected at MOI 1.0 for one hour at 37°C. The virus inoculum was removed, and cell 192 

monolayers were washed thrice with PBS. After the addition of 3 mL maintenance media to 193 

each well, the cells were further incubated at 37°C. Apart from the primary human 194 

chondrocytes cells which do not proliferate, the other cells were split 1-2 days post-infection 195 

to prevent cells from being over-confluent and subsequently split 1-2 times each week as 196 

required. Cell culture supernatants were collected at each time-point up to 10 weeks post-197 

infection and used for determination of virus titer via plaque assay. The remaining cells were 198 

lysed using TRIzol (Life Technologies) reagent for isolation of total RNA and used for viral 199 

genome quantification and gene expression analysis by real-time PCR. 200 

  201 
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Viral genome quantification by real-time polymerase chain reaction (qPCR) 202 

Total RNA (1 µg) was reverse-transcribed to cDNA using the iScript Reverse Transcription 203 

Supermix kit (Bio-Rad). Alphaviral genome copy number (GCN) quantification was 204 

performed as previously described (primer sequences used shown in Table 1) [38]. The 205 

SsoAdvanced™ Universal Probes Supermix (Bio-Rad) and SYBR Green Supermix (Bio-206 

Rad) were used according to the manufacturer’s instructions. The probe-based qPCR cycling 207 

conditions are as follows: 15 minutes at 95°C, and 45 cycles of 15 seconds at 94°C and 1 208 

minute at 60°C. Purified plasmid DNA containing the full-length sequence of RRV, CHIKV 209 

and ONNV were serially diluted and used as standards. RNA was isolated from purified BFV 210 

virions with TRIzol (Life Technologies) reagent and serial dilutions of cDNA used as standards. 211 

Standard curves were plotted, and the sample values extrapolated. The limit of detection (LOD) 212 

of each assay is: RRV (39 GCN), BFV (215 GCN), CHIKV (86 GCN) and ONNV (90 GCN). 213 

214 

Table 1. Primer sequences used for alphavirus genome quantification by qPCR 215 

Virus Sequence Reference 

RRV 
(nsP3) 

F: 5’- CCGTGGCGGGTATTATCAAT -3’ 
R: 5’- AACACTCCCGTCGACAACAGA -3’ 
Probe: 5’- ATTAAGAGTGTAGCCATCC -3’ 

[38] 

BFV 
(nsP2) 

F: 5’- CCATACAAGGGTATGCACCG -3’ 
R: 5’- ACAGGCGTAAGTGTCTTTGC -3’ - 

CHIKV 
(nsP2) 

F: 5’-CCGAAAGGAAACTTCAAAGCAACT-3’ 
R: 5’- CAGATGCCCGCCATTATTGATG-3’ [39] 

ONNV 
(nsP2) 

F: 5’-ACCCTGTTGGCACTGATAGC-3’ 
R: 5’- TCGCCACAAAGTACGACCTT-3’ [39] 

Viruses used are: Ross River (RRV); Barmah Forest (BFV); Chikungunya (CHIKV); 216 

O’nyong’nyong (ONNV) 217 

218 

Gene expression analysis by real-time polymerase chain reaction (qPCR) 219 

The SYBR Green Supermix (Bio-Rad) was used according to manufacturer’s instructions. 220 

Primer sequences were obtained from existing literature (Table 2). Fold change is calculated 221 

by 2-ddCt, whereby samples were normalised using the reference gene hypoxanthine 222 

phosphoribosyltransferase 1 (HPRT1) and expressed relative to the mean of triplicate values 223 

obtained for mock-infected samples of each time-point. Statistical analysis for the comparison 224 

of virus- and mock-infected samples at each time-point was performed by two-way ANOVA 225 

with Tukey’s test. 226 
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Table 2. Primer sequences used in gene expression studies. 227 

Gene Sequence (5’- 3’) Reference 

HPRT1 F: TGACACTGGCAAAACAATGCA 
R: GGTCCTTTTCACCAGCAAGCT [40] 

IL6 F: TCTCCACAAGCGCCTTCG 
R: CTCAGGGCTGAGATGCCG [41] 

CCL2 
(MCP-1) 

F: CTGGCCGTGGCTCTCTTGG 
R: GGGTGGAAAGGTTTGGAGTATGTC [42] 

IL1B F: ACAGATGAAGTGCTCCTTCCA 
R: GTCGGAGATTCGTAGCTGGAT [42] 

IL8 F: AGAATCACCAGCAGCAAGTGTCC 
R: ATGGAATCCTGAACCCACTTCTGC [42] 

IFIH1 F: TCGAATGGGTATTCCACAGACG 
R: GTGGCGACTGTCCTCTGAA [43] 

IRF3 F: TATGCCCTCTGGTTCT GTGTGGGGGAGTCA 
R: GAGTGGGTGGCTGTTGGAAATGTGCAGGTC [44] 

Genes analysed are IL: interleukin; CCL: chemokine (C-C motif) ligand; MCP: monocyte 228 
chemoattractant protein; IFIH: Interferon Induced with Helicase C Domain; IRF: Interferon 229 

Regulatory Factor 230 

231 

Sanger sequencing of genomes of persistent viruses 232 

Cell culture supernatant containing infectious virus particles were clarified and used for viral 233 

RNA isolation with the QIAamp Viral RNA Mini kit (Qiagen). Viral RNA was reverse 234 

transcribed to cDNA using SuperScript™ IV Reverse Transcriptase (Thermo Fisher) and the 235 

reverse primer at the 3’ end of each virus genome. Amplicons corresponding to 2-4 kb of the 236 

virus genome were amplified using Q5® High-Fidelity DNA Polymerase (New England 237 

Biolabs), separated on agarose gels and gel fragments purified with the Wizard® SV Gel and 238 

PCR Clean-Up System (Promega). Purified DNA amplicons were premixed with sequencing 239 

primers and subjected to Sanger-based sequencing. Primers were designed based on the 240 

sequence of virus strains as described above using Primer3 [45] and SnapGene software (from 241 

Insightful Science; available at snapgene.com) (Table 3). The resulting DNA chromatograms 242 

were processed with SnapGene and aligned into contigs using Benchling [46]. 243 

244 
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Table 3. Primer sequences used for sequencing of viral genomes 245 

Virus PrimerID Sequence (5’- 3’) 
RRV sF1 TGGCGGACGTGTGACATCAC 
RRV sF1A TGTTCTCGGTTGGGTCAACG       
RRV sF2 TGGAGACCGAAACGAAGCG       
RRV sF2A AATCAAGAGTGTGGTGACTACG      
RRV sF3 AGCATGACAACATCATGAACG       
RRV sF3A ACCACTACCAACAGTGCG      
RRV sF4 TGGTATCTGAAGACATCTCACTCG    
RRV sF4a CTTGCACAAGCGAGTATGC       
RRV sF5 TGCAATGCTTTCCTGGAAGCC       
RRV sF5A ATGCTGTTGGAAGACCTCG      
RRV sF6 ACCAACCCAGACTTTTTACGG       
RRV sF6A CGCTGATGATGTGTATCCTTGC   
RRV sF7 ACCCTGCTATCACAGACGG      
RRV sF6C GCTCACATTGAAAGGAATGGC     
RRV sF6D TCCGATTTCGGAGGAGTTGC     
RRV sR8 AAAAAAACAAATTAGACGCCTACGTC  
CHIKV sF1 ATGGCTGCGTGAGACACAC     
CHIKV sF2 ACCACGCAGACGGATTCC      
CHIKV sF3 ATTGCGATGCACGGACCAG     
CHIKV sF4 CACCGAAAGGAAACTTCAAAGC  
CHIKV sF5 ACGCAAGTTTAGATCGTCTAGAGC 
CHIKV sF6 ATGCCCGGTGGATGATGC      
CHIKV sF7 GACACGGACGACGAGTTATG    
CHIKV sF8 AAGGGACGTAAAGGTGACTCC   
CHIKV sF9 GCTCCAGATCCAACTTCGAG    
CHIKV sF10 TCCCAGTTATGTGCCTGTTG    
CHIKV sF11 GTGCCTAAAGCAAGGAACC     
CHIKV sF12 TCTTCACCGGCGTCTACC      
CHIKV sF13 ACCAGCCTGCACCCATTC      
CHIKV sR1 TAACATCTCCTACGTCCCTGTGG 
ONNV sF1 ATGGCTGCGTGACACAC      
ONNV sF2 AAAGCTGGCATTTACCATCG   
ONNV sF3 ACTTGAAGACCGAGCAGGAG   
ONNV sF4 CCACAACATCTGCACACAGG   
ONNV sF5 GGCAAGTGGAACATCAACAAG  
ONNV sF6 TGGGGACTGCAAAGACAATC   
ONNV sF7 TCCGACAGCGAGTATAGTTCC  
ONNV sF8 TCCAACTGTGGCATCCTACC   
ONNV sF9 TCGGCGAAATATCCAGTTG    
ONNV sF10 CACAGTTCCCCAGAAACCAC   
ONNV sF11 TCCAGGTATCTCTGCAAATCG  
ONNV sF12 CAGCAGAAGGTTTAGAGGTTACG 
ONNV sF13 GGAATAATATCACCGTGTCTGC 
ONNV sR1 TCCCTGCGGGTTCGGAG  
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Results 246 

Alphaviruses infect primary human chondrocytes, skeletal muscle and fibroblast-like 247 

synoviocytes 248 

Virus infectivity was first evaluated in each of the three cell types present in the joint through 249 

short-term virus kinetics study (Figure 1). Human chondrocytes, muscle cells and fibroblast-250 

like synoviocytes (primary cells and their representative cell line counterparts) were infected 251 

with each alphavirus (RRV, BFV, CHIKV and ONNV) at MOI 1.0. Infectious virus and viral 252 

RNA production were assessed over seven days. We found that infectious viral titres peaked 253 

within the first three days and declined as the infection progressed. However, we observed a 254 

slower decline in viral RNA levels over the seven-day period. Viral RNA detected in the cells 255 

was maintained at levels similar to peak infection even at later time-points, where the infectious 256 

virus was no longer detectable by plaque assay. In contrast to the other alphavirus infections 257 

studied, we did not observe the presence of peak infection during short-term ONNV infection 258 

in the RD cell line. We found that both infectious viral titres and viral RNA load were 259 

maintained at similar levels (103-4 PFU/mL and 104-5 intracellular GCN/10ng RNA respectively) 260 

throughout the seven-day infection period. In addition, we did not observe a productive ONNV 261 

infection in SW982 cells, though the cells were readily infected by the other three alphaviruses 262 

tested. 263 

264 

Alphaviral RNA is maintained in infected cells up to 10 weeks 265 

To determine if persisting levels of alphaviral RNA could be observed for an extended period, 266 

we examined alphavirus infection in the same cells over 10 weeks (Figure 2). Cells apart from 267 

human primary chondrocytes were passaged routinely as required to keep the infected cells in 268 

culture. Though metabolically active, human primary chondrocytes have slower turnover rates 269 

and generally do not proliferate after differentiation. We found that alphaviral RNA was 270 

maintained in most of the infected cells during the 10-week infection period. This appears to 271 

be a general phenomenon for alphavirus infection and does not seem to be restricted by the cell 272 

type or virus used. We did observe reduced levels of viral RNA as the long-term infection 273 

progressed, but this decline took place gradually over ten weeks. This could be due to various 274 

reasons, such as the death of infected cells and the serial passaging of cells during the infection 275 

period, which resulted in the loss of infected cells. Our long-term infection using CHIKV and 276 

ONNV in skeletal muscle cells could not be sustained due to the highly infectious nature of 277 

these two viruses. We observed overwhelming cytopathic effects during infection which 278 

resulted in complete cell death. To achieve comparability across the infections, the same MOI 279 
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was used for all viruses, it is however possible that the observed cytopathic effects may be 280 

reduced if a lower MOI was used for CHIKV and ONNV infection in skeletal muscle. 281 

282 

Persistent alphavirus infection established in muscle and chondrocyte cell lines. 283 

During our long-term study of alphavirus infection in the three cell types of the joint, persistent 284 

virus infections were established in the RD muscle and C28/I2 chondrocyte cell lines. RD cells 285 

infected with RRV, CHIKV and ONNV remained persistently infected for at least 8 weeks 286 

post-infection. In RD and skeletal muscle cells, we found that infectious BFV was present up 287 

to 2-4 weeks respectively, compared to the other cell types where the infectious virus was 288 

typically no longer detectable at week 1 post-infection. This illustrates the ability and potential 289 

of muscle cells in sustaining persistent alphavirus infections. In C28/I2 cells, CHIKV and 290 

ONNV were observed to be persistently infected over four to eight weeks, respectively. 291 
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294 

Figure 1. Human chondrocytes, skeletal muscle and fibroblast-like synoviocytes 

are permissive to alphavirus infection 

295 Cells were infected with each alphavirus (RRV, BFV, CHIKV and ONNV) at MOI 1.0 and 

296 samples collected over seven days (A, B, C and D respectively). Virus kinetics are represented 

65 
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as infectious plaque titres of cell culture supernatant (symbol with black line) and intracellular 297 
virus genome copy numbers (GCN) (coloured bars). Primary cells (left; green) for each cell 298 

type and its corresponding cell line (right; blue) have similar growth kinetic profiles. Primary 299 

chondrocyte and C28/I2 (Ai to Di); primary skeletal muscle and RD (Aii to Dii); fibroblast-like 300 

synoviocyte and SW982 (Aiii to Diii). Data are represented as means ± SEM of triplicate 301 

samples from a single infection and the limit of detection of the GCN quantification by qPCR 302 
is represented by a dashed red line. The GCN levels are extrapolated from standard curves 303 

generated with serially diluted plasmids or cDNA of each virus. 304 

 305 

 306 

Induction of pro-inflammatory and RNA sensing genes during alphavirus infection 307 

To study the effect of long-term alphavirus infection, we evaluated the expression of several 308 

key pro-inflammatory genes which are associated with clinical disease (summarised in Figure 309 

3), and graphs of these datasets in Supplemental Figure S1). We observed up-regulated gene 310 

expression for IL6, CCL2 (encodes for MCP-1) and IL8 in primary human chondrocytes cells 311 

up to 4 weeks for RRV, BFV and ONNV infections, with a greater pro-inflammatory response 312 

(up to 8 weeks) detected for CHIKV infection. Although infected C28/I2 cells did not exhibit 313 

similar patterns of pro-inflammatory gene expression, up-regulation of IL6, CCL2 and IL1B 314 

was observed for CHIKV-infected cells. In RD cells, these pro-inflammatory genes were 315 

highly expressed for all four alphaviruses, especially between weeks 1-4 post-infection. This 316 

strong up-regulation of pro-inflammatory genes is potentially attributed to the cells being 317 

persistently infected with alphavirus. Higher levels of IL-6, CCL2, IL1B and IL8 were also 318 

observed in Sk.M and FLS cells infected with RRV and BFV.  319 
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321 Figure 2. Alphaviral RNA is maintained in cells over 10 weeks 
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 68 

Cells were infected with each alphavirus (RRV, BFV, CHIKV and ONNV) at MOI 1.0 and cells 322 
cultured over 10 weeks (A, B, C and D respectively). Virus kinetics are represented as 323 

infectious plaque titres of cell culture supernatants (symbol with black line) and intracellular 324 

viral genome copy numbers (coloured bars). Primary chondrocyte and C28/I2 (Ai to Di); 325 
primary skeletal muscle and RD (Aii to Dii); fibroblast-like synoviocyte and SW982 (Aiii to Diii). 326 

Data are represented as means ± SEM of triplicate samples from a single infection and the 327 

limit of detection of the GCN quantification by qPCR is represented by a dashed red line. The 328 

GCN levels are extrapolated from standard curves generated with serially diluted plasmids or 329 

cDNA of each virus. 330 
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Figure 3. Relative gene expression of pro-inflammatory cytokines and RNA sensors in alphavirus-infected chondrocyte, muscle and 331 

fibroblast-like synoviocyte cells 332 

Cells from primary chondrocyte and C28/I2; primary skeletal muscle and RD; fibroblast-like synoviocyte and SW982 were infected with each 333 

alphavirus (RRV, BFV, CHIKV and ONNV) at MOI 1 and kept in culture over 10 weeks. Total RNA from cells were collected periodically for qPCR 334 
analysis. Gene expression for pro-inflammatory cytokines IL6, CCL2, IL8 and IL1B were analysed. Changes in gene expression profiles for RNA 335 
sensing genes IFIH1 and IRF3 were also studied. All samples were normalised using reference gene HPRT1 and expressed relative to means 336 

of mock-infected samples from each time-point (triplicate samples with SEM). Boxes shaded represent up- (green) and down-regulation (red) of 337 
the analysed genes relative to the mean of triplicate values of mock samples at the respective time-point. This analysis was not performed for 338 

samples with undetectable levels of gene expression (white crossed-out boxes) or in the case of time-points where samples could not be obtained. 339 
Relative gene expression levels of CHIKV- and ONNV-infected Sk.M cells were not studied as the infection could not be sustained long-term and 340 
no samples were obtained. Statistical analysis to compare gene expression levels for the virus- and mock-infected samples at each time-point 341 

was performed using two-way ANOVA with Tukey’s test. 342 

343 
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Persistently-infected chondrocytes and muscle cells produce variants of infectious virus 347 

particles 348 

To determine if there were any mutations that occurred in the process of establishing viral 349 

persistence, we isolated and derived the genomic sequences of the viruses present at mid 350 

(weeks 2/3 and 4) and late (weeks 8/10) time points post-infection. These were compared to 351 

the sequences of the virus stocks used for the infection. We observed a diverse population of 352 

mutations in all alphaviral proteins. 353 

354 

Of these, the 21 positions with a distinct nucleotide switch across RRV, CHIKV and ONNV 355 

were found in nsP1, nsP2, nsP3, nsP4, C, E2, 6K and E1 proteins, with the bulk of mutations 356 

occurring in nsP3, nsP4 and E2 (Table 4). However, 5 of them (ONNV-nsP3-V19, ONNV-357 

nsP4-V141, ONNV-nsP4-N595, ONNV-C-L148 and RRV-6K-F22) are conservative 358 

mutations and did not result in a change of amino acid. Apart from four of them (ONNV-nsP3-359 

V19, ONNV-nsP3-I433T, ONNV-E2-D60V and CHIKV-E2-E166K), the remaining 17 360 

mutations were found in samples from the RD muscle cell line. 361 

362 

Among the sequence variants identified, five were found within the nsP3 protein: ONNV-nsP3-363 

V19, CHIKV-nsP3-Q328R and RRV-nsP3-H386P, ONNV-nsP3-I433T and RRV-nsP3-364 

Q446R. The CHIKV-nsP3-Q328R sequence variant was found in infected RD cells at weeks 365 

2 and 4 post-infection, suggesting that this mutation may be functionally essential. However, 366 

this mutation was not carried on to week 10. We observed that the RRV nsP3 mutations (RRV-367 

nsP3-H386P and RRV-nsP3-Q446R) were present at week 4 but not in weeks 3 and 10 samples 368 

from RD cells. 369 

370 
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Table 4. Genetic variants detected in persistent alphavirus infections of RD and C28/I2 cells 371 
372 

Virus Nucleotide 
Position 
(Refseq) 

Location Template 
sequence 

Virus 
Inoculum 

RD C28/I2 Amino acid Position 
(protein) 

Properties 
(original a.a.) 

Properties  
(modified a.a.) 

W2/3 W4 W10 W2 W4 W8 

CHIKV 822 nsP1 C - - - T - - NA P249L 
Non-polar (NC) 
Hydrophobic 

Non-polar (NC) 
Hydrophobic 
Aliphatic 

ONNV 1250 nsP1 T - C C C - - - F391L 
Non-polar (NC) 
Hydrophobic 
Aromatic 

Non-polar (NC) 
Hydrophobic 
Aliphatic 

ONNV 3584 nsP2 C - - - T - - - H634Y Polar (+) 
Hydrophilic 

Hydrophobic 
Aromatic 

CHIKV 3938 nsP2 C - - - T - - NA P753S Polar (+) 
Hydrophilic 

Hydrophobic 
Aromatic 

ONNV 4135 nsP3 G - - - - - GA A no change 
(V19) 

Non-polar (NC) 
Hydrophobic 
Aliphatic 

- 

CHIKV 5058 nsP3 A - G G - - - NA Q328R Polar (NC) 
Hydrophilic 

Non-polar (+) 
Hydrophobic 

RRV 5231 nsP3 A - - C - NA NA NA H386P Polar (+) 
Hydrophilic 

Non-polar (NC) 
Hydrophobic 

ONNV 5376 nsP3 T - - - - - T/C C I433T 
(NC) 
Hydrophobic 
Aliphatic 

Polar (NC) 
Hydrophilic 

RRV 5411 nsP3 A - - G - NA NA NA Q446R Polar (NC) 
Hydrophilic 

Non-polar (+) 
Hydrophobic 

ONNV 6211 nsP4 T - C C C - - - no change 
(V141) 

Non-polar (NC) 
Hydrophobic 
Aliphatic 

- 

RRV 6817 nsP4 A - G - - NA NA NA K377E 
Polar (+) 
Hydrophilic 

Polar (-) 
Hydrophilic 

RRV 6824 nsP4 A - G - - NA NA NA Q379R Polar (NC) 
Hydrophilic 

Non-polar (+) 
Hydrophobic 
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Virus Nucleotide 
Position 
(Refseq) 

Location Template 
sequence 

Virus 
Inoculum 

RD C28/I2 Amino acid Position 
(protein) 

Properties 
(original a.a.) 

Properties  
(modified a.a.) 

W2/3 W4 W10 W2 W4 W8 

ONNV 7573 nsP4 C - - - T - - - no change 
(N595) 

Polar (NC) 
Hydrophilic - 

ONNV 8111 C C - T T T T T T no change 
(L148) 

Non-polar (NC) 
Hydrophobic 
Aliphatic 

- 

RRV 8584 E2 A - - - G NA NA NA H5R Polar (+) 
Hydrophilic 

Non-polar (+) 
Hydrophobic 

ONNV 8820 E2 A - - - - - A/T T D60V 
(-) 
Hydrophilic 

Non-polar (NC) 
Hydrophobic 
Aliphatic 

CHIKV 8828 E2 C - - - T - - NA T96I 
Polar (NC) 
Hydrophilic 

(NC) 
Hydrophobic 
Aliphatic 

CHIKV 9037 E2 G - - - - A A NA E166K 
Polar (-) 
Hydrophilic 

Polar (+) 
Hydrophilic 

CHIKV 9275-9280 E2 ATGCTG - del del del - - NA N245_E247delinsK

N: Polar (NC) 
Hydrophilic 
A: Non-polar (NC) 
Hydrophobic 
E: Polar (-) 
Hydrophilic 

Polar (+) 
Hydrophilic 

RRV 9902 6K C - - - T NA NA NA no change 
(F22) 

Non-polar (NC) 
Hydrophobic 
Aromatic 

- 

ONNV 11132 E1 G - A A A A A A E347K Polar (-) 
Hydrophilic 

Polar (+) 
Hydrophilic 

NC: no charge; +: positively-charged; -: negatively-charged 373 

374 
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Discussion 375 

Arthritogenic alphavirus infections cause debilitating and persistent joint manifestations, 376 

and the mechanisms involved are poorly understood. There are challenges in obtaining 377 

large numbers of human tissue biopsies for chronic alphavirus infection studies as these 378 

samples could only be obtained from suitable patients who required surgery. Most studies 379 

thus have turned to in vitro cell culture systems or the use of in vivo mouse models for 380 

characterising alphavirus infections. The joint is a complex structure with multiple cell 381 

types; all of which interact with each other for healthy functioning. Here, we studied the 382 

short- and long-term infection profiles of four alphaviruses (RRV, BFV, CHIKV and 383 

ONNV) to cell types that represent some of the tissues present in the joint, namely 384 

chondrocytes (cartilage), muscle cells (muscle) and fibroblast-like synoviocytes (FLS) 385 

(synovium). 386 

387 

Maintenance of viral RNA genomes in cells are not specific to cell type and is a 388 

general mechanism across RRV, BFV, CHIKV and ONNV 389 

While it has been suggested that alphaviral RNA persistence could be a potential driving 390 

force in chronic disease pathogenesis, there is a lack of studies to fully elucidate the roles 391 

that viral RNA play during long-term infection though persistent RRV infection has been 392 

described in cell types such as primary human synovial cells, human and murine 393 

macrophages and osteoblasts [30–33]. Additionally, the presence of alphaviral RNA has 394 

been found post-recovery from infection [25,27]. 395 

396 

Our short-term infections in primary human cells and cell lines for chondrocytes, muscle 397 

cells and fibroblast-like synoviocytes demonstrate that these cells are permissive to 398 

infection by the four alphaviruses studied. We observed that intracellular viral RNA 399 

levels were detected at time-points where infectious particles were no longer released into 400 

the culture media. To further study this, we performed long-term infections (up to 10 401 

weeks) to determine if these infected cells could be a source for persistent viral RNA. 402 

Here, our findings show that alphaviral RNA can persist in infected chondrocytes, muscle 403 

cells and FLS up to 10-weeks post-infection. Despite this, it is still possible that the virus 404 

was present but at low levels. The maintenance of viral RNA in these cells suggests that 405 

these cells are not able to effectively clear the viral RNA on their own and require the aid 406 

of other immune mechanisms. However, detailed mechanisms into how viral RNA is 407 

maintained within cells are yet to be determined. Alphaviruses induce modifications to 408 

host plasma membrane such as spherules or vesicles, which are involved in viral RNA 409 
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replication. These spherules are known to protect viral RNA from degradation by host 410 

cells [47–49] and may be involved in the maintenance of viral RNA in infected cells. A 411 

recent study by Remenyi et al. suggests that this interaction is possibly mediated by nsP3 412 

and demonstrated the association of dsRNA to spherules containing nsP3 and other 413 

sequestered host proteins such as stress granule assembly factors 1 and 2 (G3BP1/2) 414 

through the use of a CHIKV replicon that results in persistent RNA replication [50]. 415 

416 

For the virus to induce chronic inflammation after infection, virus antigenic material or 417 

viral particles must persist in the host to continuously activate host immune responses. 418 

Recent studies show that muscle cells can survive CHIKV infection and harbour 419 

persisting alphaviral RNA [22,23]. There is also a large body of evidence of persisting 420 

alphaviral RNA and antigen in synovial cells and tissues [27,30]. Our study shows that 421 

chondrocytes are capable of maintaining long-term viral RNA, and we postulate that the 422 

presence of persisting RNA may contribute to chronic disease symptoms by continuously 423 

stimulating host immune responses. Articular chondrocytes are known for their slow 424 

turnover rates, and it is possible that viral RNA could be maintained long-term in these 425 

cells [51]. 426 

427 

Modulation of pro-inflammatory gene expression in long-term alphavirus infection 428 

We observed a general trend of gene upregulation of the pro-inflammatory cytokines and 429 

chemokines tested during alphavirus infection of the cell types of the joint (Figure 3). 430 

The upregulation of chemokines associated with leukocyte recruitment (MCP1 and IL8) 431 

observed at later time-points (after week 2) indicates their potential role in disease 432 

pathogenesis and suggests the involvement of leukocytes in chronic RRV infection. 433 

434 

Of the genes tested, several cytokines such as IL-6 and MCP-1 are associated with 435 

alphavirus-induced disease and rheumatoid arthritis pathogenesis. In a recent study by 436 

Tappe et al., the authors compared the concentrations of several cytokines in the serum 437 

of RRV patients at acute and chronic stages of infection [52]. During the chronic stage of 438 

infection (defined as >30 days from onset of symptoms by the authors), increased 439 

expression of IL-1β, IL-4, IL-6, IL-8, IL-9, IL-13, IL-15, GM-CSF, IFN-γ, TNF-α, 440 

RANTES, bFGF, MIP-1α and VEGF were found compared to healthy controls [52]. This 441 

study by Tappe et al. showed gene upregulation of IL6 and IL8 during chronic infection, 442 

consistent with our gene expression data at several time-points of alphavirus infection. 443 
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This suggests that these two cytokines (mRNA and protein) have potential uses as 444 

biomarkers for diagnostic screening of alphavirus infection at acute and chronic stages. 445 

446 

We observed up-regulated gene expression levels of pro-inflammatory cytokines in most 447 

of the virus-infected samples analysed. However, further analysis showed that the 448 

changes in gene expression of infected cells were not statistically significant in many 449 

samples tested. Therefore, it is difficult to conclude if the presence of viral nucleic acids 450 

at later time-points has any effect on gene expression levels of the maintained cells. The 451 

variability in gene expression could be mitigated by having a greater number of samples 452 

or multiple repeats which may present challenges due to the long duration of each 453 

infection. 454 

455 

Long-term cultures of persistently-infected chondrocytes and muscle cells produce 456 

mixed populations of infectious virus particles 457 

During our long-term study, persistent virus infections were established in the RD 458 

myoblast and C28/I2 chondrocyte cell lines. This illustrates the ability and potential of 459 

chondrocytes and muscle cells in sustaining persistent alphavirus infections. This 460 

observation is the first report that chondrocyte cells are capable of supporting persistent 461 

alphavirus infection. However, we were unable to establish persistent infections in their 462 

human primary cell line counterparts. A possible reason for this is that continuous cell 463 

lines have greater homogeneity as the cells proliferate from the population of cells 464 

originally immortalised. In addition, continuous cell lines are typically well-characterised 465 

in literature. Therefore, their gene expression profiles are theoretically more predictable 466 

over several passages and are less likely to result in changes to host genomes during long-467 

term culture, compared to primary human cells which have greater genetic diversity. The 468 

continuous passaging of primary human cells over the 10-week period may be sufficient 469 

to change the genetic profile of the cells and may have resulted in on-going changes to 470 

the cellular environment which virus was not favourable for virus adaptation. To study 471 

the genetic variants produced in our persistent virus infection, we sequenced the non-472 

structural and structural genes of infectious virus particles present in the cell culture 473 

media at three time-points (weeks 2/3, 4 and 8/10 post-infection). These sequences were 474 

compared to that of the virus stocks used for the infection. We observed mutations across 475 

all alphavirus proteins, indicating that these mutations are not confined to a specific 476 

region of the alphavirus genome. Our results show that 21 positions with mutations across 477 

RRV, CHIKV and ONNV were identified in nsP1, nsP2, nsP3, nsP4, C, E2, 6K and E1 478 
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proteins. Of these, most were found in virus genomes derived from infected RD cells (17 479 

mutations), indicating that muscle cells may influence the formation of alphavirus mutant 480 

swarms. It has been recently reported that muscle cells can survive CHIKV infection and 481 

harbour persisting alphaviral RNA, though the mechanisms for this is unknown [22,23]. 482 

Though the relationship between nucleotide changes at these positions and persistent 483 

virus infection remains unelucidated, we speculate that muscle cells represent an 484 

important cell type in alphavirus chronic disease pathogenesis. 485 

486 

In our study, the alphavirus proteins with the greatest number of mutations are the nsP3, 487 

nsP4 and E2 proteins. The nsP3 protein contains three domains: the N-terminal macro 488 

domain, alphavirus unique domain (AUD) and hypervariable domain (HVD) at the C-489 

terminal. Of the three domains, the macro-domain and the AUD are structurally 490 

conserved among alphaviruses while the HVD lacks both sequence and structural 491 

homology across the different alphavirus species. Interestingly, we found that all four 492 

nsP3 mutations that resulted in a change of amino acid were located in the HVD region. 493 

Although the HVD is evolutionarily plastic, it is believed that the HVD is an intrinsically 494 

disordered domain with short linear motifs (SLiMs). Of these, the most studied are the 495 

proline-rich motifs, which are structurally essential and associated with viral replication 496 

and complex assembly [53–56] as well as vector specificity and transmission [57,58]. 497 

While our nsP3 mutations are not present in any of the well-characterised motifs, we 498 

observed that they are located close to proline-rich motifs. Also, the mutations at three 499 

positions resulted in the switch to a hydrophobic amino acid. While the functions of nsP3 500 

are poorly understood compared to the other alphavirus proteins, many studies conducted 501 

in recent years indicate that the nsP3 can influence many cellular pathways in both hosts 502 

and mosquito vectors. It is hypothesised that this is due to its capacity to bind to and 503 

interact with a large number of cellular proteins (reviewed by Götte et al. [59]). Most of 504 

these host proteins were found to be associated with the HVD of nsP3 [59]. While we do 505 

not know the roles these mutations play in the establishment of persistent virus infections, 506 

it is likely that nsP3 plays an important role in interactions with host proteins. 507 

508 

Also known as RNA-dependent RNA polymerase (RdRp), the non-structural protein 4 509 

(nsP4) contains a short disordered region at its C-terminus with low sequence homology 510 

to other alphaviruses, and the larger N-terminal region carries its catalytic domain. Using 511 

a replicon that results in persistent RNA replication, Remenyi et al. studied observed 512 

cytoplasmic spherules containing nsP3 associated with dsRNA, suggesting possible 513 
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interactions during persistent viral genome replication [50]. Our two RRV mutations 514 

(RRV-nsP4-K377E and RRV-nsP4-Q379R) are present within the catalytic domain of 515 

nsP4. Our findings indicate that these mutations may affect RdRp activity as they were 516 

found in samples from infected RD cells at week three post-infection but not at week 4. 517 

We hypothesise that these mutations were removed by purifying selection as they were 518 

not enhancing the fitness of the virus. Though the significance and functions of the amino 519 

acids at these positions are not known, the change in polarity could potentially affect 520 

RdRp activity. The reversion of these mutants suggests that they were purged by negative 521 

selection to restore viral fitness, despite its predominance in the virus population present 522 

in cell culture media. 523 

524 

The nsP1 protein has an N-terminal domain with methyl-transferase and guanylyl-525 

transferase activity, the middle domain or membrane binding (MB) domain and the C-526 

terminal domain [60]. The N-terminal domain is responsible for the methylation and 527 

capping of RNA genomes during replication, and the MB domain is essential for the 528 

binding of replication complexes to the cell membrane. However, not much is known 529 

about the C-terminal domain. We observed an ONNV-nsP1-F391L mutation in samples 530 

from infected RD cells at week 2 post-infection and this mutation is carried on to the virus 531 

population present at weeks 4 and 8, suggesting that this mutation may carry a fitness 532 

advantage for the mutated virus. Comparing the changes in amino acid properties for this 533 

mutation, we found that the former carries aromatic rings while the latter is an aliphatic 534 

amino acid. Notably, aromatic amino acids are known to be preferred binding partners 535 

for glycans. These protein-glycan interactions may be lost as a consequence of the 536 

ONNV-nsP1-F391L mutation. 537 

538 

Mutations observed appear to be almost equally divided across the non-structural and 539 

structural proteins. The envelope two (E2) glycoprotein is located on the terminal end of 540 

the virion and plays roles in binding to host receptors and viral entry. It contains three 541 

domains A, B and C connected via two long linker peptide chains. Of all the genetic 542 

variants identified, the 6-nucleotide deletion that resulted in the CHIKV-E2-543 

N245_E247delinsK sequence variant is striking as it is not a single nucleotide change. 544 

Interestingly, this mutation was also reported for the 2006 Seychelles CHIKV BNI236 545 

patient isolate that was resistant to antibody neutralisation by serum samples (GenBank 546 

accession no. GU434101.1) (Figure 4). As this CHIKV BNI236 isolate could be 547 

propagated in Vero E6 cells, it suggests that this sequence variant can infect and replicate 548 
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in cell types apart from RD muscle cells where our CHIKV-E2-N245_E247delinsK 549 

variant was derived and may have an effect that resulted in virus persistence. This 550 

sequence variant was also produced when Tumkosit et al. propagated CHIKV 551 

Thai#16856 with a CHIKV-neutralising mouse monoclonal antibody CHE19 through 552 

several passages, to study the epitope of E-protein that interacts with CHE19, further 553 

illustrating the importance of this mutation [61]. The CHIKV-E2-E166K mutation is 554 

found close to a histidine amino acid, which is known for its hydrogen-bond interactions 555 

with other histidine residues both within the same protein and with other protein 556 

molecules such as E1 [62]. Interestingly, both CHIKV E2 mutations were found within 557 

the two b-ribbon connectors of E2; CHIKV-E2-E166K between domains A and B and 558 

CHIKV-E2-N245_E247delinsK between domains B and C [63,64]. It has been observed 559 

that mutations at positions close to CHIKV-E2-E166K and CHIKV-E2-560 

N245_E247delinsK have effects on heterodimer stability and fusion regulation, reviewed 561 

by Kielian at al. [65].  562 

563 
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564  
565 Figure 4. CHIKV variants isolated from persistently infected RD cells and 

566 CHIKV BNI236 have the N245_E247delinsK mutation in the E2 glycoprotein 

567 
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Conclusions and future directions 568 

Our key findings are that (i) cells of joint-associated tissues are potential reservoirs for 569 

the virus and/or viral RNA; (ii) the presence of viral RNA during chronic infection may 570 

play a role in inducing host inflammatory responses; (iii) these cells may secrete pro-571 

inflammatory cytokines and chemokines that result in recruitment of immune infiltrates 572 

during chronic infection and (iv) muscle and chondrocyte cells have the capacity to 573 

support alphavirus persistence. Site-directed mutagenesis could be carried out to validate 574 

and characterise their functions and whether they play roles in causing the alphavirus 575 

persistence observed. Mutations that occur within the non-structural polyprotein have the 576 

potential to result in replicating viral genomes that may induce pro-inflammatory 577 

responses, thus contributing to chronic symptoms like joint and muscle pain. It is also 578 

possible that the structural polyprotein is mutated into a non-functional state such that 579 

virus budding could not occur. This may result in an accumulation of virus genomes in 580 

the cell which then act as PAMPs that trigger nucleic acid recognition pathways. Taken 581 

together, our study has identified potential cell types that play important roles in 582 

alphavirus chronic disease pathogenesis. Future studies on genetic variants that are able 583 

to adapt and survive during long-term cultures would be beneficial for understanding the 584 

causative mechanisms for symptoms of chronic pain. 585 

586 
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Supplementary material 
Title: Chondrocytes and muscle cells are potential reservoirs for persistent 

alphavirus and genomes 

Supplemental Figure S1. Gene up-regulation of several pro-inflammatory 

cytokines and RNA sensors in alphavirus-infected cell types present in the joint.  
Cells from primary chondrocyte and C28/I2; primary skeletal muscle (Sk.M) and RD; 

fibroblast-like synoviocytes (FLS) and SW982 were infected with each alphavirus (RRV, 

BFV, CHIKV and ONNV) at MOI 1 and kept in culture over 10 weeks with total RNA from 

cells collected for qPCR analysis. Gene expression for pro-inflammatory cytokines IL6, 

CCL2, IL8 and IL1B were analysed. Changes in gene expression profiles for RNA 

sensing genes IFIH1 and IRF3 were also studied. All samples were normalised using 

reference gene HPRT1 and expressed relative to means of mock-infected samples from 

each time-point (triplicate samples with SEM). The dotted line represents the baseline 

where the relative fold change of mock-infected samples is 1. 
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Abstract 16 

Alphavirus infection results in debilitating arthralgia during acute and chronic stages of 17 

the disease. Cartilage degradation due to alphavirus infection has been suggested to be 18 

one of the underlying causes of joint damage and pain felt by disease sufferers. As an 19 

important cell type in the cartilage, chondrocytes are involved in production and 20 

maintenance of the cartilage matrix and may play roles in Ross River virus (RRV) disease 21 

pathogenesis. In this study, using an RNA-Seq approach, we examined the transcriptomes 22 

of RRV-infected and bystander chondrocyte cells in the same environment. The use of a 23 

reporter construct of RRV that carries the green fluorescent protein (GFP) allows for the 24 

separation of RRV-infected (GFP+) and bystander uninfected cells (GFP-). We found 25 

that both GFP+ and GFP- populations presented similar gene expression profiles in 26 

response to RRV infection such as pathways involved in antiviral immunity and arthritis. 27 

This indicates that careful selection and study of potential therapeutic targets are 28 

important to minimise adverse effects to the neighbouring uninfected cell populations and 29 

our study serves as a resource to provide more information about the pathways and 30 

responses elicited in cells which are directly and indirectly exposed to RRV infection. 31 

32 

33 

Introduction 34 

Among the mosquito-borne Old World alphaviruses, Ross River virus (RRV) is endemic 35 

to Australia, Papua New Guinea and the Pacific Islands and can cause debilitating disease 36 

in humans. Macropod marsupials serve as one of the animal reservoirs with Aedes sp. and 37 

Culex sp. mosquitoes being the vectors for virus transmission [1,2]. In the last ten years, 38 

3,000 to 5,000 cases have been reported annually while sporadic outbreaks have also 39 

occurred, such as in 2015 (9,544 cases) and 2017 (6,915 cases), according to the National 40 

Notifiable Diseases Surveillance System (Australia). Most patients typically experience 41 

clinical manifestations such as fever, rash, headache, myalgia (muscle pain), fatigue, 42 

arthralgia (joint pain) and joint swelling [3]. RRV causes debilitating disease as 43 

symptoms such as chronic joint and muscle pain can persist for years after recovery from 44 

the initial virus infection [3,4]. In some cases, patients were diagnosed with rheumatoid 45 

arthritis (RA) after infection by a related alphavirus, chikungunya virus (CHIKV), 46 

indicating the importance of studying joint pathology in alphavirus infection [5]. To date, 47 

no treatment that specifically targets the virus has been established, and non-steroidal 48 

anti-inflammatory drugs (NSAIDs) are typically used for symptomatic management. 49 
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However, due to the broad activity that NSAIDs have in the suppression of inflammatory 50 

responses, they have been known to induce adverse effects during chronic use [6]. 51 

52 

In a previous study, our lab has shown that chondrocytes are targets of RRV replication 53 

through fluorescence in situ hybridisation of RRV RNA probes to murine joint sections 54 

from infected mice [7] (see results from Chapter 1). We also demonstrated that 55 

chondrocytes are permissive to RRV infection, through in vitro infection of primary 56 

human cells (see results from Chapters 1 and 2). Chondrocytes are the main cell type 57 

found in the articular cartilage. They are important for synthesis and maintenance of the 58 

extracellular matrix (ECM) in the articular cartilage, and regulation of the expression of 59 

pro-inflammatory cytokines, ECM components and enzymes involved in ECM 60 

degradation [8]. 61 

62 

Osteoarthritis (OA) is known to result in joint damage; especially cartilage degradation 63 

and inflammation of the synovium. It is also one of the leading musculoskeletal disorders 64 

that affect many people worldwide. It has been shown that chondrocyte death is a feature 65 

of OA disease formation [9]. However, it remains uncertain if chondrocytes contribute to 66 

disease pathogenesis or the death of these cells is merely a by-product of cartilage damage 67 

that occurs during OA. Recent reports suggest that products formed during ECM 68 

breakdown are recognised by the host immune system as damage-associated molecular 69 

patterns (DAMPs) and are responsible for the expression of pro-inflammatory cytokines 70 

[9–11]. Therefore, understanding the responses to RRV infection in chondrocyte cells 71 

may help decipher the role these cells play in joint damage. 72 

73 

The presence of pro-inflammatory mediators associated with alphavirus infection has 74 

been well-characterised [12–14]. These same cytokines are also associated with RA and 75 

have been suggested to be responsible for alphavirus-induced arthritis [12]. Elevated 76 

levels of monocyte chemoattractant protein-1 (MCP-1), tumour necrosis factor-alpha 77 

(TNF-α), interferon-gamma (IFN-γ), interleukin-6 (IL-6), macrophage migration 78 

inhibitory factor (MIF), interleukin-1 beta (IL- 1β) and granulocyte macrophage colony-79 

stimulating factor (GM-CSF) are associated with viral-induced arthritis, and some of 80 

these soluble factors have been found in serum and synovial fluids of patients with 81 

chronic alphavirus infections [13,15–17]. 82 

83 
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In this study, we evaluate and compare the transcriptomes of RRV-infected and bystander 84 

chondrocyte cells in the same environment through RNA-Seq analysis. Most research 85 

typically focus on the entire population of infected and uninfected cells, and there are few 86 

studies on the neighbouring bystander cells, which are uninfected [18,19]. This raises key 87 

questions on the roles of the surrounding uninfected cells during RRV infection. Our 88 

approach enables us to distinguish the direct and indirect effects of infection at the cellular 89 

level and allow for mechanistic insights into the host cellular pathways elicited through 90 

RRV infection. Understanding the specific responses induced by RRV would be useful 91 

for future studies as well as the identification of potential therapeutic targets. 92 

93 

94 

Methods 95 

RRV-GFP infection of differentiated human primary chondrocytes for RNA-Seq 96 

Differentiated human primary chondrocytes (Lonza) were used for all experiments. 97 

Chondrocyte cells were incubated with Ross River virus T48 that carries the green 98 

fluorescent protein (RRV-GFP) at a multiplicity of infection (MOI) of 10 for adsorption 99 

of one hour, followed by addition of fresh maintenance media to the flasks [20]. A high 100 

MOI was used for infection as it increased the number of infected cells and was optimal 101 

for recovery of viable GFP+ and GFP- cells for downstream processing. After two days 102 

of incubation at 37°C, 5% CO2, the cells were harvested by trypsinisation, stained with 103 

propidium iodide (PI) and resuspended in FACS buffer (5mM EDTA, 25mM HEPES, 1% 104 

BSA, 2.5mM MgCl2, 50U/mL DNaseI in PBS) for cell sorting. Uninfected cells were 105 

used as mock controls. Cells were FSC/SSC-gated to remove cellular debris, PI-negative 106 

cells sorted to select for viable cells, and GFP-positive and GFP-negative cells sorted for 107 

downstream analysis using FACSDiva 8.0.1 (BD). 108 

109 

RNA extraction and preparation of cDNA library 110 

RNA was isolated using the Rneasy Plus Micro kit (Qiagen). Library preparation and 111 

sequencing was performed by the Australian Genome Research Facility (Australia). 112 

cDNA libraries were prepared using the Ribo-Zero stranded RNA protocol (Illumina). 113 

Briefly, RNA samples were ribosomal RNA (rRNA)-depleted, fragmented, and primed 114 

with random hexamers for first-strand cDNA synthesis by SuperScript II Reverse 115 

Transcriptase (Invitrogen). The 2nd strand was synthesised and contained dUTP. 116 

Thereafter, cDNA strands were adenylated at 3’ ends and ligated with sequencing 117 
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adapters. First strands were amplified through 13 cycles of PCR to form the libraries. 118 

Sequencing was performed by Illumina NextSeq (75bp single-end run). 119 

120 

Differential gene expression analysis of RNA-Seq datasets 121 

Sequence reads were mapped to the Homo sapiens genome (build version HG38) using 122 

STAR aligner (v2.5.3a) and transcripts assembled using Stringtie (v1.3.3). Differential 123 

gene expression analysis was performed using edgeR (v 3.24.3) and R (v 3.5.3) with a 124 

significance threshold of FDR<0.05 and log2FC threshold of 0.58. CPM cut-off of 50 125 

was used for the GFP+ samples, while CPM cut-offs of 4 were used for GFP- and mock 126 

samples. 127 

128 

Gene set enrichment analysis 129 

Differentially expressed genes were further characterised using BioVenn, Enrichr and 130 

AmiGO 2 analysis tools [21–23]. The databases used were: Gene Ontology Biological 131 

Process (GO2018 BP), Gene Ontology Molecular Function (GO2018 MF), KEGG 132 

(KEGG2019)  Jensen DISEASES and Human Phenotype Ontology [24–28]. 133 

134 

Western blotting 135 

Cell lysates in RIPA buffer from mock- and RRV-infected samples were clarified and 136 

quantified with Pierce™ BCA Protein Assay Kit (Thermo Scientific). Samples containing 137 

7µg of total protein Laemmli buffer containing β-mercaptoethanol were boiled and 138 

separated by SDS-PAGE using 4–15% Mini-PROTEAN® TGX™ (Bio-Rad) acrylamide 139 

gels. Protein transfer was carried out using Immun-Blot® PVDF membranes (Bio-Rad) 140 

in Towbin buffer at 100V for 60 minutes. Membranes were washed with PBS-0.1% 141 

Tween 20 and blocked with 5% skim milk in PBS-0.1% Tween 20 for 1 hour at room 142 

temperature. Subsequently, the membranes were incubated in primary antibodies 143 

overnight at 4°C and allowed to warm up to room temperature for one hour the next day. 144 

Washes were done with PBS-0.1% Tween 20 thrice for 5 minutes each prior to incubation 145 

of the membranes with secondary horseradish peroxidase (HRP)-conjugated antibodies 146 

for one hour at room temperature. The membranes were washed with PBS-0.1% Tween 147 

20 for 5 minutes four times, rinsed with PBS and stored in PBS. Following that, 148 

membranes were visualised with Clarity™ Western ECL Substrate (Bio-Rad) and imaged 149 

with the ChemiDoc™ MP system (Bio-Rad). All antibodies were diluted with 5% skim 150 

milk in PBS-0.1% Tween 20. The primary antibodies used were: anti-lubricin (PRG4) 151 

(1:250) (Abcam ab28484), anti-von Willebrand factor (vWF) (1:1,000) (Cell Signalling 152 
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Technology #65707), anti-forkhead box protein J (FOXJ1) (1:500) (Invitrogen 153 

eBioscience™ #14-9965-80), anti-carbonic anhydrase II (CA2) (1:3,000) (Invitrogen 154 

#MA5-29070) and anti-β-actin (1:1500) (Cell Signalling Technology #4970). The 155 

secondary antibody used was goat anti-rabbit IgG H&L-HRP (1:10,000) (Abcam 156 

ab205718) and goat anti-mouse IgG H&L (HRP) (1:10,000) (ab6789). 157 

158 

159 

Results 160 

To analyse the changes in the transcriptome as a result of alphavirus infection, primary 161 

human chondrocytes were infected with RRV at MOI 10. A RRV construct which 162 

expresses green fluorescent protein (GFP) was used to enable the identification and 163 

separation of infected cells which are expressing GFP by flow cytometry (Supplemental 164 

figure S1). This approach allows for the analysis of direct and indirect responses to RRV 165 

infection of cells within the same environment. All data analyses were done relative to 166 

heathy uninfected cells from a separate flask. Cellular RNA from the three sample groups: 167 

mock, GFP-positive (GFP+) and GFP-negative (GFP-) were isolated and processed 168 

through the RNA-Seq pipeline. 169 

170 

From the analysis of the transcriptomes, we found 5431 and 5352 differentially expressed 171 

genes (DEGs) relative to mock controls in the GFP+ and GFP- sample groups, 172 

respectively (Figure 1). On comparison between the DEGs for GFP+ and GFP-, the two 173 

sample groups were found to have almost half of the DEGs (44.62%) in common (Figure 174 

2A). To further analyse these datasets, we separated the genes into up- and down-175 

regulated DEGs for these gene profiles: genes in the GFP+ group only, overlapping genes 176 

which are present in GFP+ cells, overlapping genes which are present in GFP- cells and 177 

genes that are found in the GFP- group only (Figure 2B). The proportions of up-and 178 

down-regulated DEGs were similar across all gene profiles. 179 
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Figure 1. Volcano plot of GFP+ and GFP- populations relative to mock controls 

Differentially-expressed genes defined whereby log2FC threshold 0.58 (1.5FC); 

FDR<0.05. Transcriptomes of GFP+ cells (A) and GFP- cells (B) relative to healthy mock 

controls are shown represented as volcano plots. The down- and up-regulated DEGs 

are coloured blue and red respectively, and non-significant genes are shown in grey. 
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Figure 2. Differential gene expression in GFP+/mock and GFP-mock populations 

Differentially expressed genes (DEGs) for GFP+ and GFP- cells relative to healthy mock 

controls were compared and the proportion of genes expressed as a venn diagram (A). 

Up- and down-regulated DEGs in each of the four gene profiles (genes in the GFP+ 

group only, overlapping genes which are present in GFP+ cells, overlapping genes which 

are present in GFP- cells and genes that are found in the GFP- group only) are shown 

(B). 
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We further assessed the DEGs using Enrichr, a platform commonly used for gene set 196 

enrichment analysis with many functional annotation libraries such as gene ontology 197 

(GO), KEGG and Jensen DISEASES [21]. The top 5 enriched terms for up- and down-198 

regulated DEGs are shown in Figure 3 and Figure 4.  We found that DEGs found in 199 

GFP+ cells only were significantly enriched for nucleic acid transcription, which was 200 

expected for cells which are RRV-infected (Figure 3). On comparison of the overlapping 201 

DEGs present in both GFP+ and GFP- cells, we observed that the functional annotation 202 

terms that were significantly enriched were similar across both groups. Processes relating 203 

to cytokine-mediated signalling, type I IFN signalling, TNF signalling and negative 204 

regulation of viral transcription were up-regulated in both GFP+ and GFP- negative cells, 205 

indicating that antiviral immune responses were mounted by both groups of cells in the 206 

mixed population and direct virus infection was not required to induce such responses 207 

(Figure 4). In addition, the overlapping DEGs in both GFP+ and GFP- groups of cells 208 

were significantly enriched with terms relating to arthritis, which is a phenotype induced 209 

by RRV infection (Figure 4). 210 

211 
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Figure 3. Gene set enrichment analysis of DEGs in GFP+ only and GFP- only 213 

populations 214 

The top 5 gene-set associations for the two gene profiles: GFP+ only (A) and GFP- only 215 

(B) were identified using Enrichr with Gene Ontology Biological Process (GO2018 BP)216 
and Molecular Function (GO2018 MF), KEGG and Jensen DISEASES databases. 217 

Keywords associated with up- and down-regulated genes are coloured red and blue 218 

respectively. The grey bar represents the p-values determined by the Enrichr analysis 219 
platform. 220 

221 

222 

To evaluate the role of chondrocytes in disease pathogenesis, we isolated the DEGs 223 

related to joint pathology using gene-sets from the Human Phenotype Ontology (HPO) 224 

database: increased inflammatory response, abnormal joint morphology and arthritis 225 

(Figure 5 and Table 1). There were similar numbers of up- and down-regulated DEGs 226 

for GFP+ and GFP- groups for the increased inflammatory response and abnormal joint 227 

morphology HPO gene-sets. We observed a slight increase in the number of DEGs 228 

associated with arthritis in the GFP- group compared to GFP+ group (Figure 5C). 229 

230 

As the only cell type present in the cartilage, chondrocytes are responsible for the 231 

maintenance of the cartilage through the expression and regulation of ECM components 232 

and breakdown molecules. We found that both GFP+ and GFP- groups have similar 233 

numbers of DEGs associated with ECM components and DEGs involved in ECM 234 

assembly and disassembly based on functional annotation gene-sets from the Gene 235 

Ontology database (Figure 6). 236 

237 
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Figure 4. Gene-set enrichment analysis of overlapping DEGs in GFP+ and GFP-

populations 

The top 5 gene-set associations for the two gene profiles: overlap-DEGs-GFP+ (A) and 

overlap-DEGs-GFP- (B) were identified using Enrichr with Gene Ontology Biological 

Process (GO2018 BP) and Molecular Function (GO2018 MF), KEGG and Jensen 

DISEASES databases. Keywords associated with up- and down-regulated genes are 

coloured red and blue, respectively. The grey bar represents the p-values determined by 

the Enrichr analysis platform. 
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Figure 5. Differential gene expression for gene-sets related to joint pathology The 

proportion of differentially expressed genes (DE Gs) in each of the four gene profiles 

(GFP+ group only, overlapping genes in GFP+ cells, overlapping genes in GFP- cells 

and GFP- group only) were assessed using gene-sets related to joint pathology from the 

Human Phenotype Ontology (HPO) database: increased inflammatory response (A), 

abnormal joint morphology (B) and arthritis (C). 
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Table 1. Significant DEGs related to joint pathology and their association with alphavirus infection 256 

Symbol GeneID Relative expression 
GFP+ cells 

Relative expression 
GFP- cells 

HPO 
(Increased 

inflammatory 
response) 

HPO 
(Abnormal joint 

morphology) 

HPO 
(Arthritis) 

Associated with 
alphavirus 
infection 

↑/↓ log2FC ↑/↓ log2FC 

ASPN 54829 ↓ -4.43 ↓ -6.43 + + 

CA2 760 ↑ 8.94 ↑ 5.25 + 
EZH2 2146 ↑ 6.19 ↑ 1.91 + 
FOXJ1 2302 ↑ 12.71 non-DEG 2.82 + 
GCH1 2643 ↑ 5.87 ↑ 4.44 + + 
GORAB 92344 ↑ 3.15 ↑ 0.68 + + 
HLA-B 3106 ↑ 2.74 ↑ 3.22 + + + [29] 
IFIH1 64135 ↑ 7.32 ↑ 5.45 + + + [30] 
IL6 3569 ↑ 6.97 ↑ 6.35 + + + [31] 
IL7R 3575 ↑ 14.93 ↑ 13.45 + [32] 
KDM6A 7403 ↑ 3.62 ↑ 1.11 + + 
MAGI2 9863 ↑ 3.63 ↓ -1.45 + 
MMP1 4312 ↑ 11.49 ↑ 12.78 + [12] 
MPDU1 9526 ↑ 4.17 ↑ 1.45 + 
MSX1 4487 ↑ 5.32 ↑ 1.30 + 
NFKB1 4790 ↑ 3.85 ↑ 1.03 + [33] 
NFKB2 4791 ↑ 4.52 ↑ 1.74 + [34] 
PNP 4860 ↑ 4.03 ↑ 2.89 + 
PRG4 10216 ↓ -3.35 ↓ -3.73 + + + 
RELB 5971 ↑ 3.29 ↑ 2.66 + [35] 
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257 

RIPK1 8737 ↑ 4.37 ↑ 0.63 + [36] 
SALL4 57167 ↑ 10.92 non-DEG 2.42 + 
SAMD9 54809 ↑ 3.82 ↑ 4.60 + 
SERPINA1 5265 ↑ 5.27 ↑ 5.80 + 
SLC39A8 64116 ↑ 4.41 ↑ 2.03 + 
SLC40A1 30061 ↓ -4.95 ↓ -6.02 + + 
TAP1 6890 ↑ 3.26 ↑ 3.90 + [18] 
TNFAIP3 7128 ↑ 6.23 ↑ 5.30 + + [37] 
TNXB 7148 ↓ -1.77 ↓ -4.71 + 
VWF 7450 ↑ 9.97 ↑ 2.10 + 
WRAP53 55135 ↑ 5.13 non-DEG 0.68 +
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Figure 6. Differential gene expression for gene-sets associated with extracellular 

matrix (ECM) architecture and remodelling 

The proportion of differentially expressed genes (DE Gs) in each of the four gene profiles 

(GFP+ group only, overlapping genes in GFP+ cells, overlapping genes in GFP- cells 

and GFP- group only) were assessed using gene-sets related to extracellular matrix 

remodelling (ECM) from the Gene Ontology Biological Processes database (GO2018 

BP): ECM structural constituents (A), ECM assembly (B) and ECM disassembly (C). 

To validate the results obtained from our gene expression analysis, we perfo1med another 

infection to obtain protein samples for western blotting (Figure 7). The targets evaluated 

are lubricin (proteoglycan 4; PRG4), von Willebrand factor (vWF), forkhead box protein 

JI (FOXJI) and carbonic anhydrase II (CA2). Among the DEGs associated with joint 

pathology, these targets represent some of the genes with greatest transcriptomic changes 

yet have no existing association with alphavirus infection in the literature (Table 1). 

Human plasma samples were used as a positive control for PRG4 and vWF. Our gene 

expression results indicate up-regulation of CA2 and VWF in both GFP+ and GFP- cell 

populations. Levels of PRG4 were down-regulated in both GFP+ and GFP- cells, and 

FOXJJ displayed up-regulation for GFP+ cells only. However, of the four targets 

assessed by western blotting, only CA2 protein was detected in both mock and RRV- 

infected samples. 

280 
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EGs associated with joint 281 

pathology 282 

Chondrocytes were mock- and RRV-infected (using wild-type virus) at MOI 10 for two 283 

days. These cells were isolated for western blotting to evaluate the protein expression 284 
of several significant DEGs. These targets are PRG4 (lubricin) (expected size >250kDa), 285 
vWF (von Willebrand factor) (expected size >250kDa), FOXJ1 (expected size 50-75kDa) 286 

and CA2 (expected size 30kDa). Human plasma samples were used as a positive control 287 

for PRG4 and vWF. 288 

289 

290 

Discussion 291 

In our study, we investigated the transcriptomic profiles of RRV-infected and uninfected 292 

bystander cells to learn more about the direct and indirect effects of RRV on disease 293 

pathogenesis in human primary chondrocyte cells. The proportion of DEGs were similar 294 

across GFP+ and GFP- cell populations; however, interestingly we did observe some 295 

differences in the type of cellular processes modulated by RRV infection (Figure 3 and 296 

Figure 4). 297 

298 

We have identified several genes related to joint pathology with no known association 299 

with alphavirus infection (Table 1). Interestingly, many of the genes listed in Table 1 300 

encode for ECM structural components. Of the significantly expressed genes not shown 301 

to play roles in RRV infection, four targets (PRG4, vWF, FOXJ1 and CA2) were 302 

evaluated for protein expression by western blotting (Figure 7). We found detectable 303 

levels of protein only for CA2 but not in the other three targets studied. As CA2 was 304 

detected in both mock and RRV-infected samples, it is difficult to conclude whether the 305 

increased gene expression of CA2 in GFP+ and GFP- resulted in similar increases in 306 

Β-actin 
Figure 7. Protein validation of selected targets from D
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protein expression.  Due to the complex ECM structures present, this lack of protein 307 

expression for the other three targets, could have been a result of incomplete 308 

homogenisation of proteins when RIPA buffer for sample lysis. Additionally, cells were 309 

not sorted for RRV-infected (GFP+) and uninfected (GFP-) populations. The use of the 310 

entire population of cells may result in a reduced proportion of our targets which was 311 

below the limit of detection with our routine western blotting protocol. Future strategies 312 

for optimisation of our western blotting protocols could involve the use of antibodies with 313 

polymer conjugates which would allow for enhanced and more sensitive detection.  314 

315 

Proteoglycan 4 (PRG4) is an extracellular matrix (ECM) molecule linked to inflammatory 316 

processes and abnormal joint pathologies. This molecule is of particular interest as in our 317 

study, we found that it is a key DEG that is associated with all three GO gene-sets 318 

analysed yet have not been shown to play roles in alphavirus infection (Table 1). This 319 

proteoglycan is produced by chondrocytes and synoviocytes, and is found in synovial 320 

fluid, where its roles as a cushioning and lubricating molecule are well-studied [38,39]. 321 

In recent years, abnormal expression of PRG4 has been associated with joint diseases 322 

such as osteoarthritis (OA) and rheumatoid arthritis (RA). It has been shown that PRG4 323 

can mediate the inflammatory response by binding to immune cells, thus preventing the 324 

binding of basal levels of pro-inflammatory cytokines to these cells [40]. However, when 325 

a pro-inflammatory response is required, PRG4 is removed from immune cells, allowing 326 

for enhanced inflammation. The roles of PRG4 are complex as it can act in an anti-327 

inflammatory manner as well. Exposure of recombinant human PRG4 protein (rhPRG4) 328 

to interleukin 1 beta (IL-1β)-stimulated OA synoviocytes resulted in reduced gene 329 

expression of pro-inflammatory cytokines and enzymes involved in ECM breakdown 330 

(MMP1, MMP3, MMP9, MMP13, aggrecanase-2, IL-6, IL-8, and COX2) [39,41]. 331 

Additionally, gene expression levels of PRG4 were also reduced, suggesting a regulatory 332 

role via a feedback loop. IL-1b is a pro-inflammatory cytokine that can be found during 333 

alphavirus infections and is responsible for the induction of other pro-inflammatory 334 

cytokines such as IL-6 and IL-8 [13,15–17]. While our study shows that PRG4 is down-335 

regulated in both GFP+ and GFP- cells, it is difficult to determine whether PRG4 plays a 336 

protective or pro-inflammatory role in RRV infection. In addition, we were unable to 337 

detect PRG4 by western blotting in mock- and RRV-infected samples; and the reduced 338 

gene expression levels during RRV infection may suggest that there are lower levels of 339 

expressed protein and this could have presented difficulties for protein detection (Figure 340 

7). 341 
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342 

VWF encodes for a protein commonly associated with platelets and haemorrhagic disease 343 

outcomes. It promotes platelet adhesion by binding to collagen and heparan sulfate [42–344 

44]. Though the roles and mechanisms involved are not well-understood, increased 345 

amounts of vWF has been found in the plasma of patients suffering from rheumatic 346 

diseases such as rheumatoid arthritis [42,43]. Therefore, it has been suggested that vWF 347 

could be a biomarker for neovascularisation of the joint [44]. However, this protein has 348 

not previously been shown to be expressed in chondrocytes. Due to the lack of evidence 349 

for haemorrhagic manifestations in RRV disease, it is uncertain if vWF plays an important 350 

role in RRV disease. In our study, we found up-regulation of VWF in both GFP+ and 351 

GFP- cells, suggesting a possible role of vWF in the cartilage. Though not observed to be 352 

detected in our mock- and RRV-infected samples by western blotting, the protein could 353 

be expressed at very low levels that were below the limit of detection (Figure 7). 354 

355 

FOXJ1 (forkhead box J1) is a transcription factor important for cilia production expressed 356 

on ciliated cells and is also associated with skeletal development. Chondrocytes express 357 

non-motile cilia on their cell surface; however, their functions are poorly understood [45]. 358 

The chondrocyte cilium carries receptors involved in signalling pathways such as 359 

integrins, ion channels, Hedgehog and cAMP. Therefore it plays an important role in 360 

extracellular interactions between cell types and tissues of the joint, though any roles in 361 

alphavirus infection are currently unknown. It is hypothesised that the chondrocyte cilium 362 

is important for biochemical processes as mechanical loading stimulates Ca2+ production 363 

only in chondrocytes with cilia. The chondrocyte cilium is also associated with an 364 

increased inflammatory response. Interleukin 1 beta (IL-1β) is a pro-inflammatory 365 

cytokine with broad activity and induces NFKB expression through activation of MyD88 366 

signalling. This, in turn, results in the expression of various pro-inflammatory cytokines 367 

such as IL-6, IL-8, TNF alpha (TNF-α) and members of the IL1 family, all of which are 368 

observed to be expressed during RRV infection [13,15,46,47]. Treatment of chondrocytes 369 

with IL1b resulted in cilia elongation, which affects signalling processes. In addition, it 370 

has been shown that the amount and length of cilia increase with severity of OA in 371 

cartilage tissue [48]. However, FOXJ1 plays an opposite role in the human airway 372 

epithelium, where inhibition of FOXJ1 by IL-13 and STAT6 results in decreased 373 

ciliogenesis [49]. It has been shown that fine particulate matter (PM2.5) and cigarette 374 

smoke can inhibit ciliogenesis in normal human epidermal keratinocytes through 375 

increased expression of small proline-rich protein 3 (SPRR3) [50]. The SPRR family acts 376 
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as crosslinking proteins and are important for maintaining structural integrity. Therefore 377 

we hypothesise that this gene is involved in causing RRV-mediated cartilage damage and 378 

speculate that FOXJ1 expression is induced by RRV infection and causes cartilage 379 

damage through ciliogenesis. In our study, we found that the FOXJ1 gene is up-regulated 380 

in the GFP+ cells only. We were unable to detect detectable levels of this protein via 381 

western blotting. It is possible that the proportion of expressed protein was reduced since 382 

the protein sample used contains a mixed population of RRV-infected and uninfected 383 

bystander cells (Figure 7).  384 

 385 

The CA2 (Carbonic Anhydrase 2) gene encodes for carbonic anhydrase II which is a zinc 386 

metalloenzyme that catalyses the reversible hydration of carbon dioxide and bicarbonate 387 

ions and is important for bone resorption and osteoclast differentiation [51]. Deficiency 388 

in this protein is associated with osteopetrosis, which results in weakened bones and 389 

greater risk of bone fractures. The CA2 protein is not confined to skeletal disorders; it has 390 

been implicated in cancer disease progression as well, particularly its roles in metastasis 391 

[52]. It has been shown that there is an increased autoimmune response to CA2 protein 392 

in rheumatoid arthritis patients [53]. However, the reasons behind this autoimmune 393 

response are still unknown. It has been hypothesised that increased oxidative stress could 394 

be a potential reason for antibody production against CA2 protein. In another study, it is 395 

speculated that human CA2 is recognised as a pathogen-associated molecular pattern 396 

(PAMP) due to its structural similarity with the CA2 protein from Helicobacter pylori 397 

[54]. There is no specific treatment for RRV, and symptoms are usually relieved through 398 

non-steroid anti-inflammatory drugs (NSAIDs). It has been shown that a large number of 399 

NSAIDs such as Celecoxib and Refecoxib are inhibitors of CA2 activity, which hints at 400 

a greater role of CA2 in disease pathogenesis [55,56]. Dual-hybrid compounds using 401 

NSAIDs and carbonic anhydrase inhibitors are also synthesised and evaluated for their 402 

efficacy in the treatment of rheumatoid arthritis [57]. Recently, NSAIDs such as 403 

Celecoxib, Tofacitinib, and Rolipram, have been shown to reduce virus replication and 404 

virus-induced inflammation in a related alphavirus, Venezuelan equine encephalitis virus 405 

(VEEV) [58]. Our data shows that CA2 is up-regulated in both GFP+ and GFP- cells, 406 

suggesting a possible pathogenic role of this protein in RRV infection and we speculate 407 

that Celecoxib can reduce disease outcomes in RRV infection through inhibition of CA2 408 

enzyme. 409 

 410 
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Interestingly, many of the genes listed in Table 1 encode for ECM structural components 411 

such as asporin (ASPN) and tenascin XB (TNXB). However, due to time restraints, we 412 

were unable to assess these targets via western blotting or further functional studies. 413 

Asporin is a proteoglycan present in the cartilage and binds to collagen fibres to induce 414 

mineralisation [59]. While asporin inhibits cartilage differentiation through blocking of 415 

TGF-β/receptor interaction, it has been shown in chondrocytes that TGF-β can induce 416 

asporin gene expression [60]. The expression of pro-inflammatory cytokines (such as IL-417 

1β and TNF-α) and also chondrocyte dedifferentiation results in reduced ASPN 418 

expression [60,61]. This indicates the presence of a feedback loop in the modulation of 419 

asporin and its downstream functions. Asporin is also associated with toll-like receptor 420 

(TLR) signalling, suggesting regulatory roles in inflammatory processes. Overexpression 421 

of asporin in periodontal ligaments resulted in dampened TLR2 and TLR4-mediated 422 

immune responses through direct binding to these receptors [62]. Activation of TLR 423 

signalling initiates a signalling cascade that results in pro-inflammatory cytokine gene 424 

expression. Therefore, inhibition of TLR signalling by asporin may result in a reduced 425 

inflammatory response. However, the roles of asporin in joint pathology are still not well-426 

elucidated. This proteoglycan has been associated with having protective and risk factors 427 

in osteoarthritis (OA) in various studies. Our study shows that ASPN is down-regulated 428 

in both GFP+ and GFP- cells, suggesting that this is possibly due to the pro-inflammatory 429 

cytokine profile typically observed in RRV infection. 430 

 431 

TNXB (Tenascin XB) encodes for a glycoprotein that is important in the organisation and 432 

maintenance of connective tissues. It has been associated to be involved in the synthesis 433 

and assembly of collagens. Mutations and/or a deficiency of this gene is associated with 434 

connective tissue disorder Ehlers-Danlos syndrome [63]. It has been suggested that 435 

TNXB deficiency is associated with increased expression of matrix metalloproteases 436 

(MMPs) in cervical cancer [64]. The induction of MMP2 is associated with TNXB 437 

deficiency and hypothesised to be caused by the c-Jun N-terminal kinase (JNK) and 438 

protein tyrosine kinase (PKK) phosphorylation pathway [65]. The expression of MMPs 439 

is associated with cartilage damage in joint diseases as well as alphavirus infections 440 

[7,66,67]. However, increased expression of TNXB has been found in synovial cells of 441 

OA and rheumatoid arthritis (RA) patients, suggesting the complex and mixed roles of 442 

TNXB in joint diseases [68]. In our study, we found downregulation of TNXB in both 443 

GFP+ and GFP- cells. To explain this observation, we hypothesise that TNXB is involved 444 

in the regulation of expression for MMPs in alphavirus disease pathogenesis.  445 
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 446 

Associated with abnormal joint morphology and arthritis, the GCH1 (GTP 447 

cyclohydrolase 1) gene encodes for an enzyme involved in tetrahydrobiopterin (BH4) 448 

synthesis. BH4 is an important cofactor for the synthesis of many biomolecules such as 449 

serotonin and nitric oxide. Increased BH4 and nitric oxide synthesis is often induced by 450 

inflammatory responses [69]. Upregulation of both GCH1 and BH4 have been associated 451 

with pain sensitivity [70]. It has been shown that pain sensitivity returned to normal levels 452 

when mice suffering from chronic pain were injected with an inhibitor of GCH1 [71]. 453 

While GCH1 has been associated with neurological disorders such as Parkinson’s disease, 454 

it has never been linked with alphavirus disease pathogenesis. Our research shows that 455 

GCH1 is highly expressed in GFP+ and GFP- cells, indicating that non-infected bystander 456 

cells play a role in causing abnormal joint pathology. It is also possible that GCH1 is an 457 

early indicator of RRV disease through a heightened state of pain sensitivity. To 458 

determine the role that the GCH1 enzyme plays in the joint, the presence of this enzyme 459 

in RRV-infected chondrocyte cells should be validated by western blotting.  460 

 461 

Transcriptome analysis approaches such as RNA-Seq allow for a quick overview of the 462 

cellular processes that are modulated by virus infection. Here, we look into the gene 463 

expression profiles of RRV-infected and bystander chondrocyte cells in the same 464 

environment. This analysis allows us to compare the direct and indirect effects of RRV 465 

infection and enables us to identify potential targets important in disease pathogenesis for 466 

in-depth functional characterisation studies. Validation of selected targets through 467 

evaluating protein expression levels and functional studies is important as many pathways 468 

play complex roles in gene regulation. Therefore, the observed gene expression profiles 469 

may not translate into similar levels of protein produced when assessed through proteomic 470 

or functional approaches. Further study into our identified targets would enable for 471 

increased understanding of the roles they play during RRV disease pathogenesis. 472 

 473 

 474 
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Supplemental Figure S1. Cell sorting of mock- and RRV-infected chondrocyte cells 

Chondrocytes were infected with RRV-GFP at MOI 10 for two days. The harvested cells 

were stained with Pl and FSC/SSC-gated to remove cellular debris. Subsequently, Pl

negative cells were sorted to select for viable cells, and GFP-positive (RRV-infected) and 

GFP-negative (bystander) cells sorted for downstream analysis. Mock-infected cells 

were used as controls (EGFP- Pl-). 
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Abstract 22 

Ross River virus causes crippling pain and joint inflammation at both acute and chronic 23 

stages of infection. However, while it is well-established that alphavirus infection results 24 

in the destruction of the cartilage and synovial tissues, the underlying causes that 25 

contribute to this remain poorly defined. The extracellular matrix (ECM) is a significant 26 

component of cartilage and the joint and is essential for reducing friction and minimising 27 

shock in the joints caused by movement and everyday activity. Chondrocytes and 28 

fibroblast-like synoviocytes (FLS) play essential roles in the extracellular matrix 29 

homeostasis by secreting ECM constituents and breakdown enzymes. Here, we describe 30 

RRV infection and modulation of key ECM components including type II collagen 31 

(COL2A1), aggrecan (ACAN) and lubricin (PRG4) in three chondrocyte models with 32 

increasing complexity: low-density (LD), high-density (HD) and micro-mass (MM). We 33 

also demonstrate increased RRV infectivity in chondrocyte models cultured in the 34 

presence of RRV-infected FLS. Importantly, we provide evidence that the activity of 35 

matrix breakdown enzyme matrix metalloproteinase-3 (MMP3) results in increased virus 36 

binding and infectivity by exposing chondrocytes to virus particles, indicating that 37 

structurally intact ECM acts as a protective barrier to infection. Therefore, the study of 38 

cell types like chondrocytes and fibroblast-like synoviocytes involved in cartilage health 39 

is essential and contributes to our understanding of alphavirus disease pathogenesis. 40 

 41 

 42 

Introduction 43 

Ross River virus causes the most prevalent arboviral-borne disease in Australia, with 44 

approximately 5,000 cases occurring annually with endemic circulation. This number 45 

increases with the occurrence of larger sporadic outbreaks that have been occurring every 46 

2-3 years. Most patients experience pain and swelling of the joints and muscles, with 47 

some patients experiencing such symptoms chronically [1,2]. Despite the ongoing burden 48 

of symptoms experienced by many patients, there is a lack of evidence that to explain 49 

how these chronic joint manifestations occur. The pathobiology of RRV infection in the 50 

joint, including the study of cell types present in the joint and their roles in cartilage and 51 

synovium breakdown, is of critical importance. Though the disease is usually not life-52 

threatening, it is highly debilitating and impairs the ability of these patients to perform 53 

everyday tasks [3]. Currently, there is no cure for RRV-induced disease and symptoms 54 

are managed with the use of non-steroidal anti-inflammatory drugs (NSAIDs) which is 55 
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known to have a range of undesirable side-effects including impacts on the gastric, renal 56 

and cardiovascular systems. 57 

 58 

As the main cell type found in the articular cartilage, chondrocytes are important for 59 

synthesis and maintenance of the extracellular matrix (ECM), and regulation of the 60 

expression of pro-inflammatory cytokines and ECM components like collagens and 61 

proteoglycans [4]. The ECM is crucial for its function in minimising friction, absorbing 62 

shock and reducing the effects of mechanical compression by heavy loads. The loss of 63 

ECM structural integrity is a contributing factor for joint pain, and the study of RRV-64 

induced effects on the ECM should not be neglected [5]. Several key ECM components 65 

that are synthesised by chondrocytes include members of the collagen family and 66 

proteoglycans like aggrecan and lubricin (encoded by proteoglycan four or PRG4) 67 

molecules. Also found in joint-associated tissues; fibroblast-like synoviocytes (FLS) are 68 

responsible for the synthesis of ECM molecules that make up the synovial fluid such as 69 

hyaluronan and lubricin. The synovial fluid is a source of nutrients for the articular 70 

cartilage, which is non-vascular and does not have access to the blood supply network. 71 

These FLS cells are also known to produce matrix-degrading enzymes. Together, these 72 

two cell types play an important role in cartilage remodelling. 73 

 74 

Chondrocytes are isolated through enzymatic treatment and release of the cells from 75 

cartilage tissue. Culture in vitro is often limited with cells undergoing several passages in 76 

two-dimensional monolayer culture, which results in de-differentiation into a fibroblastic 77 

morphology. Upon supplementation with growth factors and chemicals such as 78 

transforming growth factor-beta (TGF-β), ascorbic acid and dexamethasone, the re-79 

differentiated chondrocytes develop a rounded morphology, similar to their original 80 

phenotype [6]. In comparison to re-differentiated cells generated through low-density 81 

(LD) monolayer cultures, re-differentiated cells developed through models with greater 82 

cell numbers like high-density (HD) and micro-mass (MM) cultures have the propensity 83 

to sustain their differentiated phenotype for longer periods of time in cell culture [7,8]. 84 

Such complex models also display greater expression of ECM components such as 85 

collagens and proteoglycans. Consequently, many three-dimensional models such as HD 86 

and MM culture systems have been widely studied for their use as in vitro models of 87 

cartilage as an alternative to investigation with human primary joint/cartilage tissue which 88 

are rarely available [7,8]. These in vitro model systems are able to retain ECM 89 

architecture and stimulate a better environment for chondrogenic differentiation, making 90 
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them more physiologically relevant than traditional monolayer culture [7,8] (refer to 91 

Figure S1). 92 

93 

Our lab has shown that RRV viral RNA can be detected in chondrocytes from infected 94 

mice [5]. We found that human primary chondrocyte cells are permissive to RRV 95 

infection and these infected cells have the capacity to produce soluble mediators such as 96 

pro-inflammatory cytokines. In the same study, modulation in gene expression of 97 

extracellular matrix components and enzymes was also observed during RRV infection 98 

of chondrocytes [5]. However, due to the avascular nature of the articular cartilage, it is 99 

unclear how chondrocytes acquire infection. To expand on our previous work (see 100 

Chapter 2) this study involves the use of model systems with greater physiological 101 

relevance. Herein we examine the effect of RRV infection in three chondrocyte in vitro 102 

models, LD, HD and MM cultures on ECM components and enzymes. We hypothesise 103 

that complex ECM structures surround the chondrocytes and protect them from infection 104 

of the cartilage. We further speculate on a possible route of virus infection of 105 

chondrocytes through the induced production of ECM breakdown enzymes from the 106 

surrounding infected cell types such as FLS which may cause the breakdown of ECM 107 

architecture and exposes the chondrocytes to virus infection. To evaluate this, the 108 

chondrocyte model systems were co-cultured in the presence of RRV-infected FLS. 109 

110 

111 

Materials & Methods 112 

Virus 113 

Virus stocks of the Ross River virus (RRV) T48 strain was generated with an infectious 114 

clone pRR64 (kindly gifted by Richard Kuhn, Purdue University) [9]. Briefly, in vitro 115 

transcription was performed using SP6 RNA polymerase, and the synthesised RNA was 116 

electroporated into Vero cells for virus amplification. Infectious virus units were 117 

quantified by plaque assay using Vero cells. The Vero cells were cultured in OptiMEM 118 

supplemented with 3% foetal bovine serum (FBS), and infected cells were maintained 119 

with OptiMEM with 1% FBS. 120 

121 

Cells 122 

Human primary chondrocytes (Clonetics, Lonza) were cultured in 12-well plates and 123 

differentiated according to the manufacturer’s instructions prior to infection. Three 124 

chondrocyte culture models were established: low-density (LD), high-density (HD) and 125 
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micro-mass (MM) cultures. All chondrocyte cells were grown in chondrocyte expansion 126 

media: low-glucose DMEM supplemented with 400 μM L-Proline, 100 μM ascorbic acid, 127 

10 mM HEPES, GlutaMAXTM, 1x minimum essential medium non-essential amino acids 128 

(MEM NEAA), 1x penicillin/streptomycin and 10% FBS. To induce differentiation post-129 

attachment to cell culture surfaces, chondrocyte cells were maintained in chondrocyte 130 

differentiation media: high-glucose DMEM supplemented with 400 μM L-Proline, 100 131 

μM ascorbic acid, 1.25 mg/mL bovine serum albumin (BSA), 0.1 μM dexamethasone, 10 132 

ng/mL transforming growth factor-beta 3 (TGF-β3), 10 mM HEPES, GlutaMAXTM, 1x 133 

insulin-transferrin-selenium (ITS), 1x MEM NEAA, and 1x penicillin/streptomycin. 134 

135 

To form LD cultures, cells were seeded at 25,000 cells per cm2. For the HD cultures, cells 136 

were seeded at 100,000 cells per cm2. The generation of MM cultures involves 137 

concentrating 200,000 cells in 100 μl of expansion media, and each 100 μl droplet of cell 138 

suspension was added on to wells of 12-well plates without dispersal to form a 139 

concentrated three-dimensional mass of cells, that have greater physiological significance 140 

[7,8] (see Figure S1). Cells were incubated for 3-5 hours to allow for attachment and 141 

subjected to a 2-day differentiation period. 142 

143 

RRV infection in chondrocyte model systems 144 

The three chondrocyte models (LD, HD and MM cultures) were infected with RRV at 145 

MOI 1. Briefly, the virus was added to the cells and allowed to adsorp for 2 hours at 37°C. 146 

The inoculum was removed, and the cells were washed twice with PBS, prior to the 147 

addition of 1mL of maintenance media (chondrocyte differentiation media as described 148 

above). Cell culture supernatants were harvested at 0, 1, 2, 3, 4, 5 and 7 days post-149 

infection (d.p.i.) for the quantification of infectious viral titre by plaque assay. Cells were 150 

lysed using TRIzol (Life Technologies) reagent for isolation of total RNA and used for 151 

viral genome quantification and gene expression analysis by real-time PCR. Proteins 152 

from mock and RRV-infected chondrocyte cells at 3 d.p.i were lysed with RIPA buffer 153 

and used for western blotting. 154 

155 

Expression of extracellular matrix-degrading enzymes in RRV-infected synoviocytes 156 

Human primary fibroblast-like synoviocytes (FLS) (ScienCell) were cultured in 12-well 157 

plates and infected with RRV at MOI 1. After virus adsorption at 37°C for 1 hour, the 158 

inoculum was removed, cell monolayers washed twice with PBS and 1mL of maintenance 159 
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media (synoviocyte media supplemented with 1% FBS) added to each well. Samples were160 

collected at time-points 0, 1, 3, 5 and 7 d.p.i. for analysis of viral infectivity and evaluate 161 

the expression profiles of ECM enzymes at gene and protein levels. 162 

163 

Co-culture of chondrocyte models with RRV-infected fibroblast-like synoviocytes 164 

Fibroblast-like synoviocytes (FLS) infected with RRV were co-cultured with the three 165 

chondrocyte models (LD, HD and MM). The FLS cells were cultured in their growth 166 

media on the membrane of cell culture inserts (30,000 cells per insert). The 0.4 µM pore 167 

size allows for the diffusion of secreted factors and virus produced across the membrane 168 

while acting as a physical barrier for the two cell types. Fibroblast-like synoviocytes were 169 

mock- and RRV-infected at MOI 1. Cells were incubated with the virus at 37°C for 1 170 

hour to allow for virus attachment. Subsequently, the cells were washed twice with PBS 171 

and 0.5 mL of maintenance media added to the cell culture inserts. These cell culture 172 

inserts were added to the wells of cell culture plates that contain the three chondrocyte 173 

models. The cell culture supernatants were collected at time-points 0, 1, 3, 5 and 7 d.p.i 174 

and analysed by plaque assay. Cells were isolated for characterisation of the composition 175 

of the extracellular matrix and breakdown markers by qPCR and western blotting, as 176 

described above. Proteins from mock- and RRV-infected chondrocytes at 3 d.p.i. were 177 

lysed with RIPA buffer and used for western blotting. 178 

179 

Enzymatic treatment and RRV infection in chondrocyte model systems 180 

The three chondrocyte models were pre-treated with 10 ng/mL MMP3 for 24h and 181 

infected with RRV at MOI 1. Briefly, the virus was added to the cells and allowed to 182 

adsorp for 2 hours at 37°C. The inoculum was removed, and the cells were washed twice 183 

with PBS, prior to the addition of 1 mL of maintenance media (chondrocyte 184 

differentiation media as described above). For MMP3-treated cells, 10 ng/mL MMP3 was 185 

included in the maintenance media post-infection. Cell culture supernatants were 186 

harvested at 0, 12, 24 and 48h post-infection for the quantification of infectious viral titre 187 

by plaque assay. Cells were lysed using TRIzol (Life Technologies) reagent for isolation 188 

of total RNA and used for viral genome quantification. 189 

190 

Viral genome quantification by real-time polymerase chain reaction (qPCR) 191 

Total RNA (1µg) was reverse-transcribed to cDNA using the Tetro cDNA synthesis kit 192 

(Bioline). For alphaviral genome copy number (GCN) quantification, a protocol routinely 193 
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used by the lab was used with the SsoAdvanced™ Universal Probes Supermix (Bio-Rad) 194 

kit (Table 1). The probe-based qPCR cycling conditions are as follows: 15 min at 95°C, 195 

and 45 cycles of 15 seconds at 94°C and 1 min at 60°C. Purified plasmid DNA containing 196 

the full-length sequence of RRV were serially diluted and used as standards. Standard 197 

curves were plotted, and the sample values extrapolated. Statistical analysis of HD and 198 

MM compared to LD models was performed by one-way ANOVA with Tukey’s test for 199 

comparison of single time-points and two-way ANOVA with Tukey’s test for comparison 200 

of multiple time-points. 201 

202 

203 

Table 1. Primer sequences used for alphavirus genome quantification by qPCR 204 
Viral genome quantification was performed using primer sequences that target the nsP3 205 
region of RRV. 206 

Virus Sequence Reference 

RRV 
(nsP3) 

F: 5’-CCGTGGCGGGTATTATCAAT-3’ 
R: 5’-AACACTCCCGTCGACAACAGA-3’ 
Probe: 5’-ATTAAGAGTGTAGCCATCC-3’ 

[10] 

207 

208 

Gene expression analysis by real-time polymerase chain reaction (qPCR) 209 

The SensiFAST™ SYBR No-ROX kit (Bioline) was used according to manufacturer’s 210 

instructions. Primer sequences were obtained from existing literature (Table 2). Fold 211 

change is calculated by 2-ddCt, whereby samples were normalised using the reference gene 212 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and expressed relative to the value 213 

obtained for mock-infected samples of each time-point. Statistical analysis for the 214 

comparison of the virus- and mock-infected samples at each time-point was performed 215 

by two-way ANOVA with Tukey’s test. 216 

217 
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218 Table 2. Primer sequences used in gene expression studies 
219 Gene expression levels of ECM components and enzymes were analysed using an 

220 SYBR-based protocol with the following primer pairs 

Gene Type Sequence Reference 

GAPDH Reference gene F: 5’- GAAGGTGAAGGTCGGAGT -3’ 
R: 5’- CATGGGTGGAATCATATTGGAA -3’ [11] 

ACAN ECM molecule F: 5’- TCG AGG ACA GCG AGG CC -3’ 
R: 5’- TCG AGG GTG TAG CGT GTA GAG A -3’ [12] 

COL2A1 ECM molecule F: 5’- ATG AGG GCG CGG TAG AGA C -3’ 
R: 5’- CGG CTT CCA CAC ATC CTT AT -3’ [13] 

PRG4 ECM molecule F: 5’- AGGCCCCATGTGTTCATGC -3’ 
R: 5’- GCGCAAAGTAGTCAGTCCATCT -3’ [14] 

ADAMTS4 ECM enzyme F: 5’- AGGCACTGGGCTACTACTAT -3’ 
R: 5’- GGGATAGTGACCACATTGTT -3’ [15] 

ADAMTS5 ECM enzyme F: 5’- TAT GAC AAG TGC GGA GTA TG -3’ 
R: 5’- TTC AGG GCT AAA TAG GCA -3’ [15] 

HPSE ECM enzyme F: 5’- TGG ACC TGG ACT TCT TCA CC -3’ 
R: 5’- TTG ATT CCT TCT TGG GAT CG -3’ [16] 

MMP3 ECM enzyme F: 5’- GAC AAA GGA TAC AAC AGG GAC CAA T -3’ 
R: 5’- TGA GTG AGT GAT AGA GTG GGT ACA T -3’ [17] 

TIMP3 ECM enzyme F: 5’- ACG ATG GCA AGA TGT ACA CAG G -3’ 
R: 5’- GGA AGT AAC AAA GCA AGG CAG G -3’ [18] 

Genes analysed are GAPDH: glyceraldehyde 3-phosphate dehydrogenase; ACAN: 221 
aggrecan; COL2A1: collagen type II alpha 1 chain; PRG4: proteoglycan 4; ADAMTS4 222 
and ADAMTS5: ADAM metallopeptidase with thrombospondin type 1 motif 4 and 5 223 

respectively; HPSE: heparanase; MMP3: matrix metallopeptidase 3; TIMP3: TIMP 224 

metallopeptidase inhibitor 3 225 

226 

227 

Western blotting 228 

Cell lysates in RIPA buffer from mock- and RRV-infected samples at 3 d.p.i. were 229 

clarified and quantified with Pierce™ BCA Protein Assay Kit (Thermo Scientific). 230 

Samples containing 5µg of total protein were boiled for 10 minutes in Laemmli buffer 231 

containing β-mercaptoethanol and subjected to SDS-PAGE using 4–15% Mini-232 

PROTEAN® TGX™ (Bio-Rad) acrylamide gels. The separated proteins were transferred 233 

onto Immun-Blot® PVDF membranes (Bio-Rad) in Towbin buffer at 100V for 60 234 

minutes. Membranes were rinsed with PBS-0.1% Tween 20 and blocked with 5% skim 235 

milk in PBS-0.1% Tween 20 for 1 hour at room temperature. Subsequently, the 236 

membranes were incubated in primary antibodies overnight at 4°C and allowed to warm 237 

up to room temperature for one hour the next day. Washes were done with PBS-0.1% 238 
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Tween 20 thrice for 5 minutes each prior to incubation of the membranes with secondary 239 

horseradish peroxidase (HRP)-conjugated antibodies for one hour at room temperature. 240 

The membranes were washed with PBS-0.1% Tween 20 for 5 minutes four times, rinsed 241 

with PBS and stored in PBS. Following that, membranes were visualised with Clarity™ 242 

Western ECL Substrate (Bio-Rad) and imaged with the ChemiDoc™ MP system (Bio-243 

Rad). All antibodies were diluted with 5% skim milk in PBS-0.1% Tween 20. The 244 

primary antibodies used were: anti-collagen II (1:1000) (Abcam ab34712), anti-lubricin 245 

(1:250) (Abcam ab28484), aggrecan neoepitope (1:500) (Novus Biologicals NB100-246 

74350) and anti-β-actin (1:1500) (Cell Signalling Technology #4970). The secondary 247 

antibody used was goat anti-rabbit IgG H&L-HRP (1: 10,000) (Abcam ab205718). 248 

249 
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Results 250 

Infectivity of Ross River virus (RRV) changes with the complexity of chondrocyte 251 

models 252 

Three chondrocyte models, low-density (LD), high-density (HD) and micro-mass (MM) 253 

cultures were infected with RRV at MOI 1 to evaluate RRV infectivity in each model 254 

over 7 days (virus growth kinetics shown in Figure S2). We found that all three models 255 

studied were capable of supporting virus infection and replication (Figure 1 and Figure 256 

S2). Among the three models, we observed the greatest cytopathic effect (CPE) in LD, 257 

followed by HD and MM systems, at 2 d.p.i. (Figure 1C). To compare viral infectivity 258 

between the three chondrocyte models which required different seeding densities, 259 

infectious virus titres were normalised based on the total number of cells used for the 260 

generation of each model and represented per 105 cells. Though the same MOI was used 261 

to infect the chondrocyte models, we observed differences in the amount of virus that 262 

attached to the cells post-adsorption (Figure 1A). Comparing all three models, HD 263 

cultures had the highest amount of virus attachment and infectivity during peak infection 264 

at 1 d.p.i.. We observed that MM cultures displayed the lowest degree of virus attachment 265 

though it contains twice as many cells as LD cultures. (Figure 1B and Figure S2).  266 
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Figure 1. Chondrocyte models display different RRV infectivity profiles 

Three chondrocyte models: low-density (LD), high-density (HD) and micro-mass (MM) 

cultures, were infected with RRV at MOI 1 in triplicate. Virus attachment post-adsorption 

(A) and infectivity during peak infection at d1 (B) profiles of each model were 

characterised by quantification of infectious viral titers (i) and intracellular viral load (ii). 

Infectious virus titers were normalised based on cell numbers. Phase-contrast 

microscopy (4x magnification) of RRV-infected models at d0 and d2 post-infection (C). 

Statistical analysis was performed by one-way ANOVA with Tukey's test to compare 

differences between the chondrocyte models. 
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Figure 2. Gene and protein expression proflles of the extracellular matrix (ECM) 

molecules produced by the three chondrocyte models. 
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Three chondrocyte models: low-density (LD), high-density (HD) and micro-mass (MM) 282 
cultures, were infected with RRV at MOI 1 in triplicate over seven days and assessed for 283 

expression of ECM molecules typically found in articular cartilage: COL2A1, ACAN and 284 

PRG4 by qPCR (A-C). Western blotting of these same targets: type II collagen, aggrecan 285 
and lubricin (D) were performed using samples at d1 (peak infection). The red line 286 

represents fold change of 1.0 relative to expression levels in mock samples of each time-287 

point. Relative band densities are compared in Figure S4. Statistical analysis for the 288 

comparison of the virus- and mock-infected samples at each time-point was performed 289 

by two-way ANOVA with Tukey’s test. 290 

 291 

 292 

Modulation of expression of extracellular matrix (ECM) molecules by RRV 293 

infection is conserved between chondrocyte models 294 

To assess the effect of RRV infection on the expression levels of ECM molecules, we 295 

characterised gene expression levels of three ECM components which are abundantly 296 

found in the articular cartilage: type II collagen (COL2A1), aggrecan (ACAN) and 297 

proteoglycan 4 (PRG4) or commonly known as lubricin. We found that gene expression 298 

levels of the two proteoglycans evaluated (ACAN and PRG4) were significantly down-299 

regulated by RRV infection and the gene expression profiles are consistent across the 300 

three models studied (Figure 2A-C). Interestingly, the induced fold changes of PRG4 at 301 

gene level (Figure 2A-C) appear to correlate with the amount of infectious virus present 302 

in the cell culture supernatant (Figure S2A). Expression levels of PRG4 declined at 1 303 

d.p.i where peak infection was observed, except for MM culture where decreased 304 

expression was found at 2 d.p.i. PRG4 levels begin to recover at 3 d.p.i. when viral titers 305 

are on a decline. The levels of PRG4 continued to rise and peaked at 7 d.p.i. We did not 306 

find any clear trends in the modulatory effect induced by RRV infection on gene 307 

expression for COL2A1.  308 

 309 

To correlate gene expression with protein expression, we performed western blotting. We 310 

observed that all three ECM components studied were present in mock- and RRV-311 

infected samples at 1 d.p.i. (Figure 2D). Proteins of various molecular weights were 312 

detected for aggrecan neoepitope NITEGE (20 to 75 kDa) and lubricin (10 to >250 kDa). 313 

The anti-aggrecan antibody used in this study detects aggrecan fragments containing the 314 

neoepitope NITEGE produced by aggrecanase activity. The presence of a low molecular 315 

weight aggrecan fragment (around 25 kDa) was observed in RRV-infected but not mock-316 
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infected samples for all three models, suggesting that aggrecanase activity or aggrecan 317 

breakdown is induced by RRV infection. We found that expression of this 25 kDa 318 

fragment increases with complexity of chondrocyte model during RRV infection (Figure 319 

S4A). Relative densities of four distinct bands observed in the banding patterns of lubricin 320 

were compared and the banding profile of lubricin in each sample was analysed using the 321 

four distinct bands: L-f1: >100kDa, L-f2: >37kDa, L-f3:  >20kDa and L-f4: >10kDa. We 322 

observed a general trend of increased band densities for RRV-infected samples for these 323 

four fragments between molecular weight range of >10 to >100kDa, suggesting possible 324 

fragmentation of lubricin molecule. Our western blotting results also revealed the 325 

presence of a low molecular weight lubricin fragment (around 10 kDa) that was absent in 326 

LD samples but present in HD and MM samples. Expression of this fragment increases 327 

with complexity of the chondrocyte model and with RRV infection. 328 

 329 

 330 

Fibroblast-like synoviocytes produce enzymes involved in remodelling of 331 

extracellular matrix (ECM) during RRV infection. 332 

To evaluate the effect of RRV infection on the expression of ECM breakdown enzymes 333 

in FLS, we infected the cells at MOI 1 and monitored viral growth over 7 days. In Figure 334 

3A, we demonstrate that these cells are susceptible to RRV infection. Among the enzymes 335 

studied, we found that gene expression levels of MMP1, MMP3, MMP13 and ADAMTS5 336 

are significantly up-regulated by RRV infection (Figure 3B). Interestingly, the peak 337 

expression levels of these enzymes were also observed at 3 d.p.i. 338 

 339 

 340 

Increased infectivity of chondrocyte models co-cultured with fibroblast-like 341 

synoviocytes (FLS) 342 

When RRV-infected FLS was co-cultured with the three chondrocyte models, we found 343 

changes in virus infectivity compared to direct infection of the chondrocyte models 344 

(Figure 4 and Figure S3). Differences in virus replication during peak infection between 345 

the two infections were assessed by comparing the fold increase of RRV GCN between 346 

0 d.p.i. and peak infection. When the chondrocyte models were infected at MOI 1 (Figure 347 

1), we observed similar levels of RRV GCN fold change across the three models (Figure 348 

4C). However, when the chondrocyte models were co-cultured with RRV-infected FLS, 349 

we observed increased levels of RRV GCN fold change in the chondrocytes (Figure 4C). 350 

While this was pronounced for all three chondrocyte models cultured in the presence of 351 
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RRV-infected FLS, we observed differences in intracellular viral load between the 352 

models. Intracellular viral load appears to reduce with the complexity of the model 353 

studied, with MM displaying the lowest level of RRV GCN fold change compared to the 354 

other two models (Figure 4C). 355 

  356 
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Figure 3. Fibroblast-like synoviocytes produce enzymes involved in remodelling of 

extracellular matrix (ECM) during RRV infection. 

Fibroblast-like synoviocytes were infected with RRV at MOI 1 in triplicate and infectivity 

(A) assessed by quantification of infectious viral titers (left y-axis) and intracellular viral 

load (right y-axis). Enzymes involved in the remodelling of ECM were characterised by 

qPCR (B). Statistical analysis for the comparison of the virus- and mock-infected 

samples at each time-point was performed by two-way AN OVA with Tukey's test. 
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Figure 4. Interactions between RRV-infected fibroblast-like synoviocytes (FLS) 

and chondrocyte models. 

Fibroblast-like synoviocytes (FLS) were infected with RRV at MOI 1 and co-cultured with 

each chondrocyte model: low-density (LD), high-density (HD) and micro-mass (MM) 

cultures). Virus attachment and infectivity of each cell type post-adsorption (A) and 

during peak infection at d3 (B) were assessed through quantification of infectious viral 

titers of the supernatant of the co-culture (i; red) and intracellular viral load in FLS (ii;blue) 

and chondrocytes alone (iii;green). Viral replication profiles of RRV-infected chondrocyte 

models alone (black) and models co-cultured in the presence of RRV-infected FLS 

(green) were compared by fold increase of RRV genome copy numbers (GCN) between 

d0 and peak infection (C). The red line represents fold change of 1.0 relative to the 

amount of RRV genomes present at the Oh time-point for each chondrocyte model. 

Statistical analysis was performed by one-way ANOVA with Tukey's test. 
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Co-culture induces changes in expression of extracellular matrix (ECM) molecules 379 

in chondrocyte models 380 

When gene expression levels of ECM components in chondrocyte models co-cultured 381 

with RRV-infected FLS were evaluated, we observed up-regulation of COL2A1, ACAN 382 

and PRG4, especially in LD and HD cultures (Figure 5A-C). We found that there were 383 

differences in gene expression profiles for these same ECM components that were 384 

characterised in RRV-infected chondrocyte models without the presence of FLS (Figure 385 

2A-C). When we looked at the protein levels of type II collagen, aggrecan and lubricin, 386 

we found that all three ECM components were expressed in mock- and RRV-infected 387 

samples for all three chondrocyte models at 3 d.p.i. (Figure 5D). Co-culture with FLS 388 

resulted in reduced expression of type II collagen in HD and MM models, compared to 389 

the LD model (Figure 5D). This was not observed when the chondrocytes were infected 390 

with RRV alone (Figure 2C). We did not observe the same low molecular weight 391 

aggrecan neoepitope NITEGE fragment (around 25 kDa) that was found in RRV-infected 392 

chondrocytes grown in the presence of FLS (Figure 2D and Figure S4A). Relative 393 

densities of four distinct bands observed in the banding patterns of lubricin were 394 

compared (Figure S4C). The banding profile of lubricin in each sample was analysed 395 

using the four distinct bands: L-f1: >100kDa, L-f2: >37kDa, L-f3:  >20kDa and L-396 

f4: >10kDa. Two low molecular weight lubricin fragment (L-f2:  >37kDa and L-397 

f4: >10kDa) was found to increase with the complexity of the chondrocyte model and 398 

with RRV infection. The L-f2: >37kDa fragment was not detected in the set-up without 399 

FLS co-culture (Figure S4Cii). In contrast, expression of L-f2: >37kDa is present in 400 

chondrocytes co-cultured with FLS, suggesting that FLS cells may be the source of this 401 

fragment. 402 

 403 

 404 
 405 
Extracellular matrix enzymes enhance virus attachment to chondrocyte models 406 

We hypothesise that the increased virus replication observed in the chondrocyte models 407 

during co-culture was a result of the activity of ECM breakdown enzymes produced by 408 

the RRV-infected FLS (Figure 3B). Among the matrix-degrading enzymes evaluated in 409 

RRV-infected FLS, we observed the greatest up-regulation of MMP3 gene expression 410 

induced during RRV infection. Therefore, MMP3 is a suitable candidate for evaluating 411 

the roles of ECM breakdown enzymes on virus attachment and replication. Briefly, the 412 

chondrocyte models were pre-treated with MMP3 for 24h and infected with RRV at MO1 413 
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1 (Figure S5). We observed the greatest difference in virus attachment for the MMP3-414 

treated MM model (Figure 6A). No differences in virus replication during peak infection 415 

at 12h was seen across all three models (Figure 6B). 416 

 417 
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Figure 5. Gene and protein expression profiles of the extracellular matrix (ECM) 

molecules produced by the three chondrocyte models when placed in co-culture 

with fibroblast-like synoviocytes (FLS). 
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422 Each chondrocyte model: low-density (LD), high-density (HD) and micro-mass (MM) 

423 cultures were co-cultured with RRV-infected FLS in triplicate. FLS cells were infected at 

424 MOI 1 and the virus inoculum removed post-adsorption, followed by washes with PBS 

425 prior to incubation with chondrocytes for seven days. Expression of ECM molecules in 

426 chondrocytes: articular cartilage: COL2A 1, AGAN and PRG4 were assessed by qPCR 

427 (A-C). Western blotting of these same targets: type II collagen, aggrecan and lubricin (D) 

428 was performed using samples at d3 (peak infection). Relative band densities are 

429 compared in Figure S4. Statistical analysis for the comparison of the virus- and mock-

430 infected samples at each time-point was performed by two-way ANOVA with Tukey's 

431 test. 
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Figure 6. Enhanced virus attachment in chondrocyte models treated with matrix 

metallopeptidase 3 (MMP3) 

Three chondrocyte models: low-density (LD), high-density (HD) and micro-mass (MM) 

cultures were infected with RRV at MOI 1 in triplicate. Cultures treated with MMP3 were 

incubated with the 10 ng/mL of enzyme for 24h prior to infection and during the infection 

period. Virus attachment post-adsorption (A) and replication during peak infection at 12h 

(B) profiles of each model were characterised by quantification of infectious viral titers (i) 

and intracellular viral load (ii). Infectious virus titers were normalised based on cell 
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numbers. Statistical analysis was performed by two-way ANOVA with Tukey’s test to 443 
compare differences between the untreated and MMP3-treated chondrocyte models. 444 
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Discussion 446 

Compared to traditional monolayer (or low-density; LD) culture, three-dimensional 447 

models such as high-density (HD) and micro-mass (MM) cultures have greater 448 

physiological relevance as they are able to retain ECM architecture which is important 449 

for chondrogenesis [7,8] (refer to Figure S1). Over the years, many in vitro models of 450 

cartilage have been  characterised for the study of arthritic-like diseases such as 451 

osteoarthritis (OA) and rheumatoid arthritis (RA), cartilage engineering and mechanical 452 

loading and compression-resisting properties of cartilage [7,8,19,20]. However, at present, 453 

the use of chondrocyte models for the study alphavirus infection has been neglected. Here, 454 

we evaluated RRV infection in three chondrocyte in vitro models, LD, HD and MM 455 

cultures and examined the effect of infection on the expression of ECM components and 456 

breakdown enzymes. 457 

 458 

Our results show reduced viral attachment in chondrocyte models with increasing 459 

complexity. Though there were four times as many cells in the HD model compared to 460 

the LD model, we did not observe a proportional increase in viral attachment (Figure 461 

1A). This indicates that the more complex HD model results in a lower rate of virus 462 

attachment per cell compared to the less complex LD model. In further support of this, 463 

we observed the lowest virus attachment in the MM model, which has the greatest 464 

complexity among the three models studied. While the HD model has more cells 465 

compared to the MM model, the MM model (a three-dimensional mass formed with a 466 

concentrated drop of cells) has greater cell-cell contact that contributes to the complexity 467 

of the model. As the expression level of ECM components increases with the complexity 468 

of the chondrocyte model, our results suggest that the synthesised ECM may block access 469 

of chondrocyte cells to virus particles. Given that the MM model results in a smaller 470 

exposed surface area of chondrocyte cells compared to LD and HD chondrocyte cultures, 471 

we cannot discount this as a contributing factor for the reduced virus attachment observed.  472 

 473 

When we compared intracellular viral load in the RRV-infected chondrocyte models 474 

(Figure 1A) through fold change differences between 0 and 1 d.p.i. (peak infection), we 475 

found that all three models exhibit similar levels of viral genome replication (Figure 4C). 476 

This illustrates that the differences in viral replication observed is likely due to the amount 477 

of virus that has attached and internalised. Therefore, this indicates that the complexity 478 

of the HD and MM chondrocyte models plays an important role in virus attachment and 479 

infection. 480 
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 481 

Fibroblast-like synoviocytes (FLS) are another cell type present in the articular cartilage. 482 

Together, chondrocytes and FLS are responsible for remodelling of the ECM in the 483 

articular joint through tightly-regulated synthesis and proteolysis of ECM components 484 

[21]. We observed increased gene expression of ECM enzymes typically found in the 485 

articular cartilage such as MMP3 in RRV-infected cells (Figure 3Bi). No gene 486 

modulation was observed for its inhibitor TIMP3 (Figure 3Bii). Being an avascular tissue, 487 

cartilage is naturally protected from virus infection via viraemic spread, and the complex 488 

three-dimensional structure of the ECM hinders access of viral particles to chondrocytes. 489 

However, our previous work using a mouse model indicates that chondrocytes are targets 490 

of RRV infection [5]. Therefore, we speculate that RRV infection induces the expression 491 

of ECM breakdown enzymes from the surrounding infected cell types such as FLS which 492 

causes the breakdown of ECM architecture and exposes the chondrocytes to virus 493 

infection. To evaluate this, the chondrocyte model systems were co-cultured in the 494 

presence of RRV-infected FLS, and increased virus replication was observed in the three 495 

models (Figure 4C). Despite the increased intracellular viral load during peak infection 496 

compared to infections performed without FLS, comparison between the three models 497 

revealed reduced viral replication with increased complexity of the model studied, and 498 

we observed that MM culture has the lowest levels of RRV GCN fold change (Figure 499 

4C). It is possible that the level of RRV GCN at the 0h time-point is indicative of the 500 

amount of residual virus in the cell culture supernatant that has bound to the chondrocytes 501 

and does not accurately represent the amount of virus produced by RRV-infected FLS 502 

binding to the cells. It is therefore difficult to assess if any matrix breakdown enzymes 503 

produced by RRV-infected FLS have implications on viral attachment and infectivity of 504 

the three chondrocyte models. Nevertheless, we did find that ECM breakdown enzyme 505 

MMP3 has the capacity to influence viral binding (Figure 6A). 506 

 507 

When we evaluated gene expression levels in RRV-infected chondrocyte models and in 508 

chondrocyte models co-cultured with FLS-RRV, we observed a general trend of down-509 

regulated ECM components like COL2A1, ACAN and PRG4 in RRV-infected 510 

chondrocyte models (Figure 2A-C). In contrast, a shift towards up-regulation or lack of 511 

modulation of ECM components was observed in chondrocytes co-cultured with FLS-512 

RRV (Figure 5A-C). While all three ECM components studied were detected by western 513 

blotting, we found that chondrocytes cultured in the presence of FLS resulted in different 514 

protein expression profiles (Figure 2D, Figure 5D and Figure S4). This indicates that 515 
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FLS is able to influence the expression of ECM molecules and may interact with 516 

chondrocytes to play complex roles in cartilage remodelling.  517 

 518 

The presence of a low molecular weight aggrecan fragment (estimated at 25 kDa) in 519 

RRV-infected but not mock-infected samples for all three models indicates that RRV 520 

induces aggrecanase activity or aggrecan breakdown (Figure 2D and Figure S4A). 521 

However, this same fragment was not observed in samples of RRV-infected chondrocytes 522 

grown in the absence of FLS (Figure 5D), highlighting a possible reduction in 523 

aggrecanase activity by FLS, though the significance of this is unclear. Due to the 524 

different viral loads at 3 d.p.i. for both infections of chondrocyte models with and without 525 

FLS, it is possible that further aggrecanase activity is present at the later time-points of 526 

infection. It is also possible that a migration shift has occurred due to differences in post-527 

translational modifications in aggrecan fragments produced in the two cell types. 528 

 529 

The mobility shifts of lubricin was analysed and distinct bands observed at four positions 530 

in the banding profiles of lubricin compared: L-f1: >100kDa, L-f2: >37kDa, L-531 

f3:  >20kDa and L-f4: >10kDa. Though the different bands observed may represent 532 

lubricin fragments, it is also possible that any mobility shift observed is due to post-533 

translational modifications by chondrocytes and FLS. Post-translational modifications 534 

such as O-linked glycosylation also have the capacity to generate epitopes which may not 535 

be recognised by the antibody used for western blotting. The PRG4 gene encodes for 536 

multiple protein isoforms such as superficial zone protein (SZP), lubricin, 537 

megakaryocyte-stimulating factor (MSF, also known as thrombopoietin), and 538 

hemangiopoietin [22]. The superficial zone protein (SZP) is typically found in cartilage 539 

while lubricin is a component of synovial fluid. The monoclonal antibody S13.52 540 

generated with human SZP as antigen was found to detect lubricin from human synovial 541 

fluid but not articular cartilage, demonstrating that the source of lubricin results in 542 

different surface epitopes [23]. Analysis of lubricin from synovial fluid of RA patients 543 

revealed a banding profile between >207kDa and <39kDa, indicating that composition of 544 

secreted lubricin fragments in the extracellular matrix is complex [24]. 545 

 546 

A general trend of increased band densities for RRV-infected chondrocyte model samples 547 

for these four fragments between molecular weight range of >10 to >100kDa was 548 

observed, and this may be indicative of possible lubricin breakdown induced by RRV 549 

infection. Our western blotting results also revealed the presence of a low molecular 550 
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weight lubricin fragment (L-f4: >10kDa) that was absent in LD samples but present in 551 

HD and MM samples. Expression of this fragment increases with complexity of the 552 

chondrocyte model and with RRV infection. Characterisation of the lubricin expression 553 

profile in chondrocytes cultured in the presence of FLS revealed the presence of two low 554 

molecular weight lubricin fragment (L-f2:  >37kDa and L-f4: >10kDa) which were found 555 

to increase with the complexity of the chondrocyte model and with RRV infection. The 556 

L-f2: >37kDa fragment was not detected in the set-up without FLS co-culture (Figure 557 

S4Cii). In contrast, expression of L-f2: >37kDa is present in chondrocytes co-cultured 558 

with FLS, suggesting that FLS cells may be the source of this fragment. 559 

 560 

To evaluate our hypothesis that the extracellular matrix acts as a barrier against RRV 561 

infection of chondrocytes, each chondrocyte model was enzymatically treated with 562 

MMP3 prior to and during infection. We observed increased virus attachment in the MM 563 

model that was MMP3-treated (Figure 6A). This indicates that MMP3 is able to act on 564 

the ECM components expressed by chondrocytes and loosen the ECM architecture to 565 

allow for greater exposure of the cells to virus binding and internalisation. However, we 566 

did not observe significant differences in terms of infectious virus particles produced 567 

following 12h incubation (Figure 6B). This suggests that while MMP3 is instrumental in 568 

increased virus attachment to the chondrocyte surface, the effect on virus infectivity is 569 

less pronounced. Nevertheless, the use of an MMP3 inhibitor may reduce virus 570 

attachment and potentially protect chondrocytes from infection. 571 

 572 

Our findings indicate that the neighbouring cell types in the joint like FLS can influence 573 

RRV infection in avascular cartilage through the secretion of breakdown enzymes such 574 

as MMP3. We propose further evaluation of other ECM breakdown enzymes including 575 

MMP1, MMP13, ADAMTS4 and ADAMTS5 on their roles in viral attachment. In 576 

addition, the use of ex vivo cartilage explants may be useful in determining the effect of 577 

these breakdown enzymes on RRV infectivity by validating the data obtained from our 578 

work with in vitro cartilage models and providing greater physiological relevance. The 579 

study of interactions between the cell types of the joint and its complex environment is 580 

therefore crucial in understanding more about RRV disease pathogenesis. 581 

 582 

 583 

 584 

 585 
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Supplementary material 
Title; Ross River virus infection of complex chondrocyte models and implications 

of extracellular matrix interactions  

Supplemental Figure S1. Schematic representation of chondrocyte models 

The four chondrocyte models: monolayer or low-density (LD), high-density (HD) and 

micro-mass (MM) in vitro cultures along with ex vivo explant culture are depicted in this 

diagram with increasing order of physiological relevance. Models like monolayer or LD 

cultures have low cell-density and generate simple extracellular matrix structures. More 

complex models such as HD and MM cultures involves the use of a greater number of 

chondrocytes and this encourages the cells to grow on top of one another which creates 

a three-dimensional ECM environment that mimics the structure of cartilage tissue. 

Being ex vivo, explant cultures have the greatest complexity in terms of their structure 

and have the highest physiological significance. 
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Supplemental Figure S2. Structural integrity of RRV-infected chondrocyte models 

increases with complexity of the model. 

Three chondrocyte models: low-density (LD), high-density (HD) and micro-mass (MM) 

cultures, were infected with RRV at MOI 1. lnfectivity profiles of each model were 

characterised by quantification of infectious viral titers (A) and intracellular viral load (B). 

Infectious virus titers were normalised based on cell numbers. Statistical analysis was 

performed by two-way ANOVA with Tukey's test to compare differences between the 

chondrocyte models. 
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Supplemental Figure S3. Interactions between RRV-infected fibroblast-like 

synoviocytes (FLS) and chondrocyte models. 

Fibroblast-like synoviocytes were infected with RRV at MOI 1 and co-cultured with each 

chondrocyte model: low-density (LD), high-density (HD) and micro-mass (MM) cultures). 

Infectious viral titers (A) of the supernatant and intracellular viral load for each cell type 

were assessed; FLS (Bi) and chondrocytes (Bii). Statistical analysis was performed by 

two-way ANOVA with Tukey's test to compare differences between the chondrocyte 

models. 
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Supplemental Figure S4. Protein expression proftles of the extracellular matrix 

(ECM) molecules produced by the three chondrocyte models cultured in the absence 

and presence of fibroblast-like synoviocytes. 

Three chondrocyte models: low-density (LD), high-density (HD) and micro-mass (MM) 

cultures, were infected with RRV (closed circles) at MOI 1 in triplicate and assessed for 

protein expression of ECM molecules typically found in articular cartilage: type II collagen 

(A), aggrecan 25kDa band (B) and lubricin (C). Mock-infected samples were used as 

controls (open circles). Samples at peak infection were analysed by western blotting and 

relative densities of bands quantified relative to levels of 13-actin. Chondrocyte models 

(peak infection at d1) and co-cultured chondrocytes (peak infection at d3) are 
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represented by black and green symbols respectively. The red dashed line represents 

the relative level of β-actin. Comparison of the banding profile of lubricin in each sample 

was performed using the four distinct bands: L-f1: >100kDa, L-f2: >37kDa, L-f3:  >20kDa 

and L-f4: >10kDa.
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Supplemental Figure S5- Enhanced virus attachment in chondrocyte models 

treated with matrix metallopeptidase 3 (MMP3) 

Three chondrocyte models: low-density (LD), high-density (HD) and micro-mass (MM) 

cultures, were treated with MMP3 and infected with RRV at MOI 1. Virus attachment 

post-adsorption (A) and infectivity (B) profiles of each model were characterised by 

quantification of infectious viral titers (i) and intracellular viral load (ii). Infectious virus 

titers were normalised based on cell numbers. Statistical analysis was performed by two

way ANOVA with Tukey's test to compare differences between the untreated and MMP3-

treated chondrocyte models. 
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Discussion 

Though arthritogenic alphaviruses cause a variety of clinical manifestations, symptoms 

of joint and muscle pain are predominantly experienced by patients, and these occur at 

acute and chronic stages of infection. Despite on-going research into alphaviral disease 

pathogenesis over the years, the causative mechanisms behind arthralgia and myalgia felt 

by the majority of arthritogenic alphavirus sufferers remain undefined. The joint is a 

location of particular importance as it is the region where the most pain is felt by patients 

[52]. Among the growing body of literature, alphavirus infection has been characterised 

in tissue types such as muscle, bone and immune cells, yet other tissue types present such 

as the cartilage and synovium remain neglected [124,125,127–130,165,166]. Alphavirus 

infection is known to result in cartilage and synovium breakdown; therefore, it is crucial 

to investigate the roles of the cell types in these tissues like chondrocytes and 

synoviocytes during acute and chronic stages of infection. In this thesis, the work 

accomplished contributes to the general understanding of host-pathogen interactions 

during alphavirus infection. We identify chondrocyte cells as a target of RRV infection 

in vivo through analysis of murine joints and demonstrate the presence of RRV viral RNA 

in these cells using an in situ hybridisation approach (Chapter 1) [167]. Using human 

primary chondrocyte and skeletal muscle cells, we showed that these cell types are also 

susceptible to in vitro RRV infection. Studies performed using primary human cells in 

vitro allowed for characterisation of the responses of specific cell types to alphavirus 

infection, yet retaining physiological significance during the research. 

Detection of alphaviral nucleic acids during long-term alphavirus infections of cell 

types of the joint and their possible roles in chronic disease 

Histological analyses of human synovium tissue and mouse tissues revealed the presence 

of alphaviral nucleic acids in chronic samples, and this suggests that the persistence of 

alphaviral nucleic acids may play roles in causing chronic disease symptoms [134,135]. 

However, there is an absence of detectable viraemia during chronic stages of infection 

and a lack of evidence that could explain how such chronic symptoms occur. Several 

studies have demonstrated persistent alphavirus infection in primary human synoviocytes, 

human and murine macrophages and human and murine osteoblasts [127–130]. Using a 

cell-culture based system, different cell types (chondrocytes, muscle cells, fibroblast-like 

synoviocytes or FLS) were evaluated for their responses to alphavirus infection during 

short- and long-term culture (Chapter 2). We observed that these three cell types are able 

to recover from alphavirus infection and retain alphaviral nucleic acids over several 



   
 

 
167 

passages, up to 10 weeks in culture. Therefore, these cell types are potential reservoirs 

for the virus and/or viral RNA though the roles of the viral genetic material and any viral 

antigens that could be present remains unknown. These findings are not restricted to 

alphavirus infection of joint-associated cell types. Analyses of cartilage and chondrocytes 

from patients at different stages of OA (early-, advanced- and non-OA) reveal the 

presence of nucleic acids from many DNA and RNA viruses including Epstein Barr virus 

(EBV), cytomegalovirus (CMV), GB virus C (GBV-C), hepatitis C virus (HCV), herpes 

simplex virus-1 (HSV-1) and human endogenous retroviruses (HERVs) [168,169]. We 

acknowledge that human patient samples are complex and may contain traces of 

pathogens to which the patients were previously exposed to. These viral genomes and 

antigens present in long-term infection may act as pathogen-associated molecular patterns 

(PAMPs), which could trigger on-going pro-inflammatory responses upon detection in 

the cells.  While there is currently no direct evidence of this, the role of persisting viral 

nucleic acids in eliciting inflammation has been implicated in several mouse model 

studies [131,134]. Our data further support these findings through an in vitro approach, 

along with the investigation of specific cell types. 

 

The evaluation of cytokine expression levels in specific cell types enables better 

understanding of the cytokines that contribute to alphavirus-induced inflammatory 

responses, allowing for targeted treatment. Analysis of serum samples from patients in 

both the acute and chronic stage of alphavirus infection has identified several key pro-

inflammatory mediators associated with disease. These factors include IL6, MCP-

1/CCL2, IL1β and IL8 [53,138–140]. In particular MCP-1 has been studied for its role in 

alphaviral disease with treatment of MCP-inhibiting drug Bindarit resulting in protection 

against boss loss in CHIKV-infected mice [170]. In our study, we found that infected 

chondrocytes and skeletal muscle cells induce elevated production of inflammatory host 

factors present in clinical disease including IL-6, MCP-1 and IL-8, at gene and protein 

levels (Chapter 1 and 2), consistent with many studies that looked into the 

immunobiology of alphavirus disease pathogenesis [53,138–140]. Currently, although we 

observed elevated gene expression of several key pro-inflammatory cytokines at late 

time-points of alphavirus infection in chondrocytes, muscle and FLS cells, our study does 

not conclusively prove that the residual alphaviral RNA present in our long-term infection 

is responsible for causing chronic inflammation. Further experiments using purified RNA 

from these samples could be performed to determine if the residual alphaviral RNA is 

sufficient to induce inflammatory responses.   
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Chondrocyte and muscle cells are capable of supporting persistent alphavirus 

replication, and this results in the generation of viral quasispecies 

We observed persistent virus replication using cell lines of chondrocyte (C28/I2) and 

muscle (RD) but not in their human primary cell counterparts. While primary human cells 

can better represent physiological conditions in vitro, they may not be as genetically 

stable compared to immortalised cell lines for long-term studies. Nevertheless, our study 

is the first to show that chondrocytes can be persistently infected with CHIKV and ONNV 

and are a potential cell type for the generation and/or maintenance of viral quasispecies 

that may be involved in establishing virus persistence (Chapter 2). Cartilage and 

chondrocytes have been suggested to have immune privilege due to the absence of 

immune rejection responses in tissue regeneration studies, and this is attributed to their 

avascular state and the structure of the cartilage which acts as a barrier against access by 

leukocytes [171]. These properties make cartilage/chondrocytes potential tissue/cell types 

for virus persistence. Though viraemia is absent during chronic infection, we speculate 

that persistent virus replication could occur locally in joint-associated tissues without 

dissemination into the bloodstream. Upon characterisation of the genetic variants present 

in our long-term samples, we observed mutations across all alphaviral proteins. 

Consequently, this indicates that these two cell lines, C28/I2 and RD, are suitable for in 

vitro investigation of alphavirus evolution through the application of selective pressure 

by repeated passaging of cells. Many studies have attempted to study alphavirus evolution 

genetics through characterisation of naturally occurring mutations identified, the isolation 

of plaque size phenotypic variants, the introduction of mutations into infectious clone 

constructs and transcriptomics approaches, yet the determinants of persisting alphavirus 

genomes remain poorly understood [128,172–174]. Our approach may therefore provide 

broad insights into alphavirus fidelity which could be further studied through functional 

characterisation of the mutations identified.  

 

Among the genetic variants identified, the 6-nucleotide deletion that resulted in the 

CHIKV-E2-N245_E247delinsK sequence variant is notable for several reasons. First, it 

is the only mutation identified that is not a point mutation. Second, it is one of the few 

mutations that was detected at early stages of infection (week 2) and was carried on 

throughout the entire infection period studied (week 10), indicating that this mutation is 

beneficial for viral fitness. Lastly, it is the only mutation we observed that had been 

previously identified by others in the literature. It has been reported that the CHIKV-E2-
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N245_E247delinsK mutation is present in the 2006 Seychelles CHIKV BNI236 patient 

isolate, which was found to be resistant to antibody neutralisation using serum samples 

(GenBank accession no. GU434101.1). This same sequence variant was also produced 

when Tumkosit et al. serially passaged CHIKV strain Thai#16856 in the presence of 

neutralising mouse monoclonal antibody CHE19, in their efforts to study the epitope of 

E1 and E2 proteins that interacts with CHE19, and this indicates the importance of this 

mutation in virus attachment [175]. 

 

The responses of chondrocytes to RRV infection and implications for alphavirus 

disease pathogenesis 

In this study, we have shown that RRV-infected chondrocytes can contribute to 

alphavirus disease pathogenesis through the expression of inflammatory mediators.   We 

also found that these infected cells contribute to damage of articular cartilage through 

gene down-regulation of key ECM molecules such as COL1A1, COL2A1 and ACAN 

and gene up-regulation of enzymes associated with ECM breakdown like HPSE, 

ADAMTS4 and MMP9 (Chapter 1, 2 and 3). This is further illustrated in our 

transcriptomic analysis of RRV-infected and uninfected bystander chondrocytes from the 

same population. This is also the first study that compares the direct and indirect 

responses to RRV infection of chondrocyte cells relative to healthy mock controls 

(Chapter 3). 

 

Through our transcriptomics study of the direct and indirect responses to RRV infection, 

we have identified several novel targets significantly induced by RRV with known 

associations with joint pathology. As described in Chapter 3, protein validation by 

western blotting has been attempted for several of these targets. However, the protein 

samples used for this purpose contain a mixed population of RRV-infected and uninfected 

bystander cells, and we speculate that this is a possible reason for the lack of detection by 

western blotting. Therefore, to accurately validate our RNA-Seq findings, the western 

blotting procedure could be further optimised, preferably using samples which are cell-

sorted into RRV-positive (GFP+) and RRV-negative (GFP-) populations. Other 

approaches could also be used, such as detection of the targets by flow cytometry, and 

this would also allow for the separation of GFP+ and GFP- populations. Further 

functional studies could be performed to determine the roles our identified targets play in 

RRV infection.  
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Chondrocytes acquire RRV infection through cartilage breakdown induced by 

surrounding infected cell types 

As mentioned above, our findings reveal that chondrocytes are a target for RRV infection 

through our analyses of murine joint tissues (Chapter 1). As the main cell type present in 

the articular cartilage, chondrocytes are responsible for the maintenance of the cartilage 

through expression and regulation of extracellular matrix (ECM) molecules and 

breakdown enzymes. The ECM present in the joint is complex and comprises mostly 

collagen proteins and proteoglycans that form a three-dimensional architecture. These 

ECM structures along with the avascular state of cartilage tissue present challenges for 

virus particles to access the chondrocytes, which are embedded within the cartilage. It is 

difficult to determine the route that chondrocytes can acquire infection and it is possible 

that the chondrocytes acquire RRV via infected neighbouring cell types which have 

access to the blood supply. 

 

We postulate that the complex structure of the ECM may play a protective role during 

RRV infection by preventing the virus particles from accessing cells. These complex 

ECM structures surround the chondrocytes, and we suggest that the induced production 

of ECM breakdown enzymes from the surrounding infected cell types such as FLS cause 

the breakdown of ECM architecture and exposes the chondrocytes to virus infection. The 

use of complex in vitro chondrocyte models such as high-density and micro-mass cultures 

allows for the three-dimensional environment of the cartilage to be mimicked as these 

models can retain the chondrogenic phenotype of cells in cell culture, along with a greater 

expression of ECM components.  

 

Using a co-culture system, we found that chondrocytes and FLS interact during RRV 

infection and these interactions result in differing viral infectivity profiles (Chapter 4). 

We also observed changes in the expression of ECM components in the chondrocyte 

models with and without the presence of FLS, indicating that the interactions between the 

two cell types have implications for cartilage remodelling. Our study shows that the ECM 

acts as a physical barrier against RRV infection of chondrocytes. Through the enzymatic 

treatment of each chondrocyte model with MMP3, an enzyme induced by RRV infection 

of FLS, we observed increased virus attachment in the MM model post-treatment. This 

indicates that ECM breakdown enzymes such as MMP3 can act on the ECM components 

expressed by chondrocytes and loosen the ECM architecture to allow for greater exposure 

of the cells to virus binding and internalisation. Therefore, we postulate that infection of 
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chondrocytes and synoviocytes contribute to the destruction of cartilage and synovium 

by impairing their ability to repair the ECM; and the weakened cartilage/synovium results 

in disease symptoms of joint pain.  Matrix degrading enzymes have been shown to have 

contributions to virus transmission and cell-cell spread. Studies with several viruses like 

influenza virus, Semliki Forest virus (SFV), West Nile virus (WNV) and Zika virus 

(ZIKV) have demonstrated the roles of MMP9 as a virulence determinant through 

disruption of the blood-brain barrier (BBB) [176–179]. The use of MMP inhibitors 

resulted in the rescue of the compromised BBB [178,179]. Due to time restraints we were 

limited to examining only MMP3 in our study for its potential roles in virus attachment, 

infectivity and spread. Among the ECM enzymes characterised by gene expression in 

RRV-infected FLS, we observed the greatest fold change for MMP3; therefore, it became 

the enzyme of choice in our enzyme treatment study. Further studies should involve the 

use of other ECM enzymes from the MMP and ADAMTS families in single or cocktail 

enzymatic treatment approaches. Proteases involved in cartilage destruction have been 

implicated in joint pathologies such as osteoarthritis (OA) [180,181]. In particular, 

MMP13 and ADAMTS5 have been shown to play key roles in collagen and aggrecan 

breakdown respectively in OA [180,181]. This is consistent with our findings as we 

observed elevated gene expression of the same enzymes, MMP13 and ADAMTS5, during 

RRV infection of FLS. This suggests that these two proteases may also be involved in 

RRV-induced breakdown of joint-associated tissues.  

 

The delicate balance between processes of ECM synthesis and breakdown in cartilage 

remodelling is tightly regulated by the cell types present such as chondrocytes and 

synoviocytes. However, chondrocytes and synoviocytes interact in other cellular 

processes too. Recently, it has been shown that disrupted synergy between chondrocytes 

and synoviocytes contributes to OA disease pathogenesis [182]. Transcriptomic analysis 

of chondrocytes and synoviocytes from OA cartilage and synovium tissues revealed that 

synoviocytes are responsible for majority of the cytokines expressed (55% by 

synoviocytes, and more than half of these are not expressed in chondrocytes; 39% of 

cytokines) [182]. The expression of pro-inflammatory cytokines is ubiquitous across cell 

types and tissues. Interactions between effector cytokines and their target cells are 

complex and dependent on the cell they originate from. Muscle cells co-cultured with 

chondrocytes have been shown to have chondroprotective properties through inhibition 

of the signalling pathways that pro-inflammatory cytokines employ, and reducing ECM 

damage [183]. However, muscle cells are known to produce large amounts of cytokines 
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in response to alphavirus infection, that contribute to muscle and joint damage [8,9]. 

Therefore, this further highlights the importance of investigating the roles and 

interactions between these cells. 

 

Conclusions 

This project served to decipher the possible mechanisms involved in alphavirus disease 

pathogenesis and how this contributes to the chronic symptoms of joint and muscle pain 

felt by the majority of infected patients suffering from an infection. We have identified 

chondrocytes as another cell type in the joint, which is a target of alphavirus infection. 

Through our in-depth study on chondrocytes and their responses to alphavirus infection, 

we provide the first evidence that chondrocytes can support persistent alphavirus 

replication. We also showed that many cell types of joint-associated tissues are capable 

of maintaining virus and/or viral RNA and while the roles of these lingering nucleic acids 

are unknown, their presence at late stages of infection may indicate important roles in 

chronic disease pathogenesis. All these findings are indicative of possible mechanisms 

that could potentially result in the chronic symptoms of arthralgia and myalgia commonly 

experienced by patients suffering from alphavirus infections. 

 

The identification of biomarkers at different stages of infection allows for a more accurate 

diagnosis of disease states which would allow for specific treatment. While we have 

evaluated the host inflammatory responses induced during acute and chronic infection, 

we did not observe a clear relationship between elevated gene levels of particular pro-

inflammatory mediators and the presence of alphaviral nucleic acids. As the major cell 

type present in the joint, which is the site of alphavirus infection, chondrocytes play 

important roles in disease pathogenesis. Through a transcriptomics approach, we found 

that infected and uninfected bystander chondrocyte cells elicit different cellular response 

pathways and this highlights the importance of studying the two groups of cells separately, 

especially in the formulation of targeted treatment strategies.   

 

This thesis also provides key findings into the potential route of infection of chondrocytes, 

given the cartilage's avascular nature. Chondrocytes are the main cell type present in 

cartilage tissue, and we have shown that these cells are capable of weakening cartilage 

tissue once infected. Also, we found that interactions between chondrocytes and 

surrounding cell types such as FLS can result in increased infectivity of chondrocytes 

through increased production of ECM breakdown enzymes by RRV-infected FLS cells. 
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This is further evidence of the roles of infected cell types present in joint-associated 

tissues and their contribution to RRV-mediated cartilage damage. Overall, this thesis 

presents key findings on the mechanisms involved in alphavirus disease pathogenesis in 

the joint-associated tissues, particularly in the cartilage. 

 

 

Future directions 

The chondrocyte is a specialised cell type in the cartilage which may play important roles 

in arthritic-like disease. We have demonstrated that chondrocytes that survive alphavirus 

infection retain residual alphaviral nucleic acids. We speculate that these viral genomes 

have the potential to act as PAMPs and induce joint inflammation, thus contributing to 

symptoms of joint pain. We further suggest that being non-vascular, cartilage tissue 

provides a good environment for virus evasion from the immune system through the 

residency of virus particles in chondrocytes. To investigate the roles of this residual 

alphaviral RNA in chronic disease pathogenesis, radiolabelled nucleotides could be 

incorporated into newly-synthesised virions for localisation studies of viral genomes 

present during long-term infection. This method also allows for the characterisation of 

the viral nucleic acids present in the cells. We do not know whether the residual viral 

nucleic acids detected in our long-term cultures are fragmented or full-length RNA. We 

have employed a probe-based qPCR assay for the detection of viral nucleic acids. 

Therefore, it is possible that these viral nucleic acids are replication defective viral 

genomes (DVGs). As such DVGs are known to have protective and pathogenic roles in 

Sendai virus (SeV) and respiratory syncytial virus (RSV) infections, their presence in 

long-term alphavirus infection may be indicative of the complex roles that lingering viral 

nucleic acids play [137,184,185].   

 

The presence of full-length viral genomes would increase the likelihood of re-emergence 

of virus infection. A possible means of testing this hypothesis is the transfection of 

purified viral nucleic acids present in samples from long-term infections into healthy cells 

as any functional viral genomes would be capable of virus replication. The use of 

infectious clone constructs containing fluorescence reporters conjugated to viral proteins 

could facilitate the detection of any viral proteins present during long-term alphavirus 

infections. Using these approaches, broad insights into possible mechanisms of chronic 

infection could be obtained for further investigation. 
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This study has led to the identification of genetic variants present in cultures with 

persistent virus infection, and these viruses could be isolated for further study of persistent 

infection. The identification and characterisation of a persistent virus strain will be useful 

for future studies and allow for mechanistic insights into chronic disease pathogenesis. 

These genetic variants could be isolated through plaque purification and functionally 

studied. Alternatively, identified mutations could be inserted into infectious clones by 

site-directed mutagenesis for phenotypic identification and characterisation. These 

genetic variants could be evaluated for their ability to infect cells of various cell types to 

determine if the mutations are specific to a particular cell type. For example, cells which 

did not result in persistent infection, such as the SW982 synoviocyte cell line, may induce 

different types of selection pressure. It would therefore be interesting to determine if the 

introduced mutations are lost after infection in a cell type different from which the 

original mutation was acquired. For mutations that are hypothesised to result in changes 

to viral surface epitopes, mutants could be evaluated for changes in viral attachment and 

internalisation. Such mutants could be further studied using well-characterised antibodies 

to look at their responses to neutralising antibodies. Alternatively, antibody-mediated 

blocking of known epitopes on viral surfaces is a potential strategy that could be adopted 

to identify novel viral epitopes and investigate other potential host cellular receptor 

interactions. The development and identification of a mutation that results in persistent 

alphavirus infection have widespread implications for the study of chronic disease 

pathogenesis. 

 

In addition, interactions between cell types of the joint during alphavirus infection should 

not be neglected as many cell types have the capacity to influence each other. This is 

especially evident from our co-culture study of chondrocytes and FLS during RRV 

infection, where we found increased viral infectivity of chondrocyte models cultured in 

the presence of RRV-infected FLS. This indicates that the other cell types present in joint-

associated tissues may interact with each other and have the capacity to influence viral 

infectivity in the neighbouring cell types. Our RNA-Seq study reveals that virus-infected 

and non-infected bystander chondrocyte cells are equally modulated by RRV infection; 

however, few studies have focused on the roles of bystander cells during virus infection. 

In cell culture, virus infection is mostly evaluated by analysing the total cell population 

or cell culture supernatants. It is therefore difficult to determine the source of the analysed 

results. However, this differentiation between infected and non-infected bystander cells 

is especially important as it allows for targeted treatment strategies. The investigation of 
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isolated cell types from the same environment during alphavirus infection may lead to 

crucial insights into their interactions during infection.  

 

We have discussed in chapter 3 the need to further validate our transcriptomic results with 

protein expression studies by western blot or ELISA. However, to evaluate the functional 

roles of our identified targets, further experimental research such as loss-of-function 

studies through gene silencing, knockout mice or inhibition assays should be performed. 

To determine the roles of the GCH1 enzyme in RRV infection, inhibitors against this 

enzyme could be used to study their efficacy at reducing pain in alphavirus mouse model 

studies. Alternatively, the use of knockout mice is a good approach to looking at the 

function of the GCH1 enzyme during alphavirus infection. The loss of grip strength is an 

indicator of disability due to pain in mice with joint inflammation. The use of a grip 

strength meter would allow for the measurement of the mouse’s ability to grip the device 

while experiencing a backward pull [186]. The thermal probe test (MouseMet Thermal) 

is a behavioural test that quantifies nociceptive responses to heat stimuli by measuring 

the withdrawal temperature when the mouse paw is exposed to a probe heated by a 

ramped temperature gradient [187]. This could show that chondrocytes can produce the 

GCH1 enzyme, and show that inhibition of this enzyme alleviates pain in RRV-infected 

mice. 

 

Functional validation of FOXJ1 could be achieved by treating mock- and RRV-infected 

cells with IL-13, which has inhibitory effects on FOXJ1 and consequently decreased 

ciliogenesis in human airway epithelium [188]. While we can only speculate on the roles 

of ciliogenesis in alphavirus pathogenesis, it has been demonstrated that cilia length and 

distribution increase with severity of OA in cartilage tissue and the treatment of 

chondrocytes with IL1β result in cilia elongation [189].  IL1β is a pro-inflammatory 

cytokine induced by RRV infection and is associated with clinical disease. We suggest 

that the inhibition of FOXJ1 expression could reduce ciliogenesis and inflammation 

caused by RRV-induced IL1β expression. This could be assessed through western 

blotting with antibodies against FOXJ1, IL13, IL1β, IL-6, IL-8 and TNFα. This may 

show that FOXJ1 expression is induced by RRV infection and causes cartilage damage 

through ciliogenesis. 
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Other factors as discussed in chapter 3 could be functionally validated for their role is 

disease pathogenesis as well. Lubricin, an ECM molecule found in synovial fluid, has 

been shown to reduce gene expression levels of pro-inflammatory molecules and ECM 

breakdown enzymes in IL1β-stimulated OA synoviocytes [190,191]. As mentioned 

above, IL1β plays important roles in alphavirus disease pathogenesis. In our study, we 

found that the gene that encodes for lubricin, PRG4, is down-modulated as a result of 

RRV infection. Therefore, we speculate that the treatment of recombinant human lubricin 

molecules on infected cells may rescue IL1β-mediated inflammatory responses. 

 

In another example, CA2 is an enzyme with implications in skeletal disorders and cancer 

disease progression [192,193]. NSAIDs such as Celecoxib and Refecoxib, are typically 

used in the treatment of alphavirus infection through reducing inflammation. These drugs 

are also inhibitors of CA2 activity, and this suggests that CA2 may play roles in disease 

pathogenesis [194,195]. We found enhanced expression of this gene in RRV-infected 

chondrocyte cells through our transcriptomics study. To investigate the role of CA2 in 

RRV infection, the gene could be silenced using a RNA interference approach and the 

expression of pro-inflammatory cytokine such as IL-6 and IL-8 characterised [196]. 

Concomitantly, mock and RRV-infected cells could be treated with recombinant human 

CA2 enzyme and Celecoxib, to demonstrate that inhibition of CA2 results in reduction of 

RRV disease. Similarly, pro-inflammatory cytokine expression could be quantified as an 

indicator of inflammation. We speculate that Celecoxib, along with other similar NSAIDs 

can reduce disease outcomes in RRV infection through inhibition of CA2 enzyme. 

 

To further dissect the role of ECM breakdown enzymes on virus attachment and 

infectivity, inhibitors could be employed as a strategy to validate the roles of the enzymes 

studied. It has been shown that pentosan polysulfate (PPS) has inhibitory effects on 

ADAMTS5 by increasing affinity between TIMP3 and ADAMTS5 but not with members 

of the MMP family [197]. The effect of ADAMTS5 on alphavirus attachment should be 

first investigated and the combined treatment of PPS with ADAMTS5 may lead to the 

rescue of any effects caused by ADAMTS5 alone. This would strengthen findings about 

the roles of ADAMTS5 in enhanced virus attachment to chondrocytes. Clearly, the 

cartilage and its ECM plays an important role in alphavirus disease pathogenesis as 

cartilage and synovium breakdown is a contributing factor for the clinical symptoms of 

arthralgia and myalgia. Despite so, few studies have focused on studying the roles of the 

cartilage during alphavirus infection. The use of explants from cartilage tissue will allow 
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for the in vitro study of the effect of ECM breakdown enzymes such as MMP3 on 

alphavirus attachment and infectivity in chondrocytes. With suitable models that can 

replicate the structure of cartilage, therapeutic targets for RRV infection could be 

evaluated through cell culture systems as this allows for a more physiologically relevant 

study of drug candidates compared to traditional monolayer culture. 
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