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Abstract  

 
Arthritogenic alphaviruses such as chikungunya virus (CHIKV) and Ross River virus 

(RRV) are transmitted by mosquito vectors, and can cause musculoskeletal disease 

manifestations such as, excruciating pain and inflammation in joints and the surrounding 

muscle tissues, in infected individuals. Despite the recent findings of cartilage damage, 

erosion and focal necrosis in murine models of both chikungunya viral disease (CHIKVD) 

and Ross River viral disease (RRVD), the role of human chondrocyte/cartilage in 

alphaviral infection has never been previously explored. In this thesis, it was shown that, 

both the lower and the higher density cultures (high-density cell cultures and micromass 

pellet cultures) of primary chondrocytes, supported the RRV-T48 infection and produced 

the upregulation of soluble inflammatory host factors during the infection. Interestingly, 

the heterogeneity of chondrocyte infectibility was also noted between two human 

chondrocyte donors. Chondrocytes that were derived from one patient could not sustain 

an efficient RRV-T48 replication when compared to chondrocytes that were isolated from 

another patient. Although this infection profile was surprising, the sample pool for the 

donor chondrocytes was extremely small thus, other confounding factors may have also 

contributed to the difference in infection. Additionally, the presence and co-localisation 

of RRV antigens within the chondrocytes of murine joints, proved that RRV could get to 

the cartilage and either cause damage directly or trigger the body systems to potentiate 

the damage.  
 

The second half of the thesis focused on exploring a new class of heparan sulfate (HS)-

modulating compounds, as targeted treatments for arthritogenic alphaviral 

infection/diseases. Current drugs for alphaviral diseases are non-specific and include the 

use of non-steroidal anti-inflammatories which only provide temporary or partial relief in 

patients. Recently pentosan polysulfate (PPS), a sulfated polysaccharide and a HS-

mimetic, was found to have reduced the recruitment of inflammatory infiltrates and to 

have protected the cartilage matrix from degradation in RRV-infected mice. Following 

which, in this thesis, the roles of other HS-modulating compounds such as polynuclear 

platinum complexes (PPCs) and HS-mimetic PG545, were investigated for the treatment 

and/or inhibition of arthritogenic infection. The HS-modulating compounds were 

characterised for 50% inhibitory doses, in addition to strength of association studies that 

were performed using the surface plasmon resonance (SPR) and the isothermal titration 

calorimetry (ITC) binding methods. Both the high signal responses generated in the SPR 
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and the ITC, demonstrated that PG545 had a direct potent inhibitory effect on the RRV 

virus particles. Therefore, PG545 was further evaluated in the well-established murine 

model of acute RRVD, and in in-vitro systems. Increasing concentrations of the 

compounds were able to inhibit plaque formation in RRV, Barmah Forest virus (BFV), 

and in both the East/Central/South African (ECSA) and the Asian CHIKV strains, as 

determined by the 50% plaque inhibitory assays. In mice, disease state and compound 

efficacy were primarily characterised by assessing hind limb weakness, expression levels 

of soluble host factors, the components of the cartilage matrix, viral titre and 

histopathology. Prophylactic, standard treatments of PG545 to RRV-infected mice had 

significantly reduced viral loads in muscles and joints corresponding to a reduction in 

their clinical scores of limb weakness and immune infiltrate recruitment, at 10 day-post 

infection (dpi). Also, at peak disease (10dpi), RRV-infected PG545-treated mice had 

lower expression levels of host factors, IL-6 and CCL-2. Furthermore, PG545 treatment 

also demonstrated a reduction in the matrix degrading enzyme heparanase (HPSE) in both 

muscle and joint samples. Serum biochemistries also showed that PG545 treatment in 

RRV-infected mice, reduced RRV-induced elevations of aspartate aminotransferase 

(AST) and alanine aminotransferase (ALT). It was also noted that, the standard dosing of 

PG545 only caused minimal lymphoid tissue anomaly in mice, while the prolonged 

PG545 dosage (to shorten clinical disease) resulted in both transient hepatosplenomegaly 

and anaemia. Moreover, both the histopathology and gene expression data, demonstrated 

that the splenomegaly was due to the expansion of the red pulp and the atrophy of the 

white pulp. It should also be noted that the long half-life of PG545 (as previously 

published), could have also contributed to the drug-induced transient pathogenesis, seen 

in mice that were treated with PG545 for a prolonged duration. Taken together, these 

findings suggest that although PG545 has a direct inhibitory effect on both RRV-infection 

as well as the RRV-induced inflammatory disease in host organisms, careful dosing needs 

to be observed due to the stability and long half- life of compound. 
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CHAPTER 1 

Introduction 
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1.1 Alphavirus Classification 

Alphaviruses are arboviruses, which are transmitted by arthropod vectors such as 

mosquitoes. The genera Alphavirus and Rubivirus are the only viruses belonging to the 

Togaviridae family of viruses [1]. Presently there are 31 species of alphaviruses, which 

are grouped into seven antigenic complexes (Table 1, Fig 1) [1]. Alphaviruses can also 

be broadly divided into encephalitic or arthritogenic viruses, depending on the common 

clinical presentation of infection [2, 3]. As such, arthritogenic alphaviruses consist of 

Ross River virus (RRV), o'nyong-nyong virus (ONNV), chikungunya virus (CHIKV), 

Sindbis virus (SINV), Barmah Forest virus (BFV), Mayaro virus (MAYV) and Semliki 

Forest virus (SFV) [3-5]. The encephalitic viruses include Venezuelan Equine 

Encephalitis virus (VEEV), Eastern Equine Encephalitis virus (EEEV) and Western 

Equine Encephalitis virus (WEEV) which cause severe or fatal encephalitis in equine 

and human hosts [2, 3, 6]. Arthritogenic viruses primarily cause musculoskeletal 

pathology such as arthralgia and myalgia; however, RRV, SINV and CHIKV have also 

been reported to cause human encephalitis [7-9]. Recently, alphaviruses of the ocean 

have also been identified, including salmon pancreas disease virus (SPDV), rainbow trout 

sleeping disease virus (SDV) and southern elephant seal virus (SESV) (Table 1, Fig 1) 

[10-13]. These viruses are transmitted by tick vectors and have not yet been identified to 

cause diseases in humans [10, 12]. Although both arthritogenic and encephalitic 

alphaviruses are equally important, the rest of this thesis will focus on arthritogenic 

alphaviruses, with emphasis on BFV, RRV and CHIKV. 
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  Table 1:Alphaviral antigenic complexes and species.

Antigenic complex Viral Species

Barmah Forest Barmah Forest Virus [5] 
Semliki Forest Semliki Forest Virus [14]  

Berbaru Virus [15] 
Una Virus [16] 
Chikungunya Virus [17]  
O'nyong Nyong  Virus  [18] 

 Getah   Virus [19] 
Ross River Virus  [20] 
Mayaro  Virus [21]  

Western Equine Encephalitis Aura  Virus  [16]  
Buggy Creek  Virus  [22]  
Fort Morgan  Virus  [23]  
Highlands J  Virus [24]  

 Sindbis  Virus  [25]  
Whataroa  Virus  [26]  

 Trocara  Virus  [27]  
Western Equine Encephalitis Virus [28] 
Eilat  Virus   [29]  

Middelburg Middelburg  Virus  [30] 
Ndumu Ndumu  Virus  [31] 
Eastern Equine Encephalitis Eastern Equine Encephalitis  Virus  [32] 
Venezuelan Equine Encephalitis Venezuelan Equine Encephalitis  Virus  [28] 

Everglades  Virus  [33]  
Tonate  Virus  [34]  
Mucambo  Virus  [35]  
Cabassou  Virus  [36]  
Pixuna  Virus  [35]  
Rio Negro (Ag80-663)  Virus  [37]  
Mosso das Pedras  Virus  [38]  
Madariaga  Virus  [39]  

  Unidentified Salmon Pancreatic Disease Virus  [10] 
Southern Elephant Seal Virus  [11] 
Rainbow Trout Sleeping Disease Virus [12] 
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Structural and non-structural proteins are translated as precursors prior to 

independent cleavage. Non-structural protein precursors are pE2 (precursor E3 and E2 

proteins), nsPs; P123, P1234 and the structural protein counterparts are, envelope; (E), 

E1, E2, E3 capsid; (C), 6K, that assist in virion encapsulation and budding from cellular 

membranes. The virion progeny is assembled with 240 copies of E1, E2 and C proteins 

ordered in a trimeric T = 4 icosahedral form. The E1 and pE2 are assembled in the 

endoplasmic reticulum prior to the cleavage of E3 in the Golgi. Post-cleavage, the E3 

protein may remain associated to the E1-E2 heterodimers dependent on the specific virus 

type [44, 45]. Furthermore, the resultant E1-E2 complexes are relocated to the plasma 

membrane. The C protein complexes with genomic RNA to produce an icosahedral 

nucleocapsid (core) and are enveloped by a lipid bilayer encompassing E1/ E2 

heterodimer spikes [42]. Both E1 and E2 also have a transmembrane helix that traverses 

the lipid bilayer. Thus, these envelope proteins have a notable role in mediating viral entry 

[42]. Such as, the E1 protein is a class II fusion protein, enabling pH mediated virion-host 

cell fusion, while E2 is an attachment protein to cell receptors and thus, mediates cell 

entry [42].  

 

Once the alphaviral genome is released into the infected cell, it is translated into 

non-structural proteins (nsP1-nsP4) that are crucial for viral RNA dependent, RNA 

polymerase activities [46]. During the early stages of an infection, the polyprotein-

processing intermediate for nsP1-nsP3 (P123) in association with nsP4, synthesises the 

minus-strand RNA [47]. Then, individually cleaved nsPs, 1-3 and nsP4, are involved in 

the positive strand RNA template synthesis during both the early and the late stages of 

infection. NsP1 is an enzyme that participates in methylation and capping of newly 

synthesised viral genomic and sub-genomic materials through guanine 7 

methyltransferease and guanylyltransferase [48, 49]. The positively charged nsP2s, 

facilitate the cleavage of other non-structural proteins, mediate cellular toxicity or induce 

a transcriptional ‘shut off’ of host protein synthesis via the enzyme nucleoside 

triphosphatase, helicase, RNA-dependent 5′-triphosphatase and cysteine / thiol protease, 

which are present at the C- and N-terminal domains [43]. Furthermore, studies have also 

described that the less cytopathic mutant forms of nsP2 virus or replicons can persist in 

host cells through multiple passages [50, 51]. Therefore, the nsP2 can regulate virus-host 

interactions and play a role in inhibiting the anti-viral response. NsP3s have a role in RNA 

synthesis within the replication machinery through the C-terminal hypervariable domain, 

which improve optimal configuration and localisation of the replication complexes [52]. 
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As of  2019, CHIKV is now endemic in more than 100 countries worldwide such 

as Cameroon, Mayotte, India, Nepal, Malaysia, Philippines, Bahamas, Brazil, Argentina, 

United States, American Samoa, Cook Islands and Fiji [58]. CHIKV was initially 

reported in 1952 in southern Tanzania (Makonde plateau) [59-61]. Then,  from 1960 to 

1980, sporadic CHIKV outbreaks occurred in the African continent (South Africa, 

Zimbabwe, Democratic Republic of Congo, Zambia, Senegal, Uganda, Nigeria, Angola, 

Central African Republic) and in South East Asia (Cambodia, Myanmar, Vietnam, Sri 

Lanka, India, Indonesia) [62-64].  
 

After a period of absence, spanning more than two decades, in June 2004, 13,500 

CHIKV infections were reported in an outbreak on the Kenyan coast [65]. This epidemic 

then spread to Comoros Mayotte (6,346 confirmed CHIKV cases, one death) before 

triggering the large-scale 2005-2006 epidemics of the South-western Indian Ocean 

islands of Mauritius and La Réunion [66, 67]. In 2006, approximately 35% of La 

Reunion’s population were CHIKV-infected (244,000 new cases and 203 deaths) while 

Mauritius reported 15,760, confirmed CHIKV disease (CHIKVD) cases and 743 related 

deaths [66, 68-70]. Furthermore, in the 2005 CHIKV epidemics, the virus was also found 

to have re-emerged in India with 1,391,165 new cases and 1,194 deaths reported in the 

Indian sub-continent across the 22 different states and union territories [71, 72]. The 

epidemic then spread to several South-East Asian countries such as Indonesia, 

Thailand, Philippines, Malaysia and Singapore [73-77]. In particular, the 

populations of both the African and Asian continents have had unpredictable re-

emergences of CHIKV, with intervals ranging between  five to twenty years between 

epidemics [78].  

 

During CHIKV epidemics, the viral transmission can quickly involve a 

significant proportion of the population such as, causing attack rates between a third to 

half of the population, as seen in La Reunion. It has been proposed that, the high attack 

rates might be due to the high viraemia in infected individuals/vectors, combined with 

the lack of immunity i n  the naïve population [79]. Additionally, the difficulty and 

failure to control vector population contributes to these large-scale outbreaks.  

 

The 2005-2006 outbreaks also impacted countries from temperate regions 

where both imported, as well as local CHIKV transmissions were reported. 

Furthermore, autochthonous CHIKV transmission was noted following incidences of 





 

9  

Figure 3: Geographical distribution of CHIKV. 

A) Initial scale of endogenous CHIKV transmission in countries prior to 2014. B) The 

rapid expansion of local CHIKV transmission to new territories as of 2014. C) The 

continual spread of local CHIKV transmission in the Americas in 2018. Source, Centers 

for Disease Control and Prevention. 

The World Health Organization/Pan American Health Organization 

(WHO/PAHO) and Centers for Disease Control and Prevention (CDC), recognise 

CHIKV infection as a notifiable disease that needs to be monitored for possible 

outbreaks. Further, the CDC also suggests precautionary measures such as wearing 

covered clothing, insect repellent and minimising outdoor activities when travelling to 

countries with endemic CHIKV in circulation [89]. Understandably, CHIKV is a 

dangerous pathogen that can utilise highly competent insect vectors (discussed in section 

1.4.1.1) to cause extreme morbidity or death in some cases, and also burden health care 

systems internationally [90]. The US National Institute of Allergy and Infectious Disease 

(NIAID) lists CHIKV in addition to other encephalitic viruses such as Japanese 

encephalitis virus (JE) Zika virus and West Nile virus (WNV) as a category B (second 

highest priority) pathogen in 2018 [91]. Category B pathogens are known to cause 

controllable morbidity and low death rates. Moreover, they require enhanced diagnostic 

capacity and disease surveillance.  

 

To date there has been no local transmission of CHIKV in Australia, with only 

imported cases on record (approximately 100 cases per annum, Fig 4). However, the 

presence of Aedes. albopictus and Aedes. aegypti mosquito colonies in the Torres Strait 

and the northern Queensland (QLD), present an eminent threat to Australians [92, 93]. 

Given the rising number of imported cases by returned Australian travellers (Fig 4) and 

the close proximity of CHIKV transmitting vectors in the Torres Strait, it remains a high 

possibility that a sudden, explosive CHIKV outbreak could evolve in Australia, in a 

similar pattern to that seen in the Americas [94]. 
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Aedes. cordellieri with non-human primates, rodents, and birds as vertebrate hosts and 

reservoirs [129-131]. Furthermore, these sylvatic cycles are present in endemic areas such 

as the sub-Saharan Africa (Senegal, Central African Republic, Uganda and South Africa) 

and some parts of Asia (Malaysia) [129, 132-135]. During epidemics, an urban CHIKV 

transmission cycle occurs in a single step and involves the anthropophilic Aedes species 

– Aedes. aegypti (classical urban vector) or the Aedes. albopictus (adapted urban vector) 

and humans as vertebrate hosts and reservoirs [136].   

 

Prior to 2005, Aedes. aegypti was the primary vector causing CHIKV outbreaks. 

The Aedes. aegypti is found in tropical and sub-tropical urban areas of human habitation, 

where it uses indoor sites with fresh water sources such as flower vases, water storage 

vessels and water tanks in bathrooms, to breed [137]. However, during the 2005 CHIKV 

epidemic, the ECSA strain had a single amino acid mutation at the 226 position in the E1 

envelope protein, that enabled a 50-fold greater vector competency, and adapted the viral 

strain to the Asian tiger mosquito, Aedes. albopictus [138, 139]. Furthermore, a second 

mutation that replaced the leucine (L) to glutamine (Q) in the acid-sensitive region of the 

E2 amino acid sequence, also provided a four to six-fold increase in the fitness of the 

Aedes. albopictus [140].  

 

The Aedes. albopictus is an aggressive biter that is found in rural, peri-urban areas 

and urban environments [141]. It has a wider range of breeding sites such as coconut 

husks, cocoa pods, bamboo stumps, tree holes and rock pools, and artificial containers 

like, vehicle tyres and saucers beneath plant pots [142, 143]. Furthermore, the Aedes. 

albopictus is also highly adaptable and has spread worldwide, from the tropics to the 

temperate regions of Europe and the Americas, through international travel [144]. Human 

bait experiments which identified the biting patterns and activities of both Aedes 

mosquitoes, revealed that Aedes. aegypti mosquitoes were more prominent indoors than 

Aedes. Albopictus [145]. Even though both the species of mosquitoes’ bite throughout the 

day, the Aedes. aegypti was the most active from eight a.m. to nine a.m while in contrast, 

the Aedes. albopictus had the highest activity from five p.m. to six p.m [145]. 

 

Interestingly, other CHIKV transmissions without the direct involvement of 

mosquito vectors have also been recorded. For example, viral transmission amongst 

laboratory and healthcare employees, through blood-to-blood contact with infected 

patient blood have been reported [146]. Further, incidences of intrapartum spread via 
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transplacental (vertical) transmission have also been documented in La Reunion and 

Brazil [147, 148]. Notably, in the La Reunion outbreak 48.5% of the neonates born to 

viraemic mothers (at time of delivery) contracted neonatal CHIKV infection [149].  

 

 
Figure 9: The transmission cycle of CHIKV. 

In the sylvatic cycle, forest dwelling Aedes. furcifer or Aedes. africanus vectors transmit 

the virus in an enzootic cycle in Africa and Asia with occasional human infections. When 

accidental one-step viral spillover occurs in an urban population, either the Aedes. aegypti 

or the Aedes. albopictus can adapt, establish the CHIKV transmission and cause an 

outbreak. Human hosts have a dual function as virus amplifying vertebrate hosts, as well 

as virus reservoirs. The urban epidemic can therefore, also facilitate the importation of 

CHIKV via air travel to other distant countries or territories. 
  

1.4.1.2 Disease 
 

Once bitten by a CHIKV-infected mosquito, the incubation period lasts two to 

four days before clinical signs manifest abruptly [141]. The acute phase generally lasts 

three to five days to a couple of weeks post the onset of the illness. The infected host is 

highly infectious and is characterised by a strong viraemic response of  about 105 to 1012 

PFU of virus/mL of blood [150]. Many CHIKV-infected individuals (85%) are 

symptomatic [151, 152]. In approximately 90% of the symptomatic patients, the disease 

starts as a febrile illness with a high fever of more than 39C lasting up to seven days. In 
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addition, patients may present with symmetrical arthralgia/arthritis (>95% of patients) in 

multiple areas of their extremities causing stiff, swollen and painful joint movements 

[153-155]. Other common signs include myalgia (90% of patients) and maculopapular 

rash (40-50% of patients) [151, 156], while the less common neurological signs such as 

meningoencephalitis, and hemorrhagic manifestations (bleeding through gums and 

nasal cavities) have been increasingly reported in the elderly and neonate patients 

[157-159]. 

 

 Although CHIKV infection is mostly self-limiting and recoverable, with disease 

signs gradually subsiding from days to weeks [153, 160],  the severity of the rheumatic 

pain experienced is often variable in nature. Some patients can experience a pain so severe 

that their daily activities and quality of life can become severely compromised [161]. 

Moreover, 40-60% of patients can also progress to chronic arthralgia [160, 162]. Here, 

patients experience recurrent and/or persistent disabling polyarthritis that can last 

between six months to three years [160, 161]. Studies also report that chronic forms 

of CHIKVD are common in: patients 45-years and older; patients with co-morbidities 

such as diabetes, osteoarthritis, obesity, impaired renal function; and in patients who have 

had a severe initial CHIKVD related joint pain [163-165]. Unfortunately, symptomatic 

treatments such as anti-inflammatories or analgesics, do not directly promote recovery in 

these patients. Although fatalities are not common, death rates of approximately one in 

every 1000 incidences, has been documented in patients with compromised or developing 

immune systems such as the elderly and or neonates [152]. 

 

1.4.2 RRV and BFV 

1.4.2.1 Vectors and Transmission  

 

Various species of mosquitoes have been reported as vectors in the transmission 

of RRVD and BFVD, due to the presence of diversified aquatic ecosystems (e.g. water 

habitats) in Australia [110, 120]. RRV was first isolated from the salt marsh Aedes. 

vigilax mosquito [166]. Subsequently, more than 40 vector species such as Aedes. 

notoscriptus (backyard mosquito), Culex. annulirostris (common banded freshwater 

mosquito common in inland areas and coastal regions), Aedes. camptorhynchus (southern 

parts of VIC and TAS, coastline mosquito) have been implicated in the transmission of 
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RRV [167], while BFV transmission requires Aedes. vigilax (NSW), Aedes. notoscriptus, 

Aedes. procax and Culex. annulirostris [168].  

 

Both RRV and BFV are endemic mosquito borne viral zoonoses that can cause 

epidemics in the human population. Furthermore, both the viruses are at peak infectivity 

during rainy seasons and remain in circulation throughout their respective mosquito 

vector transmission cycles. The transmission cycle for RRV consists of kangaroos, 

wallabies, possums and horses as reservoir hosts, while the vertebrate hosts for BFV 

infections are suspected to be of avian origin but are largely inconclusive [110, 120, 

169]. Interestingly, similar to CHIKV, during epidemics, large infections in human 

population can occur, bypassing the enzootic reservoir hosts altogether, to direct human–

mosquito–human transmission [106].  

1.4.2.2 Disease 
 

RRV incubates for seven to nine days or three to 21-days in the infected host, 

while BFV has an incubation rate of five to 21- days before the onset of clinical signs 

[168, 170]. After being inoculated from the bite of an infected mosquito, virus particles 

attach to cell surface integrin receptors, enter and uncoat viral nucleocapsid within target 

cells [171, 172]. Initial local replication occurs intradermally in the skin, before RRV 

enters the systemic circulation yielding high serum viral titre that lasts from one to three 

days [173, 174]. At the onset of symptoms, the virus will no longer be found in the 

systemic circulation but would have spread to other tissues. To combat the viraemia, the 

body initially mounts a type 1 interferon followed by a neutralising antibody response 

[175, 176]. It is estimated that during the viraemic phase, 25-50% of individuals show 

clinical signs such as arthralgia, myalgia and rashes. In particular, 90% of these 

symptomatic patients are debilitated with an acute onset of arthritis in their extremities 

[177]. Lethargy occurs in about 75% while myalgia is present in 60% of the 

symptomatic individuals [177]. Rash only occurs in 50% of symptomatic patients for a 

duration of five to ten days [177]. Infrequently, studies report that RRV-infected 

individuals may also suffer from lymphadenopathy [177]. The symptomatic clinical 

disease for RRVD can vary, where signs can be experienced for a few weeks or 

conversely can also persist from three to six months, simulating chronic fatigue syndrome 

[109]. Often in RRVD, persistent debilitating arthralgia precipitates significant morbidity 

that sequentially creates an economic burden to the government [178]. 
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1.5 Aetiology of Arthritogenic Alphaviral Induced 

Arthritis Overlaps with Rheumatoid and 

Osteoarthritis 
 

Osteoarthritis (OA) is a complex degenerative disease that is characterised by 

joint destruction, with the progressive loss of cartilage and subchondral bone within 

synovial joints [185]. It is also a low level chronic joint inflammatory pathology that 

can affect any synovial joint but commonly involves the knees, hips, spine, neck and  

fingers. Radiographically, OA is characterised by the presence of osteophytes and joint 

space narrowing. Histopathologically, OA is described as a compromise of cartilage 

and subchondral bone integrity that is often also present with synovitis. Further, there 

are both systemic and genetic composites to the disease that trigger cartilage destruction 

and result in defective cartilage matrix [186, 187]. It has also been suggested that the 

degradation of aggrecan (matrix associated proteoglycan) occurs at the onset of OA by 

adamalysin with thrombospondin motifs (ADAMTS), matrix metalloproteinases 

(MMPs) and aggrecanases which can cause lesions within the cartilage tissue [187, 

188]. Further, serum and synovial fluid (SF) samples of OA patients also show the 

presence of elevated  extracellular matrix (ECM) proteins such as aggrecan and 

cartilage oligomeric matrix proteins (COMP), confirming the occurrence of matrix 

protein degradation [189]. 

 

 In contrast, rheumatoid arthritis (RA) is a systemic auto-immune (anti-

citrullinated peptides; anti-CCP) disease that primarily affects the synovial joints and 

results in inflamed and eroded synovium. Although inflammation can also arise in other 

parts of the body depending on severity (e.g. gingiva and periodontal regions), RA 

mostly attacks the synovial joints [190]. In RA, newly acquired blood vessels are 

transformed to enable synovial tissue (ST) infiltration by T-helper cells, B-cells and 

macrophages. The increased volume of the SF leads to painful swollen joints. Further, 

the synovium also becomes hyperplastic whereby a pannus forms in which the initial 

one to two cell layers transform to, six to eight layers and become locally invasive, 

enveloping the cartilage to cause erosion and destruction of joint tissue [191, 192].  

 

Despite the differing pathophysiology, OA and RA share similarities in terms of 

localised inflammation, synovitis and joint pain [193-195]. Moreover, our lab was 

instrumental in demonstrating the similarities in the joint pathogenesis of RRVD to the 
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pathologic joint features in OA and RA [196, 197]. Notably, in the peak phase of RRV-

infection, the mice had a reduced articular cartilage width and a thickened pannus in 

addition to joint space narrowing in their knee joints (Fig 11) [196]. Furthermore, the 

results also demonstrated that at peak disease state, infected mice showed a reduction 

in overall bone mineral density and tibial epiphysial growth plate [197]. These findings 

suggest that much like OA and RA, in the sub-acute phase of infection, RRV-infected 

mice undergo loss of cartilage (proteoglycans) matrix, bone and hyperproliferation of 

the synovium in addition to undergoing systemic inflammation.  

 

 
Figure 11: Loss of cartilage thickness and proteoglycan staining in the knee joints 

of RRVD mice. 

(A-B) Loss of proteoglycan staining intensity is observed in the joints of RRV-infected 

mice. (A) H & E staining and (B) Safranin-O staining. (C) Graphs also show a reduced 

cartilage thickness with increased cartilage damage in RRV-infected mice. B ; Bone, P ; 

Pannus, C ; Cartilage. Source: Herrero et al [196]. 

 

Prior studies have used either in-situ hybridisation, or viruses/replicons 

expressing green fluorescent protein (GFP), to map out the replication localisation of  
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arthritogenic alphaviruses (RRV, SINV) within the joints [196, 198]. Studies show that 

arthritogenic alphaviruses can replicate in connective tissues such as the periosteum, 

tendons and the epiphyses of the long bones, causing tissue pathogenesis [196, 198, 

199]. Recently, significant overlaps in the gene expression between the inflammatory 

events (T-cells, B-cells, auto-immunity, natural killer (NK) cells, 

monocyte/macrophages, apoptosis, host soluble factors and complement activities) in 

CHIKV-infected (viral arthropathy)  mice and RA (chronic autoimmune arthritis) mice 

have also been reported [200]. The study suggests that the strength of the overlap 

between both pathologies is determined by the severity of RA [200]. Another RA 

study, highlighted that RA patients had elevated levels of cartilage derived 

glycosaminoglycans (GAGs) in their SF, that could be from local production of 

cytokines from the inflamed joint, that may have caused an enzymatic degradation of 

the matrix to release the cartilage GAGs [201]. Similarly, collagen and connective 

tissue metabolism, and degradation have also been reported in CHIKVD patients [202]. 

The study described that glycosaminoglycans, proline and hydroxyproline metabolites 

were excreted seven times more in the urine samples of CHIKVD patients compared to 

healthy individuals [202]. Moreover, another study reported that five out of eleven 

CHIKV confirmed patients had high anti-cyclic citrullinated peptide (anti-CCP) titres 

at onset of disease. However, upon a follow up study, it was noted that the anti-CCP 

titres were only high in the patient (n=1) with persistent arthralgia. In addition, high 

complement activation was also present in both the acute and follow up patients, 

indicating the presence of significant tissue injury in CHIKVD. Although it can still 

be inferred that the anti-CCP antibody might be a good predictor of a persistent 

arthralgia event, it should be noted that only one out of the five patients with the high 

anti-CCP titres at disease onset, progressed to have persistent arthralgia [203]. In 

contrast, another CHIKV study, reported that eight out of ten infected patients 

developed chronic symmetric polyarthritis that met the criteria for seronegative RA. 

Mass cytometry/spectrometry (CyTOF) analysis, showed that both CHIKV and RA 

patients had similar peripheral T-cell phenotypes, with higher percentages of 

activated CD4+ and CD8+ cells compared to healthy cohorts [204]. 

 

In summary, although CHIKV- and RRV-induced viral arthritis is different in 

disease aetiology to other joint pathologies, such as auto-immune RA and progressive 

OA, there still exist multiple common inflammatory processes, such as their immune 
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phenotype profile, host soluble factor expression and the clinical disease featuring loss 

of proteoglycan and cartilage matrix. 

 

1.6 Virally Induced Inflammatory Arthropathy in 

Alphaviruses 

1.6.1 Roles of the Innate Immune System in Alphaviral 

Diseases  
 

Arthritogenic alphaviral infections have largely been identified as inflammatory 

pathologies with viral tropism to the joints, bone and skeletal muscle tissues in humans, 

mice and non-human primate (macaque) models of disease [205-208]. Although, a 

considerable proportion of these studies delineate the involvement of both innate and 

adaptive immune systems, the innate system (including type I interferon system) alone 

has been suggested to be able to limit viral replication efficiently. For example, studies 

report that both human and macaque hosts can eliminate the systemic virus rapidly, 

before the activation of adaptive IgG and T-cell responses [208-210].  

 

          1.6.1.1 Myeloid Cells 

 

An initial study on the synovial exudates of RRVD patients reported the 

presence of an increased mononuclear infiltrates [211]. Differential staining further 

identified over half of the infiltrated population to be lymphocytes, with the remaining 

infiltrates to comprise of monocytic and macrophage cells [211]. Consistently, later 

studies confirmed that both macrophages and monocytes are found within the 

infected tissues. Interestingly, macrophages but not monocytes have also been 

reported to be susceptible to RRV infection. The researchers propose that the 

macrophage infection occurs when non-neutralising antibodies bind to Fc receptors 

found on the cell membrane, thus causing antibody-dependent enhancement (ADE) 

of infection [171].  

 

Macrophages are dichotomous effectors, that either promote repair (assist in 

tissue re-generation in CHIKVD mice) or enhance damage (exacerbating clinic disease 

and muscle destruction in RRVD and CHIKVD mice) in arthritogenic alphaviral 

diseases [206, 212-218]. The protective M2 macrophages present in alphavirus-induced 
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musculoskeletal lesions are believed to promote would healing with anti-inflammatory, 

immunoregulatory functions, while destructive macrophages, which initiate host 

defenses, are the pro-inflammatory M1 macrophages. In addition, the protective M2 

macrophages often express C-C chemokine receptor type 2 (CCR2) receptors on their 

surfaces [213]. One study reported that in the absence of CCR2+ 

monocytes/macrophage, a more severe tissue pathology and clinical disease was seen 

in CHIKV-infected mice [212]. In the absence of the CCR2 receptors, an influx of 

neutrophilic and eosinophilic infiltrates dominated the tissues and exacerbated the 

musculoskeletal pathology in infected mice [212]. Thus, it can be interpreted that the 

CCR2+ (M2) monocytes/macrophages based viral elimination, occurs in a controlled 

manner and therefore is advantageous in reducing excessive tissue pathology. 

Conversely, when RRV-infected mice were treated with silica or clodronate sodium 

(macrophage depleting agents which are unknown to be specific to either M1 or M2 

phenotypes), the mice showed a decreased clinical disease with prolonged viraemia 

[206, 214].  

 

Investigators have also reported that the depletion of macrophages in alphaviral 

diseases leads to a reduced expression of soluble inflammatory host factors including 

tumor necrosis factor alpha (TNF-α), interferon gamma (IFN-γ), and macrophage 

chemo-attractant protein 1 (MCP-1) [206, 214]. At the tissue level, histology revealed 

significantly lower infiltrates recruited to target tissues (muscle and joints) in the 

absence of macrophages, in addition to a better clinical outcome in these mice [206, 

214]. Furthermore, macrophage migration inhibitory factor (MIF) has also been 

demonstrated to be an important factor in sustaining RRVD in mice [215]. In the 

absence of MIF, infected mice displayed milder disease with lower immune cell 

recruitment and a reduction in both mRNA and protein levels of host factors (MCP-1 

and IFN-𝛾) in the muscle and joint tissues [215]. Hence, these studies highlight the 

complex roles of macrophages in RRVD and confirm that macrophages are still one of 

the most important first line defenders in mediating viral clearance.   

 

         1.6.1.2 Complement System 

 

Another aspect of the innate system is the complement system, which has been 

widely described to enhance the effector phase of the immune response. Complement 

is an immune surveillance system that can rapidly respond with a signalling cascade 
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that amplifies antibody responses by augmenting the opsonisation of pathogens [219]. 

The activation also triggers a protease cascade that regulates the inflammatory 

responses and shapes the downstream, adaptive immune responses. There are three 

possible complement activation pathways: the classical; alternative; and/or lectin 

pathways, all which merge on a central C3 protein of the complement system [219]. In 

RRVD, it was noted that the disease severity of infected mice was dependent on the 

complement system and activation products within the inflamed tissue and serum. C3-

/- RRV-infected mice, (central component of the complement system) developed a 

milder clinical disease than wild-type RRV-infected mice. It is noteworthy that this 

reduction in clinical disease was independent of the types of immune infiltrate recruited 

to the infected tissues, as both wild-type and C3-/- RRV-infected mice had similar 

immune kinetics [220].  

 

          1.6.1.3 Natural Killer Cells 

 

Furthermore, NK cells are also an important link from the innate to the adaptive 

immune system in viral infection. NK cells can mediate viral clearance without prior 

sensitisation through cytotoxic functions of death-eliciting proteins such as perforin and 

granzymes. In addition, NK cells also produce a plethora of cytokines such as, IFN-γ, 

TNF-α, interleukin (IL)-17A, and IL-22, which also assist in the NK effector functions. 

A cluster analysis of NK cell subsets in CHIKV-infected patients showed that, infected 

patients had the activating NKG2C NK phenotype and receptors for HLA-C1 alleles 

which correlated to the viral load [221]. Studies describe that some viral infections 

influence NK cell function by inducing a proliferation of NKG2C cells that express 

self-activating killer immunoglobulin-like receptors [222]. Furthermore, the CHIKV 

cluster analysis study also showed that at peak viraemia, NK cells were impaired and 

could no longer produce IFN-γ [221]. This was different to the phenomenon in 

uninfected individuals, where resident NK cells and cytotoxic lymphocytes, 

constitutively expressed NKG2D [221]. NKG2Ds are expressed on both innate and 

adaptive effector cells that partake in viral surveillance and stimulate cytotoxic effects 

on virally-infected cells [223, 224]. This study shows that during a CHIKV infection, 

there is a shift in the NK phenotype that compromises their ability to efficiently kill 

pathogens using IFN-γ [221]. 
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Collectively, these findings highlight that arthritogenic alphaviral infections are 

inflammatory pathologies in which severe disease may be caused by the 

immunomodulators effect in response to the viral antigen. Furthermore, these immune 

parameters may be the key factors in driving tissue destruction. As mentioned, some 

studies above have shown that tissue pathogenesis can be modified when immune 

parameters are disabled.   

            
 

1.6.2 Roles of the Adaptive Immune System in Alphaviral 

Diseases  
 

1.6.2.1 T-cells 

 

The role of adaptive immunity in arthritogenic alphaviral diseases in mice has 

been contested in various reports. Although earlier studies have suggested that adaptive 

cells are not involved in alphaviral pathogenesis or viral clearance, later studies 

contradict this, suggesting important roles for T-and B-cells in RRV infection. These 

early in-vivo studies on RRVD mice, based their findings on comparable clinical 

diseases and viral load in serum and organs  such as ankle, quadricep muscle, brain and 

spleen of both RAG deficient and wild-type mice [207]. However, in a subsequent 

study, the authors reported that RRV clearance was impeded variably in mice that were 

depleted (either genetically or by using an antibody) of CD8+ T-cells [225]. These mice 

that lacked the CD8+ T-cells, showed significantly higher RRV loads in their muscle 

tissues but not their joint tissues at 14 dpi [225]. This suggests that the immune 

system may have triggered tissue specific cytokine responses which may have 

contributed to the difference in viral clearance. Further, when CD8+ and CD4+ T-cells 

were adoptively transferred into Rag 1−/− mice, prior to RRV infection, the subsequent 

viraemia was also reduced [225]. Thus, T-cells can also contribute to the control of 

RRV infection independently without the involvement of B-cells. Similarly, an ex-

vivo investigation showed that CTLs (cytotoxic T- lymphocytes) isolated from RRV-

infected mice could mediate viral clearance  of persistently infected macrophages by 

capsid protein recognition, possibly through direct lysis and secretion of IFN-γ [226]. 

A serum multiplex study on CHIKV-infected patients reported the involvement of 

strong immune factors such as IL-16, IL-17, MCP-1, interferon gamma-induced protein 

10 (IP-10) at the start of the infection, followed by adaptive CD8+ T -cells as initial 
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responders to CHIKVD  [209]. In acute CHIKVD, CD4+ helper T-cells were 

observed to undergo CHIKV directed CD95-mediated (APO-1/Fas) apoptosis in the 

first two days of symptoms with a subsequent CD4+ T- cells mediated response in the 

later stages of the disease [209]. Other supportive, chronic CHIKV studies also report 

that the presence of CD4+ T-cells contributed to the persistent foot pad swelling in 

CHIKVD mice [227]. Furthermore, soluble factors that promote adaptive immunity 

such as IFN-γ, IL-4, IL-7, and IL-12p40 were also found elevated in the plasma of 

CHIKV-infected patients [209]. Supplementing these findings, T–cells have also been 

found present in the SF, ST and muscle biopsies gathered from CHIKV- and RRV-

infected patients [228, 229].  

 

          1.6.2.2 B -cells 

 

Further, mice studies also show an increasingly important role of B-cells in 

limiting viral replication. This was shown when a study using mice that lacked B-cells 

developed a chronic and a more severe form of CHIKVD that lasted for more than a year 

[230]. Moreover, when μMT mice (lacking mature B-cells) were infected using a non-

pathogenic CHIKV strain (181/25) viral persistence was noted in the joint tissues. 

However, when these non-pathogenic CHIKV strains (181/25) were infected in wild-

type mice, the mice were able to clear the CHIKV infection [231]. Other studies have 

also shown that the passive transfer of anti-CHIKV antibodies administered either 

prophylactically or therapeutically, were able to diminish or halt CHIKV infection in 

mice [232, 233]. Taken together, these findings suggest that efficient arthritogenic 

alphaviral elimination requires both B-and T-cells of the adaptive immune system to 

mediate complete viral clearance in both human and animal models. 

 

1.6.3 Roles of Cytokines and Chemokines in Alphaviral 

Diseases  
 

It is well established that soluble host immune factors, such as cytokines and 

chemokines contribute significantly to alphaviral mediated pathogenesis. Cytokines (e.g. 

IL-1β, IL-6, TNF-α, type I interferons) are pleiotropic chemical messengers that regulate 

both the innate and adaptive immune responses, while chemokines (e.g. IL-8, IP-10, 

MCP-1, Regulated on Activation, Normal T Cell Expressed and Secreted; RANTES) are 
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a sub-division of cytokines that facilitate the migration of leucocytes from the circulation 

to the tissues, mostly at the site of inflammation. Primarily soluble mediators that regulate 

the innate immunity (e.g. IL-1β, IL-6, IL-8, and TNF-α, type I interferons) are produced 

in response to pathogen-associated molecular patterns (PAMPs) or viral genomic 

material. Various immune cells such as the macrophages, T-cells and NK cells can secrete 

these soluble factors. Descriptive studies of CHIKV biomarkers, have reported that the 

secreted serum levels of specific soluble factors correlated to the recovery period (acute 

vs chronic) in patients [234]. For example, in these studies, patients with acute CHIKVD 

demonstrated increased expression levels of IP-10, IL-1β, IL-6 (pro-inflammatory) and 

IL-10 (anti-inflammatory) [234, 235], while patients whom were chronic sufferers had 

significantly higher elevations of MCP-1, IL-6, IL-8, IL-1β, macrophage inflammatory 

protein (MIP)-1α, and MIP-1β inflammatory proteins. Interestingly chronic CHIKVD 

sufferers had reduced expression levels of RANTES [234, 236]. The significant 

elevations of pro-inflammatory cytokines during the chronic phase shows that systemic 

inflammation is present and may be a contributing factor to the tissue damage and pain 

experienced in patients. Interestingly, these mediators have also been reported in 

hepatitis B and C related secondary rheumatic complications, as well as in the non-viral 

auto-immune RA [237-239]. 

 

1.7 Alphaviral Attachment and Entry 

1.7.1 Implication of Alphavirus and Host Receptor Interaction 

 
Alphaviruses are competent in infecting and replicating in a wide variety of 

vertebrate and invertebrate cell types [240]. Although the viral attachment is critical to 

host internalisation and subsequent replication, there is some debate in the literature 

regarding the mechanism by which alphaviruses enter host-cells. Some studies suggest 

that alphaviruses recognise and bind to a ubiquitous receptor on the host-cell surface, 

whilst others imply they may be capable of binding to distinctive receptor sets that are 

host specific [241, 242].  

 

A study on the prototype alphavirus, SINV showed that the alphavirus virions may 

engage ubiquitous, highly conserved laminin receptors on host-cells [243]. Researchers 

reported that SINV could efficiently bind and infect hamster cells that overexpressed cell 

surface laminin receptors [243]. In support of host specific receptor binding, a subsequent 
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study demonstrated that human monocytic THP-1 cells transfected with C-type lectin DC-

SIGN (CD209) and L-SIGN (CD209L) were permissible to SINV replication, while the 

non-transfected cells remained refractory [244]. Furthermore, SINV infectivity on the 

transfected cells was hindered when treated with a DC-SIGN/L-SIGN (CD209/CD209L)-

specific monoclonal antibody [244]. It has been reported that the highly glycosylated E2 

proteins which contain hybrid and high-mannose sugars facilitate efficient C-type lectin 

binding [244]. Notably SINV contains high-mannose and Man3GlnNAc2 carbohydrate 

modifications which act as DC- and L-SIGN ligands [244]. 

 

 Another alphaviral receptor study suggests that RRV utilises collagen-binding 

α1β1 integrin as a cellular receptor to mediate entry into HeLa cells [172]. The binding 

interaction between α1β1 integrin and RRV has been suggested to be, due to the presence 

of two conserved regions in RRV-E2 attachment protein. These sequences are reported 

to mimic collagen, which have a high affinity for the α1β1 integrin. Furthermore, RRV 

infection was decreased when HeLa cells were treated with collagen or α1β1 integrin 

specific antibodies. Therefore, this study demonstrated that RRV decreased attachment, 

entry and initiation of infection in cells that lack α1β1 integrin [172]. Together, these 

studies confirm that alphaviruses employ more than one receptor to initiate infection and 

that the susceptibility of the alphaviruses may also vary within the genera due to different 

receptor families being expressed on different cell types and tissues (e.g.  DCSIGN is 

expressed on immune cells and integrins are more ubiquitously expressed in epithelial 

cells and components of ECM). Therefore, the interaction with multiple types of receptors 

could also ensure that infection occurs in different cell types.  [172, 244].  

 

Other alphaviral studies also determine E2 as the important antigenic domain 

potentiating virulence and host specificity [245, 246]. One such in-vivo study examined 

seven- and 21-day old mice infected with a mutant RRV-E2, in which a 21-nucleotide 

sequence coding for E2 protein had been deleted. In this study, the clinical disease was 

less severe in the mutant RRV (RRV ∆E2) infected mice relative to the wild-type RRV-

T48 infected mice [245]. Additionally, mice infected with RRV-∆E2 had lower viral titres 

than wild-type RRV-T48 infected mice [245]. In-vitro, it was reported that a single amino 

acid alteration in E2 via substitution of lysine for asparagine at residue 218, adapted the 

virus to a wider host range (e.g. chicken cells) that were formerly non-permissive hosts 

[247]. These above-mentioned studies demonstrated that transgenic mutations in the E2 
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viral protein determines the attachment/entry of an infection and could render a virus less 

virulent. 

 

1.8 Glycosaminoglycans in Host Mediated Pathology 

Including Virus Attachment 
 

GAGs have a large molecular weight, and are polyanionic due to the carboxyl 

sulfate groups and elongated linear chains of carbohydrates, ordered as disaccharide 

repeats [248]. Proteoglycans comprise a protein core covalently attached to one or 

more GAGs, via either an O- serine glycosidic linkage [248]. GAG repeats are 

comprised of D-glucosamine/galactosamine sugars in one monosaccharide, while the 

other monosaccharide is usually a D-glucuronic or L-iduronic acid structure [248]. 

GAGs display heterogeneity in their sulfation patterns and are differentiated based on 

their different disaccharide repeat units. Sulfated GAGs include, chondroitin sulfate 

(CS), keratan sulfate (KS), dermatan sulfate (DS), heparan sulfate (HS) and heparin 

(HP) [249]. The only non-sulfated GAG is hyaluronic acid (HA) [249]. GAGs can 

function as mediators of both physiological and pathological processes with their 

proteoglycan counterparts [250]. They interact with numerous proteins and have roles 

in signalling, angiogenesis, RA, viral infection and tumour metastasis [251-255]. 

Pathogens (inclusive of viruses) utilise GAGs to attach and invade host-cells, and to 

spread from one cell to the next [255].  

1.8.1 Role of Heparan Sulfate Proteoglycans 
 

Heparan sulfate proteoglycans (HSPGs) are a heterogeneous class of proteins with 

polysaccharide chains that are found on cell surfaces (e.g. syndecans and glypicans) and  

basement membranes (e.g. perlecan, collagen IV, laminin) in many different species, 

ranging from mammals to invertebrates (Fig 12) [256-259]. HSPGs participate in 

various regulatory roles such as to facilitate cell-ECM attachment, cell–cell 

interactions, and even in cell extravasation (Fig 13) [259]. Cell-surface HSPGs also 

act as endocytic receptors to internalise bound ligands, in addition to being co-

receptors for growth factor receptors through heterodimerisation, modulating the 

activation threshold, or altering the signalling duration [260].  
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Figure 12: Cell-surface heparan sulfate proteoglycans. 

(A) Syndecans are transmembrane proteins that can contain a chondroitin sulfate chain. 

(B) The glypicans are disulfide proteins that link to the plasma membrane by a 

glycosylphosphatidylinositol core. (C) Perlecans are heparan proteoglycans that carry 

heparan sulfate chains which can also be secreted. Source: Lin, X, 2004 [261].  

  Additionally, endogenous host proteins, such as growth factors (fibroblast growth 

factor 2, FGF-2 and vascular endothelial growth factor, VEGF), cytokines/chemokines 

(IL-6, IL-8 and MCP-1) and some pathogens (viruses and bacteria) are able to bind to 

HS-enriched sites [248, 262-264]. The HSPGs interact with various soluble factors to 

regulate and direct the factors to specific extracellular compartments at basal states 

[265]. Notably, HSPGs transverse most cell-surfaces and the basement membranes of 

the ECM as transmembrane side chains (syndecans, glypicans) (Fig 12)  [266, 267]. In 

this regard, HSPGs are crucial protective biological anchors of ECM architecture, by the 

sequestration of matrix proteins and impeding their degradation by tissue proteases 

[266].  

 

Generally, the protein core that secures the GAGs on cell membranes determines 

the precise location of HSPGs in distinct tissues [268]. These protein centres are variably 

located in different cell/tissue types and are tightly regulated in non-pathogenic states 

[248]. For example, during tissue re-modelling selective cleavage by precise tissue 

proteases relocates the HSPGs from cell surfaces to the ECM [269]. Thus, this form 

of shedding, functions as a molecular communication to alert the body of host-cell 

damage in wound healing and/or tissue repair [269]. Additionally, HSPGs also regulate 

inflammation by enabling the extravasation of leukocytes to the inflammatory sites 
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[270]. HSPGs are found in adhesion molecules lining the endothelial glycocalyx, such 

as E-selectins and P-selectins. Moreover, HSPGs are also a component of L-selectin on 

the cell-surfaces of recruited lymphocytes, thereby facilitating cell-cell adhesion [270, 

271]. Leukocyte mobility is further enabled by proteases such as MMPs which degrade 

proteins in the ECM and basement membrane [272]. In turn, the heparanase (HPSE; 

mammalian endoglucuronidase) breaks down the HS-chains that are bound to the 

endothelial basement membranes [271]. ECM re-modelling releases sequestered 

cytokines and pro-angiogenic factors, which may alter physiological processes. 

Therefore, HSPGs have a critical role in cellular processes and dysregulation often 

manifest in pathologies such as Alzheimer's disease and cancer [273-275]. 

 

 
Figure 13: Diagram of heparan sulfate proteoglycans’ binding partners. 

HSPGs secure growth factors, morphogens, prevent proteolytic activity and participate 

in downstream signal cascading events [250]. 

1.8.2 Heparan Sulfate Degradation by Heparanase 
 

HPSE has a profound role in inflammation due to its specific proteolytic activity 

on the glycosidic bonds of HS [276]. HPSE cleaves cell-bound HS and therefore 

contributes to both degradation and re-modelling of the ECM [277]. Furthermore, the 

enzymatic cleavage also releases the sequestered pro-angiogenic growth factors and 
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promotes angiogenesis [278]. Notably, HPSE is highly expressed in metastatic human 

tumours and other inflammatory pathologies, such as auto-immune RA and 

inflammatory bowel disease (IBD) [276, 279, 280]. A study detailing the role of 

HPSE in RA patients, reported that both the active enzyme and mRNA were increased 

up to more than 100-folds in the SF of patients [279]. Furthermore, the group also 

observed that pathogenic angiogenesis was a prominent marker of HPSE activity [279, 

281]. However, the exact role of HPSE in pathological conditions remains yet to be 

elucidated. It is possible that the HPSE production is: 1) a host defense action caused 

by dysregulation in tissue homeostasis; 2) mechanism to enhance recovery of damaged 

tissue; or 3) a pathogenic action in tandem with pro-inflammatory mediators 

exacerbating disease states. 

1.8.3 Heparan Sulfate Mediates Viral Attachment to Host 

Cells 
 

Numerous pathogens, including viruses, capitalise on HSPGs binding as 

attachment receptors [246, 282]. Viruses can mimic the endogenous ligand/receptor 

interactions that occur when HSPGs bind together with growth factors to activate their 

receptors. As such, certain viruses exploit cell surface HSPGs as co-receptors to anchor 

viral proteins, invade, then, sequentially infect host cells or evade host detection 

altogether during intracellular localisation [246, 282]. Examples of viruses that exploit 

HSPG interactions are; SINV, RRV, CHIKV, human immunodeficiency virus (HIV-

1), herpes simplex virus (HSV-1 and HSV-2), dengue virus (DENV), respiratory 

syncytial virus (RSV), classical swine fever virus (CSFV) and Coxsackievirus A9 

(CAV9) [246, 282-288]. Curiously, the interplay between viruses and HSPGs is a 

complex union dependent on multiple factors such as specifically charged amino 

residues in binding proteins and other co-structural determinants [289].  

 

Studies on most of these viruses suggest that HS-binding of the virus is reliant 

on the virus strain, target cells and the specific amino acid residues found within the 

envelope glycoproteins, which initiate attachment to host cells [246, 290]. For example, 

clinical isolate SL15649 and vaccine 181/25 CHIKV strains, were both permissive to 

Chinese hamster ovary (CHO) cells which naturally express GAGs but were not 

permissive to the mutant CHO cells that did not express GAGs [290]. However, each 

virus strain bound to different GAGs. For example, SL15649 bound to excess CS that 

was devoid of HS, while 181/25 bound to various GAGs such as DS, HS, CS-A and a 
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mixture of HA and CS-A/C/E, in a dose-dependent manner. Moreover, the different 

amino acid substitutions at position 82 of the E2 glycoprotein resulted in contrasting 

infectivity. Here, glycine at position 82 resulted in an efficient infection of mutant CHO 

cells, while arginine at position 82 results in reduced infectivity of the mutant CHO 

cells [290]. Similarly, basic amino acid substitution of asparagine at residue 218 of the 

E2 protein of RRV-T48, adapted the virus to bind to avian cells [246]. Furthermore, 

either pre-treating the avian cells with heparinase or the presence of heparin during 

infection, impeded the replication of RRV-T48 in avian cells [246]. These results 

demonstrate that certain key residues in E2 glycoprotein of both RRV and CHKV, can 

be modified to enable these viruses to use GAGs as an attachment factor.  

 

Viruses can also possess the ability to use HS as attachment factors in initiating 

their infection. For example, HIV-1 permissible cells (MT-4, H9) were rendered 

refractive to HIV-1 infection when treated with heparinase [284]. In contrast, some 

researchers also postulate that the viral binding to the highly anionic HSPGs could be 

a broad non-specific interaction between the negative charges on HS, attracting the 

positive charges found on viral attachment proteins [287, 288]. A single amino acid 

substitution in the coding region of VP1 of the CAV9 capsid protein, adapted the virus 

to initiate viral attachment and bind to HS [288]. CAV9 was also identified to exhibit a 

symmetrical cluster of positive charges within the viral capsid protein that could have 

further facilitated the binding of the highly negative HSPG [288]. Although the viral 

interactions with HSPGs have been extensively studied, due to the constant adaptation 

of viruses and the complexity of these variably sulfated structures, much of the viral 

mechanisms are yet to be fully elucidated. Further studies could assist in development 

of treatments that could antagonise viral attachment and prevent entry, such as perhaps 

utilising a GAG mimetic to prevent the attachment of certain viruses. 

 

1.8.4 Heparan Sulfate Modulating Compounds 

1.8.4.1 Anti-inflammatory Activity of PPS for OA 

 

In the 1950s, pentosan polysulfate (PPS) was initially intended to be used as an 

oral anti-coagulant replacing heparin. However, PPS proved too weak as an anti-

coagulant to be medically relevant [291]. Three decades later, studies reported that PPS 

could substitute GAG function of the epithelial-permeability-barrier in bladders that 
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had lost mucin production [292]. Furthermore, in-vitro data also suggested an anti-

inflammatory mechanism of action [293]. This then led to the discovery of PPS as an 

anti-inflammatory, for the treatment of interstitial cystitis (IC) [294]. In 1996, the US 

Food and Drug Administration (FDA) approved PPS under the trade name Elmiron, for 

treating IC. A healthy bladder is layered by self-regenerating epithelial cell lining that 

functions as a barrier to urine, called the urothelium. However, in IC, a chronic local 

inflammation arises where urothelial tissue function is disrupted and impaired. 

Furthermore, IC also mimics auto-immune diseases due to the presence of  elevated 

levels of anti-nuclear antibodies, in addition to the clinical responses patients experience 

during IC, when taking immunosuppressive agents [295]. Recently, PPS has also been 

investigated as a viable treatment for OA. PPS has been reported to disable catabolic 

events that mediate damage of the ECM within the periphery of the cartilage [296, 

297].  

 

A multi-centre study on osteoarthritic dogs found PPS to be a disease modifying 

osteoarthritic drug (DMOD) that could preserve the articular cartilage and bone, in 

addition to improving the SF quality within the joints [298]. Moreover, these canine 

studies also validated the therapeutic benefits of PPS, which is now an approved drug 

(Cartrophen Vet, Biopharm Australia) for the treatment of arthritic dogs in Australia, 

New Zealand and the United Kingdom [299]. Similar DMOD benefits were also seen 

in the case study of a PPS-treated OA patient with severe knee pain.  In this patient, 

the PPS treatment recovered knee function and subchondral bone marrow edema 

lesions [300]. Recently, we reported that RRV/CHIKV-infected mice, treated with 

PPS had the occurrence of a less severe clinical disease from disease onset to peak 

disease when compared to the mock-treated, RRV/CHIKV-infected mice. However, the 

treatment of PPS to either RRVD or CHIKVD mice, did not eventuate in any anti-

viral activity [196]. Therefore, although PPS was not an anti-viral in arthritogenic 
infections, the anti-inflammatory aspect of PPS still makes it a promising therapeutic 

candidate for the treatment of the virally-induced inflammatory arthritis.  
 

1.8.4.2 Anti-microbial Activity of Heparan Sulfate Modulating Metal 

Complexes and Mimetics 
 

Polynuclear platinum complexes (PPCs) are positively-charged DNA-binding 

agents, which currently have a role in chemotherapy as anti-angiogenetic and anti-

metastatic treatments [301]. The mononuclear neutral cisplatin, and diplatinum analogues 
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of cisplatin are the cytotoxic variants of multinuclear platinum chemotherapeutics, such 

as Triplatin (BBR3464) [302, 303].  

 

HS is a recently discovered ligand receptor for the PPCs. Studies demonstrate that 

Triplatin and its substitution‐inert analogue TriplatinNC, participate in 

“metalloshielding” – masking the sulfate residues found on HS-chains thereby disabling 

HS-interactions with other substrates [301, 304-306]. Although initially characterised to 

mediate effects by binding to DNA, recent studies show post-treatment, PPCs also bind 

through non-covalent (hydrogen bonding) cationic electrostatic interactions to HS 

structures and begin accumulating within the cells. Furthermore, this act of 

“metalloshielding” may also prevent HS-binding of the virus to the cell surface (Amine 

Ourahmane, personal communication, unpublished data).  

 

HS-mimetics have also been reported to display anti-viral activity against HS-

binding viruses such as RSV, HIV-1 etc., due to their inability to attach to host cells. PPS, 

PI-88, suramin and PG545 have been shown to antagonise HS-binding viruses from 

attaching to cell bound HSPGs, by acting as an alternate “HS ligand” for these viruses 

[307]. Two decades ago, an in-vitro study reported the inhibitory effect of PPS on HIV-

1. PPS was demonstrated to be the most potent in selectively inhibiting viral adsorption 

to MT-4 cells, amongst other sulfated poly/oligo saccharides [308]. More recently, it was 

found that the highly sulfated; PPS, suramin and PI-88 had variable anti-viral effects on 

DENV, JEV, WNV, Murray Valley encephalitis virus and/or HIV-1 in-vitro [307, 309]. 

However, only PI-88 showed treatment efficacy in-vivo for DENV, JE, WNV and Murray 

Valley encephalitis virus [307]. Suramin has also been reported to exert anti-viral effects 

on CHIKVD mice, in addition to causing a reduction in clinical disease and foot pad 

swelling [310].  

 

PI-88 has also been reported as a weak inhibitor of HSV-1 and HSV-2 infection 

by inhibiting cell-cell spread of HSV-1 and HSV- 2, and viral attachment to target cells 

[311]. Although, PI-88 was only a weak inhibitor of both HSV-1 and HSV-2, the 

modification of the sulfated oligosaccharide with a highly lipophilic cholestanol group to 

PG545, efficiently inhibited HSV infection of cells [312]. PG545 is a small-

immunomodulatory agent that activates DC and NK cells in the presence of CD11c+ DC, 

IL-12 and TLR9 and is currently in a phase I clinical study for the treatment of advanced 

malignant tumours [313]. Interestingly, PG545 also impeded cell-to-cell transmission and 
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specifically targeted the viral particles in preference to the host cell. Therefore, it can be 

elucidated that PG545 showed anti-viral activity by interfering with the viral attachment 

and disrupting the viral lipid envelope [312, 314], and thus, PG545 was virucidal 

(particle-disrupting) in-vivo, in HSV-2 infected mice [312]. Similarly, PG545 was also 

efficient in reducing RSV viral titres [315]. The RSV study reported that the anti-viral 

activity, via virus neutralisation, was seen in conjunction with partial inhibition of viral 

attachment to target cells [315]. Although a library screen study of lipophile-conjugated 

sulfated tetrasaccharides (like PG545) also demonstrated anti-viral activity against HIV-

1 (CCR5 and dual-tropic CCR5/CXCR4) clinical isolates, and inactivated the viral 

particles, the anti-viral effects reported by sulfated oligosaccharides were largely5 viral 

and compound specific. For example, the more sulfated HS-mimetics were more potent 

in DENV inhibition, while amphiphilic sulfated PG545-like compounds were more 

efficient in direct viral particle targeting for HSV-1 and -2 infections [307, 312]. Overall, 

these studies demonstrate the huge potential of HS-mimetics in influencing HS-binding 

viruses to prevent and possibly treat viral infection. 

 

1.9 Significance and Aims  

 
This project first investigated the role of human chondrocytes in RRV infection, 

that has never been previously characterised. Next the project also focused on the roles 

of both glycotheraupeutics (PG545) and metal-based complexes (PPCs) which 

influence and modulate HS functions in arthritogenic alphaviral infections. As 

mentioned above, many viruses including RRV can initiate viral entry/attachment using 

HSPGs on host cell membranes [316-318]. As such, these HS-binding viruses have also 

been reported to be susceptible to treatments with HS-mimetics. RRV can be adapted 

to bind HS, by a single amino acid substitution. Additionally, RRV has also been 

reported to utilise the α1β1 integrin collagen receptor (HS-containing structure) as a co-

receptor. Suggesting that HS-mediated viral entry is a promising therapeutic target. 

As blocking RRV binding and entry into host cells could shed theoretical and practical 

advances in the complex process of RRV entry into host cell. Additionally, therapeutics 

targeting at viral entry event can also result in potent inhibition of viral replication, 

which could render a promising clinical outcome for disease severity. Yet, the 

therapeutic potential of HS-modulating compounds to arthritogenic alphaviruses has 

not been fully explored in arthritogenic alphaviruses. Information derived from this 
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thesis could identify a new class of anti-viral compounds that specifically target 

arthritogenic alphaviruses. Furthermore, it can also develop our understanding of the 

alphavirus host/pathogen interplay of factors which may initiate successful infection in 

host organisms.  

 

The overall objective of this study was to evaluate human chondrocyte pathology to 

RRV infection and to determine the roles of HS-modulating compounds in arthritogenic 

alphaviral diseases and infection. 

 

Aim 1: Determine if human chondrocytes are a potential 

source for RRV infection.  

 

The potential of RRV to infect chondrocytes in-vitro was investigated by evaluating the 

permissibility of human donor derived primary chondrocytes to the virus. RRV 

infection was evaluated in four different types of chondrocyte models and over a time 

course of 0 dpi to 14 dpi to determine peak infectivity. 

 

Aim 2: Identify the role of HS-modulating compounds such as 

PG545, 4-deOXY and PPCs in arthritogenic viral infections.  

 

IC50 assays were done to first determine compound-virus interactions and effects in 

viral entry/infectivity. Thereafter, binding assays such as SPR and ITC were done to 

determine the kinetics/enthalpy of reaction between compounds and whole viruses to 

detect efficient, tight binding. 

 

Aim 3: Determine if the prolonged treatment of the antiviral 

HS-modulating candidate, PG545 can shorten clinical disease 

in RRVD mice.  

 

C57BL/6 mice were infected with RRV and treated with PG545 in either dual standard 

or triple prolonged doses. Mice were scored daily to determine disease progression. 
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Joints and muscles were also examined for signs of arthritis or cartilage damage. Signs 

of drug toxicity of treated (both infected and mock) mice were determined through 

blood chemistry and histopathology analyses of liver and spleen tissues. 
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Chapter 2: Chondrocytes Contribute to Alphaviral Disease 

Pathogenesis as a Source of Virus Replication and Soluble 

Factor Production 

Preface 
This chapter was published as an original article in the journal “Viruses”.  In this study, 

we demonstrated: 

• The localisation of RRV genomic material in the joint cartilage of mice at

disease onset (5dpi).

• Permissibility and replication of human primary chondrocytes to RRV

infection.

• High expression levels of pro-inflammatory host factors and matrix

degrading proteases during RRV infection of human primary

chondrocytes and skeletal muscle cells.

• Overall, this study confirmed the pathological role of chondrocytes during

arthritogenic alphavirus infection.
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Human arthritogenic alphavirus infection results in a range of clinical manifestations, both 

acute and chronic phases of disease. Patients have debilitating movement impairment that 

ranges from symmetrical joint swelling of the peripheral joints in addition to limb arthralgia 

and myalgia [5]. Increasingly, multiple murine studies have also identified the pathological 

effects of arthritogenic alphavirus infections on the skeletal system, including thinning of 

cartilage and bone [6,7]. Recently, our laboratory reported substantial cartilage erosion with 

elevation of cartilage degrading matrix enzymes, such as a disintegrin and metalloproteinase 

with thrombospondin motifs 5 (ADAMTS5) in the joints of RRV-infected mice during peak 

disease. This was the first report showing that arthritogenic RRV infection influences cartilage 

breakdown in an ongoing infection [8]; however, the cellular source of these factors is largely 

unknown. 

 

To further examine the relationship between alphaviral infections and cartilage 

breakdown, we analysed the joints of RRV-infected mice to identify which cell types are 

permissive to RRV infection. To relate this to the human condition, we further evaluated the 

permissibility of primary human chondrocyte and skeletal muscle cells to RRV and assessed 

the host cell responses to infection in these cell types. 

 

2. Materials and Methods 
 

2.1. Virus 

Stocks of the RRV T48 strain were generated using an infectious clone containing the full-

length sequence of T48 (a kind gift from Richard Kuhn, Purdue University), as described 

elsewhere [9]. Briefly, the plasmid pRR64 was linearised by SacI restriction enzyme digestion, 

followed by in vitro transcription using SP6 RNA polymerase and electroporation of the RNA 

into Vero cells for infectious virus production. Virus titers were quantified by plaque assay 

using Vero cells. 

2.2. Mice and Histology 

C57BL/6 wild-type mice obtained from the Animal Resources Centre (ARC) were 

infected subcutaneously in the thorax with 104 plaque-forming units (PFU) of RRV or mock-

infected with phosphate buffered saline (PBS). All animal experiments were conducted in strict 

accordance with the Griffith University Animal Ethics guidelines defined by Animal Ethics 

Committee (GLY/04/15; started 22 August 2015). Mice were monitored daily, weighed, and 

clinically scored for disease signs as described previously [8]. At Day 5 post-infection, mice 

were sacrificed, ankle  joints were collected and decalcified in 14% ethylenediaminetetraacetic 

acid (EDTA) prepared with diethylpyrocarbonate (DEPC)-treated MilliQ water over a period 

of 7 days and fixed for 3 days in 4% paraformaldehyde (PFA). 

 

Paraffin-embedded sections were cut (5 µm thick), deparaffinised using xylene and 

rehydrated 
through a series of alcohol washes (100%, 90%, and 70% ethanol). The tissue sections were 

permeabilised with Proteinase K for 20 min at room temperature, followed by incubation in 

prehybridisation buffer containing saline sodium citrate (SSC) and deionised formamide for 

30 min at 37 ◦C. Subsequently, the tissue sections were incubated with hybridisation buffer 

containing a digoxygenin (DIG)-labelled riboprobe complementary to the conserved region of 

RRV structural envelope 2 protein (E2) for 24 h in a humidified chamber at 37 ◦C. After several 

washes with TBS-T (Tris-buffered saline with Tween 20), the slides were blocked using anti-

mouse Fab antibody for   30 min and washed with TBS-T. Slides were treated with 2% hydrogen 

peroxide to block endogenous peroxidase activity. After a blocking step, the slides were 

incubated with anti-DIG-horseradish peroxidase (HRP) antibody for 30 min and washed with 

TBS-T. Tyramide signal amplification (TSA®) was performed to enhance the signal using 
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tyramide reagents conjugated to fluorophores. Tyramide-FITC was used to amplify the signal 

from the anti-DIG-HRP antibody. 

The slides were washed with TBS-T to remove unbound tyramide reagent, blocked, 

probed for type II collagen using rabbit anti-type II collagen antibody, and detected using anti-

rabbit-HRP antibody with tyramide-Cy3. This was repeated in a similar manner for the 

detection of β-tubulin 

using tyramide-Cy5. The tissue sections were stained using 4t,6-diamidino-2-phenylindole 
(DAPI), washed with TBS-T and mounted using fluorescence mounting media. To rule out non-
specific RNA probe binding, a negative control probe of similar size was designed using the 
sequence of dengue virus serotype 2 strain (DENV-2/SG/D2Y98P-PP1/2009; Genbank 
JF327392.1) to demonstrate the specificity of the RRV E2 probe. 

Images were captured using a DeltaVision/Olympus IX70 microscope system (Applied 

Precision, Issaquah, WA, USA) and analysed using ImageJ software (version 1.51s, National 

Institutes of Health, Bethesda, MD, USA). The intensity of the fluorescein isothiocyanate (FITC) 

signal was quantified by measuring the integrated density of the chondrocyte cells in the tissue 

section. Regions of equal size were used for the quantification, and 5 regions each were 

measured in 2 different image views per sample. 

2.3. Primary Cell Cultures and Infection 

Primary human chondrocyte and skeletal muscle cells (Clonetics, Lonza, Walkersville, 

MD, USA) were cultured in 12-well plates. Chondrocytes were differentiated according to the 

manufacturer’s instructions, and cells were then infected with RRV at a multiplicity of infection 

(MOI) of 1.0 for 1 h at 37 ◦C. The virus innoculum was removed, and cell monolayers were 

washed once with PBS. After the addition of 1 mL of maintenance media to each well, the cells 

were further incubated at 37 ◦C. Cell culture supernatants were collected at time-points 0, 6, 

12, 24, 36, and 48 h post-infection (h.p.i.), clarified by benchtop centrifugation to remove 

cellular debris and used for the determination of virus titer via plaque assay. Total RNA was 

extracted from the cells at each time-point using TRIzol reagent (Life Technologies, Waltham, 

MA, USA) according to manufacturer’s instructions and used for gene expression analysis by 

real-time PCR. Samples collected from triplicate wells were used for the analysis. Primary 

human chondrocyte cells used for all experiments were re-differentiated for 7 days prior to virus 

infection. The re-differentiated chondrocyte cells were cultured on cover slips, washed 3× with 

PBS, and fixed using 4% PFA in PBS. After washing 3× with PBS and blocking with 1% bovine 

serum albumin (BSA) in PBS, the cells were characterised for type II collagen expression using 

rabbit anti-type II collagen antibody. The cells were subsequently washed 3× using PBS and 

incubated with anti-rabbit-HRP antibody. Positive signal was detected using 3,3t-

diaminobenzidine (DAB) substrate. 

2.4. Gene Expression Analysis by qPCR 

The isolated total RNA (1 µg) was reverse-transcribed to produce cDNA using iScript 

Reverse Transcription Supermix kit (Bio-Rad, Hercules, CA, USA). Commercially available 

QuantiTect primers (Qiagen, Hilden, Germany) for IL-6, monocyte chemoattractant protein-1 

(MCP-1), and IL-1β were used and primer sequences for a disintegrin and metalloproteinase 

with thrombospondin motifs      4 (ADAMTS4), a disintegrin and metalloproteinase with 

thrombospondin motifs 5 (ADAMTS5), aggrecan (ACAN), type I collagen (COL1A1), type II 

collagen (COL2A1), heparanase (HPSE),  matrix metalloproteinase-3 (MMP3), matrix 

metalloproteinase-9 (MMP9), and tissue inhibitor of metalloproteinase 3 (TIMP3) genes 

obtained from existing literature (Table 1). Real-time PCR was performed using SYBR Green 

supermix (Bio-Rad). Relative gene expression was expressed as fold change in gene expression 

between mock-infected and RRV-infected samples, with threshold cycle (CT) values 

normalised using the HPRT1 housekeeping gene (QuantiTect primer, Qiagen). 
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Table 1. Primer sequences used in gene expression studies. 

Gene Primer Sequence Reference 

ADAMTS4 
F: 5t-AGG CAC TGG GCT ACT ACT AT-3t

R: 5t-GGG ATA GTG ACC ACA TTG TT-3t

ADAMTS5 
F: 5t-TAT GAC AAG TGC GGA GTA TG-3t

R: 5t-TTC AGG GCT AAA TAG GCA GT-3t

ACAN 
F: 5t-TCG AGG ACA GCG AGG CC-3t

R: 5t-TCG AGG GTG TAG CGT GTA GAG A-3t

COL1A1 
F: 5t-AGG TGC TGA TGG CTC TCC T-3t

R: 5t-GGA CCA CTT TCA CCC TTG T-3t

COL2A1 
F: 5t-ATG AGG GCG CGG TAG AGA C-3t

R: 5t-CGG CTT CCA CAC ATC CTT AT-3t

HPSE 
F: 5t-TGG ACC TGG ACT TCT TCA CC-3t

R: 5t-TTG ATT CCT TCT TGG GAT CG-3t

MMP3 
F: 5t-GAC AAA GGA TAC AAC AGG GAC CAA T-3t

R: 5t-TGA GTG AGT GAT AGA GTG GGT ACA T-3t

MMP9 
F: 5t-GCC ATT CAC GTC GTC CTT AT-3t

R: 5t-TTG ACA GCG ACA AGA AGT GG-3t

TIMP3 
F: 5t-ACG ATG GCA AGA TGT ACA CAG G-3t

R: 5t-GGA AGT AAC AAA GCA AGG CAG G-3t

[10] 

[10] 

[11] 

[12] 

[13] 

[14] 

[15] 

[16] 

[17] 

ADAMTS: a disintegrin and metalloproteinase with thrombospondin motifs; ACAN: aggrecan; COL1A1:  type  I; 
COL2A1: type II collagen; HPSE: heparanase; MMP: matrix metalloproteinase; TIMP3: tissue inhibitor of 
metalloproteinase 3. 

2.5. Bio-Plex® Multiplex Assay 

Levels of cytokines were analysed using the Bio-Plex® Multiplex Immunoassay system (Bio-Rad, 

Hercules, CA, USA). Data acquisition was done using a Luminex 200 (Bio-Rad) and analysed using 

the Bio-Plex® Manager 6.1 software (Bio-Rad). 

2.6. Statistical Analysis 

Viral titers are represented as means of triplicate samples with standard error of mean (SEM). 

Gene and protein expression data for chondrocytes and skeletal muscle cells are represented as means 

of triplicate samples with SEM and analysed by two-way ANOVA statistical analysis with 

Bonferroni’s test. Gene expression levels and FITC intensity in chondrocytes were analysed by one-way 

ANOVA followed by Dunnett’s multiple comparisons test. 

3. Results

3.1. Murine Chondrocytes Are Susceptible to RRV Infection 

Mice were infected subcutaneously with 104 PFU RRV or mock PBS controls. At Day 5 post-

infection, mice were sacrificed, and ankle joints were decalcified in 14% EDTA in DEPC-treated MilliQ 

water over a period of 7 days and fixed in 4% PFA (RNase-free). Paraffin-embedded sections (5 µm 

thick) were cut and probed with a DIG-labelled riboprobe complementary to a conserved region of 

RRV E2. RRV-positive chondrocytes were observed within the ankle joints of infected mice 

(green/FITC; Figure 1). No FITC signal was observed in mock-infected mice and for the negative 

control probe tested. As chondrocyte cells are the main cell type in cartilage tissue, type II collagen, a 

cartilage-specific marker, was used to identify the cells in this region as chondrocytes (red/Cy3; 

Figure 1). The fluorescence intensity (IntDen) was quantified using ImageJ software and the FITC 

signal from the RRV E2 probe in RRV-infected sample was deemed statistically significant (p < 0.0001) 

(Figure S1). 
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Figure 4. Soluble mediators present during Ross River virus (RRV) infection in human chondrocytes 

cells (grey) and skeletal muscle cells (white) primary cells at 0, 24, 36, and 48 h post-infection (h.p.i.). 

(A) Pro-inflammatory and (B) anti-inflammatory cytokine levels were measured using the Biorad Bio-

Plex® multiplex system. Statistical analysis was performed by two-way ANOVA statistical analysis

with Bonferroni’s test. * p < 0.05; ** p < 0.01, **** p < 0.0001. 
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4. Discussion

Chondrocytes are the main cell type found in cartilage tissue and are essential for maintaining 

the cartilaginous matrix. They are involved in not only the pathogenesis of non-inflammatory 

arthritis, such as osteoarthritis, a degenerative articular cartilage disease, but also inflammatory 

arthritis, such as rheumatoid arthritis, an autoimmune disease [18]. Interestingly, there are sporadic 

reports showing that chondrocytes are also susceptible to virus infections and play an important role 

in the related disease pathogenesis. Human cytomegalovirus (AD169 strain) was able to infect 

chondrocytes, which led to extensive cytopathic effects including cell aggregation, fusion, and lysis, 

suggesting that the related etiopathogenesis of articular diseases may involve chondrocytes [2]. 

Similarly, Rous sarcoma virus (RSV), an oncovirus that causes sarcoma in avian species, was shown to 

be able to infect chondrocytes, and this resulted in reduced type X collagen synthesis, proteoglycan, 

and calcification of the extracellular matrix, suggesting that RSV infection was able to disrupt 

chondrocytes differentiation and mineralisation [19]. Human endogenous retrovirus transcripts were 

also found in chondrocytes and cartilage from osteoarthritis patients, but their role in disease 

pathogenesis is currently unknown [20]. 

In the field of gene therapy, chondrocytes were reported to be permissive to adeno-associated virus, 

based on which a gene delivery therapy was established for articular joint disorders [21]. Though there 

are no direct reports on the role of chondrocytes in arthritogenic alphaviral-induced articular cartilage 

diseases, a study on CHIKV-infected interferon response factors 3 and 7 knockout (IRF3/7−/−)   mice 

demonstrated evidence of viral RNA present in articular cartilage, which was not identified in 

CHIKV-infected wild-type mice [22]. Additionally, earlier studies on Ross River virus disease (RRVD) 

found the presence of RRV in murine joint tissues such as the tendons, ligaments, and synovial tissue, 

but these studies do not identify chondrocytes or cartilage as a source of virus [23,24]. Many studies 

have also reported that RRV-induced inflammatory disease comprises both myositis in skeletal muscle 

and involvement of osteoclastogenesis and bone reabsorption [6,23,25–27]. Therefore, we speculate 

that RRV infection in chondrocytes could play a role in disease pathogenesis. Here, we show for the 

first time that (i) RRV is present in chondrocytes of infected wild-type mice in vivo, (ii) RRV is able to 

replicate robustly in primary human chondrocytes, and, more importantly, (iii) these infected primary 

cells secreted significant amounts of inflammatory soluble factors. Pro-inflammatory cytokines such 

as IL-1β, TNF-α, MCP-1, and IL-6 have been previously shown to contribute to the RRV-induced 

inflammation, but this is the first report indicating that chondrocytes may be a source of these factors. 

Furthermore, the upregulation of heparanase following RRV infection is a novel discovery [1–3]. 

Therefore, infected chondrocytes are likely to play important roles in RRV disease pathogenesis by 

both amplifying infection and through the production of soluble factors. Further studies are needed to 

elucidate the mechanisms of immunological processes and the potential role of chondrocytes and the 

articular cartilage in alphaviral-induced arthritis. 

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1999-4915/10/2/86/s1. 
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Chapter 3: Evaluating in-vitro chondrocyte and ex-vivo 

cartilage model systems for Ross River virus infection  

Preface 

This chapter is prepared to be published as note in the journal “Viruses”.  In this study, 

we demonstrated: 

• Both human derived high-density chondrocyte and micromass cell 

cultures were permissive to RRV-T48 infection, while human cartilage 

explant cultures could not be infected with RRV-T48 ex-vivo.   

• High-density human chondrocytes were the most susceptible to RRV-

T48 and are more representative as model systems to investigate the 

cartilage/chondrocyte damage in alphaviral diseases due to their 

phenotypic relevance to in-vivo situation. 

• RRV-infected primary human chondrocytes produced higher 

concentrations of pro-inflammatory host factors when infected in-vitro. 

• Donor variability exists in infection rates with conserved pro-

inflammatory mediators gene expression profile between donors. 

• Taken together these findings may suggest that the viral attachment and 

subsequent infection is a complex process with many layers of intricacies 

although it should be noted that the sample size is too small for any 

statistical significance. 
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Abstract: Arthritogenic alphaviruses are mosquito borne arboviruses that cause infected 13 

patients to suffer debilitating joint pain involving damage to structures such as cartilage, 14 

bone, synovium, and the surrounding muscle. We recently showed that a low-density 15 

monolayer culture system of primary human chondrocytes from a healthy donor could 16 

sustain Ross River virus (RRV) replication. These infected primary chondrocytes also 17 

mounted specific inflammatory responses against RRV-T48 in-vitro. We also evaluated 18 

if other phenotypically relevant human cartilage/chondrocyte models could establish and 19 

sustain RRV-T48 infection. Towards this, high-density, micromass and cartilage explant 20 

cultures were infected with multiplicity of infection (MOI) 1 and/or MOI 10 of RRV-21 

T48. The high-density chondrocyte model system was shown to be the most permissive 22 

to RRV-T48 infection and was chosen for all further experiments. We determined viral 23 

titre and viral load, using plaque assays and quantitative real time polymerase chain 24 

reaction (qRT-PCR), respectively. Interestingly, chondrocyte samples from two different 25 

patients using identical cellular model showed a difference in infection profile. Our 26 

findings show patient variability to RRV-T48 permissibility of chondrocyte cells. It is 27 

worthy to note that post-infection, the inflammatory mediators between the donors were 28 

very similar, despite differences in viral replication. This preliminary study demonstrates 29 

that high density cultures are more representative as model systems to investigate the 30 
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cartilage/chondrocyte damage in alphaviral diseases. Although this study also highlights 31 

the possibility of donor to donor heterogeneity, it should be noted that sample size remains 32 

small and a bigger population study needs to be included to confirm the confounding 33 

factors that may have influenced RRV-T48 infection. 34 

35 

3.1. Introduction 36 

The clinical presentations caused by the endemic alphavirus Ross River virus (RRV), 37 

remain a challenge to the Australian healthcare system. Approximately 5000 cases of 38 

RRV, the most common Australian arbovirus, occur every year, resulting in significant 39 

economic burden comprising of costs associated with diagnoses, patient treatments and 40 

overall loss of productivity [1, 2]. Over 80% of symptomatic RRV patients experience 41 

excruciating pain and inflammation in multiple joints, such as the phalanges, ankles and 42 

knees [2]. This inflammation results in gross impairment of basic motor movements and 43 

inability to perform everyday tasks. 44 

45 

Although similarities between the rheumatism of arthritogenic alphaviral infection 46 

and osteoarthritis (OA) have been widely described, only few in-vivo studies report the 47 

impact on cartilage architecture and the extracellular matrix (ECM) remodelling that 48 

occurs during infection [3, 4]. While both cartilage and the underlying subchondral bone 49 

have a role in arthritis, chondrocytes are the predominant cell type found interspersed in 50 

the proteoglycan content of the cartilage matrix on all articulating joint surfaces [5]. 51 

Therefore, chondrocytes play a significant role in protecting against arthritic related pain 52 

that results from bone on bone friction as the cartilage layer is eroded or becomes severely 53 

compromised in disease states.  54 

55 

 Commonly in joint diseases, the normal ECM homeostasis is altered where there are 56 

changes to metabolism, turnover of the synovium, subchondral bone and articular 57 

cartilage [6-8]. This joint pathology is also experienced during acute and/or chronic 58 

alphaviral infection and could be due to either direct viral replication or ongoing local 59 

inflammatory responses [9]. For example, in-vitro and in-vivo studies have demonstrated 60 

that RRV can infect osteoblasts (bone-forming cells) and produce specific host immune 61 
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responses which then switch the osteoblast phenotype to the catabolic osteoclasts (bone 62 

degrading cells) leading to progressive systemic, virally induced arthritic bone loss [10, 63 

11]. Furthermore, in the 1980’s, in-vitro studies also showed that human synovial 64 

fibroblast cells and macrophage-like cells could be persistently infected with RRV for up 65 

to five weeks [12]. Another study also showed that 16% of RRV patients had RNA 66 

present in their synovial fluid, five weeks post-onset of symptoms [13].  67 

68 

Our prior findings suggested that despite being low in cellularity and avascular, 69 

cartilage and chondrocytes were still susceptible to alphavirus infection and could act as 70 

tissue reservoirs for alphaviral infections [14, 15]. Recently, we reported cartilage damage 71 

as a feature of Ross River viral disease (RRVD) in mice and suggesting that this cartilage 72 

pathology may also be seen in human patients who suffer debilitating RRV related 73 

arthralgia [3]. We further showed that RRV RNA was detectable in the cartilage of 74 

articular joints in RRVD mice at disease onset [15]. We also demonstrated for the first 75 

time, that RRV can infect and replicate in human primary chondrocytes whilst mounting 76 

an effective host response [15]. This could therefore at a very preliminary level indicate 77 

the direct involvement of cartilage and chondrocytes in RRV mediated pathogenesis. 78 

79 

In this preliminary report, we delve further to evaluate RRV infection in different 80 

human chondrocyte/cartilage culture models, such as micromass pellets, high-density 81 

cultures and ex-vivo explant organ cultures; to identify the most clinically relevant 82 

infection model. We showed that both micromass and high-density cell culture systems 83 

supported RRV infection and produced elevated levels of virally induced inflammatory 84 

mediators. We also report donor differences in terms of RRV infection of the chondrocyte 85 

cells.  86 

87 

3.2. Materials and methods 88 

3.2.1. Virus and plaque assays 89 

Stocks of RRV-T48 were generated using an infectious clone containing the full-90 

length sequence of T48 (a kind gift from Richard Kuhn, Purdue University), as described 91 

previously [16]. RRV-T48 was first isolated suckling mouse brain inoculation for 92 

isolation and preparation of stocks. Briefly, to make infectious clone-derived virus, the 93 
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plasmid pRR64 was linearised by SacI (NEB) restriction enzyme digestion, viral RNA 94 

was then transcribed in-vitro using SP6 RNA polymerase (Thermo Fisher Scientific) and 95 

electroporated into Vero cells to produce infectious virus. Subsequent virus amplification, 96 

and viral titres were quantified by plaque assays using Vero cells as described previously 97 

[17]. Briefly, serially diluted samples were added to confluent Vero monolayers and 98 

incubated for an hour at 37˚C, 5% CO2 incubator. Then, cells were overlaid with 99 

OPTIMEM (Invitrogen) containing 1% foetal calf serum (FCS) and 1% agarose and 100 

incubated further for 48 hours at 37˚C, 5% CO2. After incubation, cells were fixed with 101 

1% formaldehyde and stained with 0.1% crystal violet (Sigma-Aldrich) for 15 min to 102 

visualise plaques [3]. Viral titres were expressed as plaque forming unit (PFU)/mL. 103 

104 

3.2.2. Primary chondrocyte cell and cartilage explant harvest, 105 

model systems used to establish RRV-T48 infection 106 

Human articular cartilage specimens were obtained from three individual consenting 107 

patients (Donor 1; Female; 60 years old; body mass index (BMI)=28.5, , Donor 2; 108 

Female; 72 years old; BMI= 38.7, Donor 3; Female; 57 years old; BMI= 22.1) 109 

undergoing hip or knee replacement at the Prince Charles Hospital or Holy Spirit North 110 

Side Private Hospital, Brisbane. Data was obtained on BMI and medication history to aid 111 

in the interpretation of results. Chondrocyte and explant discs were isolated from 112 

macroscopically normal cartilage regions of the lateral femoral condyles as previously 113 

described [18]. Human ethics application was approved by Prince Charles Hospital 114 

Human Research Ethics Committee, Holy Spirit North Side Private Hospital ethics 115 

EC00324 (#) EC00168 and from Queensland University of Technology Human Research 116 

Ethics Committee (#EC00171). Informed consent was obtained from the donors prior to 117 

commencement. 118 

To obtain uniformly cut series of cartilage explants, freshly sectioned human 119 

cartilage tissues were washed in phosphate buffered saline (PBS), then dissected into 120 

small circular blocks of 3 mm (diameter) x 1.5 mm (depth) using a biopsy punch [19]. 121 

Then each explant disc was placed into a single well of a 24-well plate with differentiation 122 

media containing serum free, high glucose Dulbecco’s modified eagle medium (DMEM) 123 

(Invitrogen), and supplements such as 1.25 mg/mL bovine serum albumin (BSA, Sigma-124 
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Aldrich), 0.1 µM dexamethasone (Sigma-Aldrich), insulin transferrin selenium (ITS) (1x) 125 

and 10 ng/mL transforming growth factor beta-3 (TGF-β3) (GroPep) to promote 126 

differentiation of chondrocytes [20]. Furthermore, explants were cultured for a minimum 127 

of 48 hours to allow for harvest related cell death to subside (Fig. 1). Explants were 128 

infected using 100,000 or 1 million PFU of RRV for 24 hours, thereafter supernatants and 129 

explants were collected at 7- dpi and 14- dpi for virus replication kinetics assays, 130 

immunohistochemistry staining to determine RRV-T48 internalisation and localisation. 131 

132 

 Chondrocytes were isolated from cartilage using pre-established methods [18, 20]. 133 

In short, excised cartilage was enzymatically digested in a mixture 0.15% collagenase 134 

type II (Worthington) and high glucose DMEM media mixture overnight [21]. Then, cells 135 

were grown in the expansion media containing low glucose DMEM, 400 µM L-proline, 136 

Eagle’s minimum essential medium non-essential amino acids (1x), 100 µM ascorbic 137 

acid, penicilin/streptomycin (1x), 10 mM HEPES, 10% FBS. After isolation, cells were 138 

centrifuged, filtered through a 70 µm cell strainer (Sigma-Aldrich) and transferred to 139 

fresh expansion media for further experiments. Only cells from passage 1 (P1) were used 140 

in all further experiments to retain in-vivo phenotypic characteristics by limiting their de-141 

differentiation.  142 

143 

To establish high-density cell cultures, expanded cells were trypsinised, counted and 144 

seeded at 200,000 cells per well into a 24-well plate (Corning) (Fig. 1). Micromass pellet 145 

cultures were achieved by pipetting 100,000 cells suspended in 50 µl of expansion media 146 

onto the centre of individual wells 24-well as a single drop (Fig. 1). Then, chondrocyte 147 

cells adhered to the well surface for 3 hours, before the media was replaced with serum 148 

free, high glucose DMEM, differentiation media and supplements as abovementioned. 149 

Additional supplements were added to the differentiation media including 1.25 mg/mL 150 

BSA, 0.1 µM dexamethasone, InsulinTransferrin-Selenium (1x, ITS) and 10 ng/mL TGF-151 

β3 to promote differentiation of chondrocytes [20]. Both the high-density and micromass 152 

chondrocyte cultures were infected with RRV-T48 for 2 hours at a multiplicity of 153 

infection (MOI) 1 or 10. Afterwards, virus inoculum was left in the wells and 500 µL of 154 

differentiation media was added. Viral kinetics and inflammatory host responses were 155 

assessed by collecting cell homogenates and supernatants at time 0 (immediately after the 156 

2-hour adsorption), 24-, 48- and 72-hours post-infection (hpi). All cell and explant157 
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cultures were incubated at 37 °C in a humidified 5% CO2 incubator for the duration of 158 

the experiment.  159 

160 

Figure 1. Graphical representation of the various chondrocyte/cartilage cell 161 

systems. Illustrations show that the complexity in the chondrocyte cellular models 162 

are positively correlated to their overall physiological relevance.  163 

164 

3.2.3 Immunohistochemistry 165 

For immunohistochemical analysis, explants were fixed in 4% (w/v) 166 

paraformaldehyde (ProSciTech) for 30 minutes, rinsed in 1X PBS and stored in 70% 167 

ethanol prior to paraffin embedding. 5µm-thick paraffin sections were cut, and heat-168 

induced epitope retrieval was performed by heating slides to 95 °C in 10 mM sodium 169 

citrate (Sigma-Aldrich), buffer, pH 6 for 25 minutes, then allowed to cool at room 170 

temperature (RT) for another 20 minutes. Slides were incubated in blocking buffer [20% 171 

goat serum (Sigma-Aldrich) in 5% BSA Tris-buffered saline, 0.1% Tween 20 (TBS/T, 172 

Sigma-Aldrich) for 30 minutes at RT to block non-specific antibody binding. Next, 173 

sections were stained with anti- CHIKV capsid antibody (anti-CP mAb 5.5G9) with 174 

mouse origin (1:20 dilution, 50-100 µl antibody per section) at 4 °C overnight in a 175 

humidified chamber. 1% BSA in Tris-buffered saline, 0.1% TBS/T was used as the 176 

diluent for all antibodies. Slides were quenched with 0.3% hydrogen peroxide (H2O2) in 177 

methanol for 20 minutes, then washed three times in TBS/T for 5 minutes with agitation. 178 



Viruses 2019 

98 

Secondary antibody staining was performed using horseradish peroxidase (HRP)-179 

conjugated goat anti-mouse IgG (Abcam) incubated for 30 minutes at room temperature, 180 

in a humidified chamber. After 3,3′-Diaminobenzidine (DAB) photoconversion (10-181 

minute incubation), the samples were washed 4 times in TBS/T buffer. Slides were 182 

counterstained with hematoxylin and imaged with the Aperio AT2 system (Leica 183 

Biosystems). 184 

185 

3.2.4. Gene expression analysis by qRT-PCR 186 

Total RNA was extracted with TRIzol reagent (Invitrogen) according to 187 

manufacturer’s protocols. Then, RNA concentrations were measured by NanoDrop ND 188 

1000 Spectrophotometer (Thermo Scientific). 1 g of each RNA sample was reverse-189 

transcribed using iScript Reverse Transcription Supermix kit (Bio-Rad). qRT-PCR was 190 

performed to quantify levels of specific pro-inflammatory (Interleukin 6; IL-6 and 191 

macrophage chemotactic protein-1; MCP-1) and matrix modulating genes (Aggrecan; 192 

ACAN and heparanase; HPSE). Commercial QuantiTect primers (Qiagen, Chadstone 193 

Centre, VIC, Australia) for IL-6, MCP-1 and HPRT1 were used while primer sequences 194 

for ACAN and HPSE genes were obtained from existing literature (Table 1) and 195 

purchased through Sigma Aldrich. The gene expression was quantified using half reaction 196 

volumes (12.5μl) of SsoAdvanced Universal SYBR Green supermix (Bio-Rad). 197 

Reactions were performed in the CFX96 Touch Real-Time PCR Detection System (Bio-198 

Rad) on 96-well plates. Cycler conditions were: (i) To activate the PCR reaction: 95°C 199 

for 15 min, for 1 cycle and then (ii) 3-step cycling: 94°C for 15 sec, followed by 55°C for 200 

30 sec and 72°C for 30 sec, for 40 cycles. Specificity of each amplified gene products 201 

were verified by dissociation curves acquired using CFX Manager software. The fold 202 

change expression levels, relative to mock time point matched samples for each gene at 203 

each time point, was calculated with the ΔΔCt method as previously described [17].  204 

205 

206 
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3.2.5. Viral load analysis by qRT-PCR 207 

Quantification of viral load in cells was done in half reaction volumes (12.5μl), using 208 

SsoAdvanced Universal Probes Supermix (Bio-rad) to detect the nsP3 region of the 209 

infectious clone T-48 RNA. Specific RRV probe and primers were also used for the 210 

reaction (Table 1) [22]. qRT-PCR was performed on the CFX96 Touch Real-Time PCR 211 

Detection System. Cycler conditions were set at: (i) PCR activation: 95°C for 3 min, at 1 212 

cycle and (ii) 2-step cycling: 95°C for 15 sec, then at 60°C for 45 sec, for 45 cycles. Copy 213 

numbers of the amplified products (viral load) were extrapolated from the standard curve 214 

that was plotted through serially diluted RRV-T48 infectious plasmid, using Prism 215 

Graphpad Version 6 software [23].  216 

217 

Table 1. Primer and probe sequences for gene expression. 218 

Gene Primer sequence Reference 

ACAN 
F: 5’- TCG AGG ACA GCG AGG CC -3’ 

R: 5’- TCG AGG GTG TAG CGT GTA GAG A -3’ 
[24] 

HPSE 
F: 5’- TGG ACC TGG ACT TCT TCA CC -3’ 

R: 5’- TTG ATT CCT TCT TGG GAT CG -3’ 
[25] 

Specific 

probe 
  5’- ATT AAG AGT GTA GCC ATC C-3’ [22] 

RRV-T48 

Nsp3 

F: 5’- CCG TGG CGG GTA TTA TCA AT-3’ 

R: 5’- AAC ACT CCC GTC GAC AAC AGA-3’ [22] 

219 

3.2.6. 27-Plex Human Cytokine Immunoassay 220 

The protein levels of 27 pro-inflammatory proteins, were measured from high density 221 

chondrocyte cellular model using the 27 -Plex Human Cytokine Immunoassay system 222 

(Bio-Rad, Cat No: M500KCAFoY) according to manufacturer’s instructions. Briefly, 223 

samples were incubated with antibody containing beads for 60 min prior to incubation 224 
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with a detection antibody for 30 min. Then samples were incubated with streptavidin for 225 

10 min before, washing and were resuspended and vortexed prior to fluorescent 226 

measurement on a Bio-Plex® 200 system (Bio-Rad). Data was acquired with the Luminex 227 

200 (Bio-Rad), analysed and standard curves were generated using the Bio-Rad Bio-Plex 228 

Manager v 6.1 software [26]. Concentrations of secreted cytokines were expressed as 229 

pg/mL of protein.  230 

231 

3.2.7. Statistical analysis 232 

Viral titres and viral loads were represented as means of triplicate samples using two-233 

way ANOVA with Bonferroni's post-test. Relative gene expression (fold change) and 234 

protein expression data between the groups, time points and MOIs were reported as means 235 

of duplicate or triplicate samples and analysed by one-way ANOVA with Tukey post-236 

test. All data values are presented as standard error of the mean (SEM). All statistics were 237 

performed with GraphPad Prism 6.0, and P values of <0.05 (*), <0.01 (**), <0.001 (***), 238 

and <0.0001 (****) were considered statistically significant.  239 

240 

3.3 Results 241 

3.3.1. RRV infects both human primary chondrocyte cells 242 

grown at high-density or as micromass cultures but not 243 

explant cultures. 244 

Cartilage from Donor 1 was used to culture explants and infected with RRV-T48 then 245 

harvested at 7- and 14- day post-infection (Fig 2A and B). In addition, Donor 2 derived 246 

cartilage was enzymatically digested and plated as either micromass cultures (Fig 2C) or 247 

high-density chondrocyte cell cultures (Fig 2D), differentiated by both cell densities and 248 

surface area coverage on tissue culture plates. After 24-hours post-infection, at MOI 1, 249 

the high-density cell culture showed significantly greater viral replication (Fig 2E) and 250 

viral load (Fig 2F) relative to the micromass cultures whereas at MOI 10, only viral 251 

replication was significantly greater. Although, the levels of viral loads were not 252 



Viruses 2019 

101 

significant at MOI 10, the data suggests that both MOIs offer a similar trend of infection. 253 

Further, the supernatant harvested from the infected explant cultures showed very poor 254 

viral replication by plaque assay, (data not shown). We used an anti-CP mAb 5.5G9 that 255 

is known to cross-react with the RRV-T48 capsid to investigate if the virus had entered 256 

into the explant tissue [27]. No evidence of RRV invasion was detected at either day 7-257 

or day 14-post-infection (Fig 2A and B). Consistently, the immunohistochemistry 258 

supported the viral replication data produced in plaque assays and suggest that the explant 259 

model is refractive to RRV infection. Thus, the high-density primary chondrocytes 260 

cultures were chosen for all further experiments. However, it should be noted that sample 261 

size was too small for any conclusive observations and further replicates need to be 262 

conducted.  263 

264 

265 

266 
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268 

269 

270 

271 
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287 

288 

Figure 2. Human high-density and micromass grown primary chondrocyte cells 289 

were susceptible to RRV infection, while ex-vivo human cartilage explants did 290 

not show any successful infection. IHC images of (A) 7 dpi and (B) 14 dpi human 291 

cartilage explants, stained negatively, for the presence of RRV capsid protein. RRV 292 

infected mouse quadricep tissue sections were selected as positive controls to show 293 

capsid antibody staining (brown regions). C-D) Phase-contrast microscopy images 294 

of chondrocyte cells grown in either (C) micromass cultures or (D) high-density cell 295 

cultures. E-F) Viral replication and load, were quantified in micromass and high-296 

density cultures 48 hpi at MOI 1 and MOI 10. (E) Viral replication measured by 297 
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plaque assays (PFU/mL) and (F) viral load was quantified by qRT-PCR using 298 

primers specific for the nsP3 region of RRV. Data are represented as means of n=2-299 

3, *p<0.05, one-way ANOVA Tukey’s post-test. Images were captured at 10x 300 

magnifications, scale bar at 100 µm or 200 µm. 301 

302 

3.3.2. RRV-infected primary human chondrocytes 303 

produced higher concentrations of pro-inflammatory host 304 

factors when infected in-vitro. 305 

To confirm the protein levels of soluble host factors produced in RRV-infected 306 

chondrocytes, 27-Plex Human Cytokine Immunoassay was used. The 27 panel was 307 

used to investigate pro-inflammatory cytokine secretion levels in the supernatants of 308 

RRV infected primary high-density chondrocyte cultures (Fig 3). Our results show 309 

that at MOI 10, there was elevated protein levels of pro-inflammatory host factors 310 

often associated with classical viral infections such as IFN-γ, IL-6, IL-8, MCP-1, IP-311 

10 and RANTES compared to mock controls. These host factors were more 312 

pronounced at MOI 10 and on the peak infection (48 hpi). Furthermore, we also show 313 

that IL-12 and VEGF were increased at 24 hpi at MOI 10. 314 

315 

316 

317 

318 

319 

320 

321 

322 

323 
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324 

Figure 3. RRV-infected primary human chondrocytes produced higher 325 

concentrations of pro-inflammatory host factors compared to uninfected 326 

samples. Soluble host factors present during RRV-T48 infection of MOI 1 or MOI 327 

10 of high-density primary human chondrocyte cultures at 24 hpi (empty bars) and 328 

48 hpi (solid bars). Inflammatory cytokine levels were measured using the 27-Plex 329 

Human Cytokine Immunoassay as per manufacturer’s instructions. ND; not detected, 330 

IP-10; Interferon gamma-induced protein 10, IFN- ;Interferon gamma, VEGF; 331 

Vascular endothelial growth factor, IL-1Rα; interleukin-1 receptor antagonist, IL-6; 332 

Interleukin 6, IL-8; Interleukin 8, IL-12; Interleukin 12, MCP-1; Monocyte 333 

Chemoattractant Protein-, RANTES; Regulated on Activation, Normal T Cell 334 

Expressed and Secreted. All data were in replicates of n=1-3. 335 
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3.3. Donor variability in infection rates with conserved gene 336 

expression profile between donors. 337 

To assess the impact of RRV-T48 infection and gene expression between the donors, 338 

high-density cultures of chondrocytes were seeded then infected for 2 hours. 339 

Subsequently, viral kinetics, viral load and relative gene expression profiles of both 340 

inflammatory soluble host factors and extracellular matrix components were measured by 341 

plaque assays (supernatant) and/or qRT-PCR (cells). Closer examination revealed that 342 

there was a notable difference in the infection kinetics and viral loads between Donor 2 343 

and Donor 3. Although, peak viral infection remained the same between both donors at 344 

48 hpi (Fig. 4A-B). Productive viral replication appeared to be dampened in supernatants 345 

that were derived from Donor 2 at peak infection at 48hpi (Fig. 4A). Supernatants from 346 

both donors showed a steady reduction in viral titres by 72 hpi (Fig. 4A). Both the viral 347 

titres and RRV-T48 nsP3 expression values were consistently lower for Donor 2 348 

compared to Donor 3 (Fig. 4A-B). Although significant differences in both viral 349 

replication and viral loads exist between the donors, their viral related inflammatory gene 350 

expressions shared similar patterns, where IL-6, MCP-1, HPSE genes were up-regulated 351 

in both donors (Fig. 4C-D, F). Aggrecan was found to be down-regulated at peak infection 352 

time points (48 hpi). Furthermore, it was also interesting to note that Donor 2 also had a 353 

statistically significant reduction in aggrecan compared to Donor 3 from the start at 0 hpi 354 

(Fig. 4E).  355 
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356 

Figure 4. Donor variability in infection rates with conserved gene expression 357 

profile between donors. Primary human chondrocytes grown as high-density 358 

cultures were infected with RRV-T48 at MOI 1. Supernatants and cells were 359 

harvested at 0 hpi, 48 hpi and 72 hpi time points for plaque assays and RNA 360 

extraction respectively. The relative transcriptional profile of inflammatory 361 
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mediators (C-D) and extracellular matrix factors (E-F) were determined by qRT-362 

PCR. All fold change data were normalised to HPRT-1 (housekeeping) and shown 363 

as fold expression relative to time point matched mock-infected group to infected 364 

group and presented as mean ± SEM triplicates per group. Further gene expressions 365 

were *p<0.05; **p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA, Tukey’s 366 

post-test. 367 

368 

3.4. Discussion 369 

In this study, we examined the permissibility of RRV-T48 on various type of 370 

cartilage/ chondrocyte models and found that the high-density chondrocyte cultures were 371 

most susceptible to RRV-T48 replication and infection while explants remained 372 

uninfected. The lack of infection of the cartilage explants, highlights the complex role of 373 

viral spread and cartilage components in initiating and subsequently maintaining 374 

alphaviral infection. Cartilage is avascular therefore RRV-T48 spread to the chondrocytes 375 

is not through the blood supply [28]. This suggests that there could be other co-structures 376 

found within the joint capsule such as the synovial fibroblasts, resident macrophages and 377 

even synovial fluid that may have a crucial role in initiating viral arthritis.  378 

379 

Once we confirmed that monolayer chondrocytes were permissive to RRV-T48 380 

infection as shown in earlier studies, we focussed our research premise looking at other 381 

physiologically relevant in-vitro models to investigate RRV-T48 infectivity and related 382 

host response. Although, primary chondrocytes grown in monolayers are an informative 383 

culture model for RRV-T48 infection studies, multiple passages often cause the cells to 384 

de-differentiate and shift to a fibroblastic morphology [29, 30]. However, studies show 385 

that culturing chondrocytes in high-density or as micromass pellets promotes their 386 

intrinsic phenotype such as their rounded morphology, surface marker expression patterns 387 

and extracellular matrix synthesis [31, 32]. Similarly, characterising the RRV-T48 388 

infection ex-vivo, in cartilage explants was also advantageous due to their retention of the 389 

ECM, surrounding cytoarchitecture and cellular function. The ex-vivo application will 390 
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also fill the gaps between infected cultures of deconstructed single cell systems and the 391 

in-vivo standpoint of RRVD patients. They enable a very human specific pre-clinical 392 

efficacy study that may also have the potential to allow personalised drug efficacy testing 393 

on individual patient cells and tissues [33]. Moreover, explant cultures allow for the 394 

validation of therapeutics which specifically target human host proteins to be tested in 395 

human host model and provide relevant human specific information on tissue 396 

inflammatory responses. 397 

398 

Unfortunately, for the duration of our study, we were unable to successfully infect 399 

the cartilage explants with RRV-T48, but we report productive RRV-T48 infection in 400 

both the high-density and micromass pellet cultures. The failure to infect our explant 401 

cultures could also be contributed to the dense ECM content of aggregated proteoglycans 402 

present within the cartilage explant may have impeded RRV-T48 access, entry and 403 

subsequent replication. For example, oncolytic herpes virus and Semliki Forest virus 404 

(SFV) was also inundated with similar viral impediments when in contact with the tumour 405 

matrix [34, 35]. The composition of tumour-microenvironment is dense, similar to the 406 

cartilage matrix, comprising of collagens, laminins, fibronectins, proteoglycans, 407 

hyaluronan and water, forming a dense matrix around and between the cancer cells [36]. 408 

Larger viruses which passively diffuse do not fit through ECM collagen strands such as 409 

the 100 nm oncolytic herpes virus [34]. Furthermore, even smaller 60 nm arthritogenic 410 

alphavirus, SFV has been shown to be unable to cross the physical barrier of the ECM for 411 

viral infection and spread, even when directly injected into the tumour [35]. Thus, it is 412 

possible that in the ex-vivo explants RRV-T48 was unable to access the isolated 413 

chondrocytes within the lacuna. In-vivo, the presence of fibroblasts and synovicytes 414 

which have been shown to be permissive to alphaviral infection, may function as viral 415 

amplifiers and producers of inflammatory factors and enzymes which may weaken the 416 

cartilage matrix making it susceptible to subsequent RRV-T48 infection. Moreover, the 417 

constant movement of the synovial joints may further facilitate infection and spread of 418 

virus in the joint parenchyma.  419 

420 
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It is noteworthy that although both the micromass and high-density cell systems 421 

could be infected. We noted that the high-density cell culture model was far more 422 

susceptible to the infection. Although MOI was used to measure virus input across both 423 

cell cultures, assumptions have been made regarding the population of cells, that they are 424 

homogenous and that there is equal free mixing of the virions to the cells in both the 425 

cellular systems. Moreover, Figure 1 also highlights the complexity in structure of the 426 

micromass cellular systems. Other studies have also reported micromass cell cultures to 427 

synthesize matrix proteins and all these conditions in turn, could have impeded virion 428 

accessibility to individual cells and thereby reduce infectivity [37].  429 

430 

The successful RRV-T48 infection with the high-density chondrocyte cells also 431 

showed elevated levels of IFNϒ, IL-6, IL-8, MCP-1, RANTES and IP-10 secreted 432 

compared to the non-infected cells. Murine and human studies have routinely reported 433 

the elevation of these host factors during alphaviral infection [17, 38-41]. Serum levels 434 

of IL-6 is also a predictor of OA related cartilage loss, while MCP-1 has been linked to 435 

OA severity [42, 43]. MCP-1, RANTES, IP-10, IL-6 and IL-8 have also been reported to 436 

be involved in the inflammatory events and/or joint damage of RA and have been reported 437 

to be elevated in plasma and synovial fluid of patients [44, 45]. Interestingly, IFN-ϒ has 438 

been reported to be protective in inhibiting metalloproteinases-13 (MMP-13) in OA, 439 

which otherwise cleaves type-II collagen [46]. Recently a study also discovered that 440 

HPSE in OA cartilage causes catabolic changes in the primary human chondrocytes [47]. 441 

Thus, this study supports our discovery that RRV-T48 infection causes the up-regulation 442 

of HPSE and it can then be inferred that RRV-T48 infection causes a catabolic shift of 443 

the chondrocytes. 444 

445 

When evaluating host responses and viral infection profile to RRV infection, 446 

variability in infection responses were also found between the different donor samples. 447 

Although, both patients were undergoing knee replacement surgeries, they had different 448 

BMI profiles [Donor 1 BMI > 38.2 (class II obesity; bordering on Class III obesity- 449 

highest level) vs Donor 2 BMI <22.1 (normal weight)]. These results raise the possibility 450 

that BMI may affect infection susceptibility. Moreover, the heavier weight of Donor 2 451 
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may have caused mechanical injury to the cartilage, where certain zones may have eroded 452 

from impact. Chondrocytes within the cartilage exist as different subpopulations 453 

dependent on the depths of the zonal layer such as the superficial, middle and deep layers. 454 

Studies have also published that different cartilage zones vary in their in-matrix structure 455 

and cell phenotype in addition to their metabolic activities. Moreover, the expression of 456 

cell surface receptors for RRV entry and attachment on chondrocytes may also be 457 

differentially distributed or expressed between the donors. For example, in a live measles-458 

mumps-rubella vaccination study, multiple single nucleotide polymorphism (SNP) from 459 

genes involved in cell adhesion, viral entry and attachment between subjects was noted 460 

to play a role in modulating the immune responses variably between text subjects [48].  461 

462 

Thus, these variables may have contributed to the decreased infectivity seen in Donor 463 

2 derived chondrocytes [49]. Our data also shows that Donor 2 had lower gene expression 464 

baseline levels of aggrecan at 0 hpi. This suggests that matrix dysregulation and 465 

compromise were present in the chondrocytes irrespective of RRV-infection. This finding 466 

also agrees with human studies, where aggrecan was either degraded adjacently from the 467 

eroded articular cartilage of OA patients or overall was low in synthesis in human OA 468 

samples [50, 51]. Thus, BMI may be one of the many host variables that could affect 469 

disease pathology.  470 

471 

Overall our preliminary data highlights that the high-density infection model, 472 

provides a physiologically relevant in-vitro model that can be widely used to characterise 473 

RRV infection of chondrocytes. Our study also raises that possibility that there could be 474 

host differences on the infectability of chondrocyte cells. Whether this is due to the loss 475 

of certain chondrocytes from cartilage zones from erosion, or due to the different 476 

distribution and/or expression patterns between the donors, in certain cell surface 477 

receptors that the virus uses to attach itself to remains yet to be elucidated. Future studies 478 

should expand sample numbers to increase the power of the study as well as perform co-479 

culture experiments to dissect the mechanism of in-vivo infection of chondrocytes with 480 

in the cartilage matrix. 481 
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Chapter 4: The Role of Charged Heparan Sulfate Modulating 

Compounds in Viral Entry of Arthritogenic Alphaviral 

Infections 

Preface 

This chapter is prepared to be published as a letter in the journal “ACS Infectious 

Diseases”. In this study, we demonstrated: 

• The anti-RRV activity of Polynuclear Platinum Complexes (PPCs) is

correlated to overall compound charge and Pt atoms, where highly

positively charged TriplatinNC (3 Pt atoms) showed the greatest anti-

RRV activity.

• TriplatinNC binds to RRV-T48, BFV-BH2193, ESCA CHIKV, Asian

CHIKV with greater affinity than PG545

• Weak anti-RRV activity was also noted of compound, 4-Deoxy-GlcNAc

(targets HS biosynthesis) when treated on vero cells

• Taken together this study explores the ability of unique HS-modulating

compounds such as PPCs, 4-deoxy-GlcNAc or HS-mimetics like PG545,

to prevent alphavirus attachment and entry. These unique compounds have

a very distinct response at the cellular level, and therefore may provide a

targeted treatment approach for HS-binding viruses.
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Abstract: Annually, Australian alphaviruses such as Ross River virus (RRV) and20 

Barmah Forest virus (BFV) cause thousands of cases of viral-induced arthritis. The viral 21 

arthritis is self-limiting and extremely incapacitating, with patients experiencing severe 22 

joint and muscle pain. There are currently are no vaccines or specific anti-viral drugs 23 

available. Despite evidence that heparan sulfate (HS)-mimetics, are effective against 24 

arthritogenic alphaviruses (e.g. Suramin for chikungunya viral disease; CHIKVD, 25 

Pentosan polysufate; PPS for Ross River viral disease; RRVD), no further research has 26 

been undertaken to examine the roles of other HS-mimetics or HS-modulating 27 

compounds on alphavirus infection. Thus, this study investigated the ability of HS- 28 

modulating compounds to reduce alphaviral arthritis. The results revealed that the highly 29 

charged polynuclear platinum complex (PPC) TriplatinNC, exhibited significant anti-30 

viral actions against RRV-T48 (IC50 < 1µM). Surface plasmon resonance (SPR) and 31 

isothermal titration calorimetry (ITC) binding assays revealed that both TriplatinNC and 32 

the HS-mimetic PG545 could exert anti-viral activity through strong binding to RRV-33 

T48, BFV-BH2193, and East-Central-South African (ESCA) and Asian lineages of 34 

CHIKV. Overall, this study highlights the possibility that HS-modulating compounds 35 

could impede arthritogenic infection through direct and/or indirect interactions with 36 

virions or suspected virion binding sites. This complex and dynamic interplay deserves 37 
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further investigation in describing the entry events that may occur when an arthritogenic 38 

infection is initiated on receptive host/target cells. 39 

Keywords: TriplatinNC; PG545; RRV; BFV; arthritogenic alphavirus; HS-mimetic; 40 

HS-modulating; viral entry; SPR. 41 

4.1 Introduction 42 

Ross River virus (RRV), Barmah Forest virus (BFV) and chikungunya virus 43 

(CHIKV) are positive sense, single-stranded, RNA viruses that are members of the 44 

alphavirus genus in the Togaviridae family [1]. Although detailed entry events remain to 45 

be elucidated, it is well known that positively charged residues on the E2 viral protein 46 

allow for attachment to negatively charged glycosaminoglycans (GAGs) [2-6]. 47 

Glycosaminoglycans (GAGs) such as heparan sulfate (HS), chondroitin sulfate (CS), 48 

dermatan sulfate (DS) and keratan sulfate (KS), are engineered from repeating 49 

disaccharides units and are covalently attached to proteoglycans (protein) cores [7]. 50 

Furthermore, GAGs are found ubiquitously expressed on cell surfaces, basement 51 

membranes and the surrounding extracellular matrix (ECM) of cells [8]. They are also 52 

heterogenous anchors that contain post-translational modifications (carboxyl and sulfate 53 

groups) which are responsible for their overall polyanionic charge [8]. Recent studies 54 

show that alphavirus entry is mediated by viral interactions with specific cellular 55 

receptors such as HS proteoglycans (HSPGs) and collagen IV-binding integrin, α1β1 in 56 

BHK cells, fibroblasts and HeLa cells [9, 10]. An Adenovirus study recently 57 

demonstrated that HSPGs were responsible for virus particle attachment to the cell 58 

surface which then sequentially lead to an interaction with integrin that triggered 59 

internalisation [11]. Similarly, other alphavirus studies utilising Sindbis virus (SINV) also 60 

report that while HS enables viral attachment to host cells a cellular receptor such as 61 

laminin is still required for following viral entry [5,10,12]. Furthermore, GAGs, laminin 62 

and their transmembrane receptors (integrin) have all been reported to be cellular 63 

attachment receptors or co-receptors for numerous viruses [13-15]. Integrins are 64 

heterodimers consisting of alpha and beta subunits which mediate interactions between 65 

the ECM and cells, as well as between cells [16]. 66 

67 

HSPGs have many diverse roles [17]. For example, they interact with both pro-68 

angiogenic growth factors and cytokines to activate angiogenesis [18]. In addition, 69 
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HSPGs also have a vital role as pathogen attachment receptors [17, 19]. Many viruses use 70 

HSPGs as either their primary receptors or co-receptors, including herpes simplex virus, 71 

adenovirus, respiratory syncytial virus, human papillomavirus, foot-and-mouth disease 72 

virus, hepatitis B virus, Dengue virus, Rabies virus, SINV and RRV [2, 9, 13, 20-26]. 73 

Since studies have shown that viruses such as  RRV, CHIKV and cytomegalovirus may 74 

mediate host entry through binding HS structures, we sought to determine if HS-75 

modulating compounds could impede viral binding and thereby prevent alphaviral 76 

infection in mice [27-29]. Our findings showed that both PG545 and PPS could reduce 77 

clinical disease in RRV-infected mice [27, 28]. Additionally, PG545 also showed a dose-78 

dependent increase in virucidal activity to RRV-T48 infection of Vero cells in-vitro [30]. 79 

Herein, we evaluated the in-vitro binding activity of other HS-modulating compounds 80 

such as inorganic platinum polynuclear compounds (PPCs) and 4-deoxy-GlcNAc. PPCs 81 

mediate their effects through binding to extracellular HSPGs disrupting function [31] 82 

while 4-deoxy-GlcNAc down-regulates and truncates the cell bound HS chains by 83 

impacting their synthesis [32, 33]. Therefore, we hypothesised that both PPCs and 4-84 

deoxy-GlcNAc may impede HS-binding viruses indirectly through competitive binding. 85 

86 

In summary, this study aims to explore the ability of unique HS-modulating 87 

compounds such as positively charged metal coordination compounds like PPCs, HS 88 

biosynthesis-targeting 4-deoxy-GlcNAc or HS-mimetics like PG545, to prevent 89 

alphavirus attachment and entry. These unique compounds have a very distinct response 90 

at the cellular level, and therefore may provide a targeted treatment approach for HS-91 

binding viruses. Very few prophylactic and therapeutic studies for the treatment of 92 

arthritogenic alphaviruses have been described, and only supportive care such as 93 

analgesics and non-steroidal anti-inflammatory (NSAIDs) are currently used to treat 94 

these diseases [27, 30, 34, 35]. Therefore, if successful, this could lead to new treatment 95 

strategies for alphaviral diseases. 96 

4.2 Materials and Methods 97 

4.2.1 Cell Culture and Viruses 98 

99 

RRV-T48 (GenBank accession number: [GQ433359]), BFV-BH2193 (GenBank 100 

accession number: [U73745.1]), Asian CHIKV (GenBank accession number: 101 



127 

[FJ457921]) and East-Central-South African (ECSA) CHIKV (GenBank accession 102 

number [DQ443544.2]) were used for the experiments. T48 was first isolated suckling 103 

mouse brain inoculation for isolation and preparation of stocks. To make infectious clone-104 

derived virus, RRV-T48 plasmid pRR64 was linearised by SacI restriction enzyme 105 

digestion first, and then an in-vitro transcription using SP6 RNA polymerase and 106 

electroporation of the RNA into Vero cells for infectious virus production was achieved. 107 

Virus stocks of up to P4 were used for infection and were stored at −80°C in aliquots. All 108 

titres were quantified by plaque assays using Vero cells as previously described [27]. 109 

Vero cells were purchased from the American Type Culture Collection (ATCC NO CCL-110 

136) and maintained in OPTIMEM (ThermoFisher Scientific) supplemented with 3%111 

foetal bovine serum (FBS; Gibco). 112 

113 

4.2.2 IC50 Infection Assays 114 

115 

Plaque assays for IC50 determination were performed as described previously, with 116 

some modifications [27]. Briefly, PPCs (TriplatinNC, DiplatinNC, MonoplatinNC), were 117 

either co-incubated with RRV-T48 at approximately 1.5 to 2-fold serial dilutions at 150 118 

µM, 100 µM, 50 µM, 25 µM 12.5 µM, 6.25 µM, 3.125 µM for 20 min at room 119 

temperature, or pre-treated on Vero cells for 40 hours (hrs) at their corresponding drug 120 

concentrations at 12.5 µM, 6.25 µM, 3.125 µM, 1.563 µM, 0.781µM, 0.391µM, 0.195 121 

µM then infected with RRV-T48 (Fig 1). 4-deoxy-GlcNAc were co-incubated with RRV-122 

T48 at 500µM, 300µM, 150µM, 100µM 50µM, 25µM, 12.5µM for 20 min at room 123 

temperature and were pre-treated on Vero cells for 72 hrs to down-regulate HS/CS GAG 124 

chains at their corresponding drug concentrations (Fig 1).  125 
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126 

Figure 1. Graphical representation of the treatment conditions used to test 127 

compound efficacy. Compounds were either treated directly with virus particles then 128 

used to infect host cells or were pre-treated onto host cells then infected.  129 

Vero cells were then adsorbed with the serially diluted PPCs treated or untreated 130 

virus samples for 1hr, after which cells were washed and 1% agar overlay diluted in 3% 131 

OPTIMEM at a 1:6 dilution. For 4-deoxy-GlcNAc treatments, Veros were incubated with 132 

4-deoxy-GlcNAc throughout the whole experiment at pre-incubation phase, during viral133 

adsorption (compound mixed with virus inoculum) and post-infection (compound mixed 134 

with agar overlay). Plaque assays were incubated for 2 days at 37°C, then formaldehyde 135 
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fixed and stained with 1% crystal violet for 30 minutes (min) to visualise plaques. To 136 

determine the IC50 of the compounds, a dose-response (semi-logarithmic) graph was 137 

charted. Percentage inhibition was calculated by the formula [ 1 / (number of plaques test 138 

compound / number of plaques control)] x 100. Percentage inhibition was also plotted 139 

against the various PPC concentrations (in micromolar and micrograms per millilitre) as 140 

previously described [27]. For plaque assays, virus titres were expressed as 141 

PFU/millilitre. All data were represented as means of n=1-3 replicate samples with 142 

standard error of mean (SEM). 143 

144 

4.2.3 Affinity Determination of Whole Alphavirus to Drug 145 

Candidates; TriplatinNC/PG545 by Surface Plasmon 146 

Resonance (SPR) 147 

148 

Alphaviruses; RRV-T48, BFV-BH2193, ESCA CHIKV, Asian CHIKV were 149 

immobilised onto a C1 series S sensor chip (cat. no. BR-1000-14, Biacore-GE Healthcare, 150 

Piscataway, NJ) and drug candidates TriplatinNC and PG545 were analysed for binding 151 

to the virus particles. Briefly, using a GE Healthcare BIAcoreTM T100 instrument, a GE 152 

Healthcare C1 series S sensorchip was prepared by flowing 100mM Glycine-HCl pH 12.0 153 

with 3% Triton X-100 for 60sec at 10 uL/min.  The virus was captured using amine 154 

coupling, in which the carboxylmethyl dextran matrix of the sensor chip was activated by 155 

a 720 second (s) injection of a mixture of 0.2M 1-ethyl-3-[(3-dimethylamino) propyl]-156 

carbodiimide (EDC) and 0.05M N-hydroxysuccinimide (NHS) which resulted in the 157 

conversion of carboxyl groups to an NHS ester. The virus was diluted in 10mM sodium 158 

acetate buffer pH 4.5 at a concentration of 1 cell per 200nL and injected for 2100 sec at 159 

5µl/min in HBS-N (10mM Hepes, 150mM NaCl, pH 7.4) as the running buffer. The 160 

remaining unreacted NHS ester groups were neutralised by an injection of 1 M 161 

ethanolamine-HCl (pH 8.0). Under these conditions, 400-800 response units (RU) of the 162 

virus was immobilized on Flow cell (Fc) 2, 3 and 4, with different strains being 163 

immobilised on each flow cell. As a negative control, Fc1 was a blank control (HBS-N) 164 

and underwent same treatment, without sample injection. This enabled double reference 165 

subtraction of the responses.  166 

167 

168 
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Single Cycle Kinetics 169 

Single cycle kinetics were used to generate the affinity of each interaction. For the 170 

single cycle kinetic binding analysis, the drug candidates TriplatinNC and PG545 were 171 

diluted in HBS-N at concentrations from 32 nM to 150 µM and injected at a flow rate of 172 

30µl/min with an association time of 120s and a dissociation time of 300s. A 30s 173 

regeneration cycle with TE buffer at 30 µL/min followed each injection. The association 174 

and dissociation rate constants, ka and kd respectively, were determined by direct curve 175 

fitting of the sensorgrams to a steady state affinity model of interaction (Biacore T200 176 

evaluation software, GE Healthcare). The dissociation equilibrium constant, Kd was 177 

calculated as kd/ka. The reference surface (Fc 1) underwent the same treatment, without 178 

protein injection. The final concentration of bound ligand, expressed in RU, was 179 

calculated by subtracting the reference RU from the ligand RU. All experiments were 180 

conducted at a minimum of triplicates. All data sets were analysed using the Biacore T200 181 

evaluation software 2.0.2; sensorgrams were double reference subtracted. 182 

183 

4.3 Results 184 

4.3.1 Anti-RRV Activity of Polynuclear Platinum Complexes is 185 

Correlated to Overall Compound Charge  186 

To test anti-viral effects and determine the required dose to achieve a 50% plaque 187 

inhibition, various two-fold dilutions of PPCs ranging from 150 µM to 0.195 µM were 188 

either pre-incubated with RRV-T48 or pre-incubated with Vero for 40 hrs before 189 

infection. Our data shows a dose dependent 50% viral plaque reduction by PPCs, in the 190 

order of MonoplatinNC (117.9 µM) < DiplatinNC (3.44 µM) < TriplatinNC (0.63 µM 191 

±0.07 µM) when PPCs were pre-treated on Vero cells and then infected (Fig 1 and Fig 2) 192 

PPCs also exerted direct virucidal activities on RRV-T48 when directly incubated with 193 

cell free virions and then the viral-compound mixtures were used to infect Vero cells at 194 

doses of MonoplatinNC (276.83 µM ± 195.75 µM) < DiplatinNC (78.07 µM ± 8.85 µM) 195 

< TriplatinNC (30.23 µM ± 8.85 µM) (Fig 1 and Fig 2). These results demonstrate that 196 

the anti-viral activity is charge dependent. The highly charged TriplatinNC was the most 197 

efficient in comparison to the DiplatinNC and MonoplatinNC which were less positively 198 

charged and thus less efficient. Although, TriplatinNC primarily demonstrated inhibition 199 
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against RRV-T48 through its ability to interfere with alphaviral attachment and entry 200 

(prophylaxis nature), some direct virucidal effects were also seen when the compound 201 

was co-incubated directly with the virus.   202 

203 

204 

Figure 2. Anti-RRV activity of polynuclear platinum complexes is correlated to 205 

overall charge and Pt atoms. (A-G) The infectious capacity of RRV-T48 to 206 

polynuclear platinum compound (PPC) treatment was evaluated by extrapolating 207 
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50% plaque inhibitory compound dose (IC50) to overall plaque formation for the 208 

duration of treatment. Percentage inhibition was calculated by normalising treated 209 

plaques to mock-infected controls (see formula described in the materials and 210 

methods section). (A, C, E) RRV-T48 was directly pre-treated with a series of two-211 

fold dilutions of PPC compounds (ranging from 150 µM – 3.125 µM) for 20 min 212 

directly or (B, D, F) Vero cells were pre-treated with two-fold diluted compounds 213 

(varying from 150 µM – 0.195 µM) for 40 hrs prior to infection and then plaque 214 

assayed with a 1% agarose overlay for a further 48 hrs at 37 degrees. G) Table shows 215 

the tested compounds and their respective IC50 values, according to their varied 216 

treatment conditions. Due to constraints in compound quantity, values are expressed 217 

as mean ± SEM of a least 1-2 independent experiments.  218 

4.3.2 TriplatinNC Binds to RRV-T48, BFV-BH2193, ESCA 219 

CHIKV, Asian CHIKV with Greater Affinity than PG545  220 

Since TriplatinNC showed the strongest inhibitory effect at 30.23 µM ± 8.85 µM on 221 

cell free RRV-T48 in the IC50 values, it was chosen as the representative compound 222 

from the group of PPCs to evaluate further binding interactions of other alphaviruses 223 

such as BFV- BH2193, ESCA CHIKV, Asian CHIKV and inclusive of RRV-T48. 224 

Additionally, PG545 (IC50 values published, see [27] ) was also included in the SPR 225 

experiments to determine the binding affinity between the compound and the 226 

alphaviruses. SPR experiments were designed to distinguish if the inhibitory effects 227 

seen during virus-compound co-incubation were due to, direct anti-viral effect or due 228 

to virus in competition with the respective compounds for HS binding. The affinity 229 

data between the compounds showed that TriplatinNC bound to all four alphaviruses 230 

with higher affinity than PG545 (Fig 3 and Fig 4) (Table 1). Interestingly, although 231 

this suggests that arthritogenic alphaviruses virus form a stronger association with 232 

the polycationic TriplatinNC versus the polyanionic PG545, it is noteworthy that the 233 

Rmax of PG545 was approximately over 1000 units while the Rmax for TriplatinNC 234 

reactions were 10-fold lower at around 100 units (Fig 3 and Fig 4) 235 
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236 

237 

Figure 3. TriplatinNC binds to RRV-T48, BFV-BH2193, ESCA CHIKV, Asian 238 

CHIKV with high affinity. Whole RRV-T48 was immobilized on a C1 series S 239 

sensor chip as described in Materials and Methods. A-D) The sensorgrams show 240 

TriplatinNC binding when injected in a 4-fold dilution series of 5 concentrations 241 

from 0.59 μM to 150 μM (left) and the steady state signals plotted as a function of 242 

concentration with a fitted Langmuir binding isotherm, which report the respective 243 

binding affinity (Kd) to the viruses RRV-T48, BFV- BH2193, ESCA CHIKV, Asian 244 
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CHIKV (right). Values are expressed as mean ± SEM in duplicates of 3 independent 245 

experiments.  246 

247 

Figure 4. PG545 binds to RRV-T48, BFV-BH2193, ESCA CHIKV and Asian 248 

CHIKV with moderate affinity. Whole alphaviruses were immobilized on a C1 249 

series S sensor chip as described in Materials and Methods. A-D) The sensorgrams 250 

show PG545 binding when injected in a 4-fold dilution series of 5 concentrations 251 

from 0.031 μM to 34 μM (left) and the steady state signals plotted as a function of 252 

concentration with a fitted Langmuir binding isotherm, which reported  the 253 

respective binding affinity (Kd) to the viruses RRV-T48, BFV-BH2193, ESCA 254 
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     270 

Figure 5. Weak Anti-RRV activity of 4-Deoxy-GlcNAc treated Vero cells. The 271 

infectious capacity of RRV-T48 to 4-deoxy-GlcNAc treatment was evaluated by 272 

extrapolating 50% plaque inhibitory compound dose (IC50) to overall plaque 273 

formation for the duration of treatment. Percentage inhibition was calculated by 274 

normalising treated plaques to mock-infected controls (see formula described in the 275 

materials and methods section). RRV-T48 was directly pre-treated with a series of 4-276 

deoxy-GlcNAc dilutions ranging from 500 µM –12.5 µM) for 20 min. Additionally, 277 

Vero cells were also pre-treated with identical dilutions for 72 hrs prior to infection 278 

and then plaque assayed with a 1% agarose + compound mixture overlay for a further 279 

48 hrs at 37 degrees. Due to constraints in compound quantity, values are expressed 280 

as mean ± SEM of 1 independent experiment.  281 

4.4. Discussion 282 

 283 

Although, HS is a ubiquitous polysaccharide that binds to soluble host factors and 284 

many pathogenic human viruses such as HSV, and Dengue virus, including viruses that 285 

interact with it for adherence to host cells [36, 37], recent literature suggests important 286 

roles of HPSE in regulating the lifecycle of many of these pathogenic human viruses [38]. 287 

Heparanase (HPSE) is the only endoglycosidase enzyme which degrades HS chains from 288 

their native environment such as cell surfaces and basement membranes [39] 289 

 290 
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In this study, we first investigated the effects of a series of PPCs (TriplatinNC, 291 

DiplatinNC, MonoplatinNC) with varying polycationic charges in the form of single, 292 

double or triple platinum (Pt) units to RRV-T48 infection in Vero cells. The highly 293 

cationic PPCs, exert anti–HPSE effects through electrostatic interactions by localising 294 

and binding to the highly anionic HS chains and obstructing their cleavage [40]. Studies 295 

also report that HS substrate protection occurs favourably within the highly positively 296 

charged PPCs by means of their amine and multiple Pt-tetraammine centres/units [41].  297 

 298 

PPCs demonstrated a charge dependent anti-viral effect that impeded viral entry 299 

when TriplatinNC, the most cationic compound was directly incubated with the cell free 300 

virus as well as Vero cells. The IC50 data for PPCs showed that direct interactions between 301 

virus and electrostatic charges could be a factor to cause virucidal effect in viruses as seen 302 

by the dose dependent reduction in viral titres. Interestingly, a previous study on SINV 303 

found that both polyanionic and cationic residues reduced viral replication at the 304 

adsorption and entry stage [42]. However, the study also reported that polyanions were 305 

better inhibitors of cell-free virus posing anti-viral activities than polycationic compounds 306 

[42].   307 

 308 

Similarly, we recently reported the prophylactic anti-viral action of the polyanionic 309 

PG545 to effectively impede viral entry at a dose dependent manner in Vero cells and to 310 

reduce RRVD in infected mice [27]. We also reported the up-regulation of HPSE in RRV- 311 

infected human primary chondrocyte and skeletal muscle cells as well as in infected mice 312 

[27, 43]. PG545 is a potent competitive inhibitor of HPSE (Ki = 6 nM) [36], binding to 313 

the active site of HPSE and preventing degradation of HS chains and the ensuing cascade 314 

of inflammatory events [44]. Moreover, PG545 has also been reported to be virucidal due 315 

to its lipophilic groups which disrupt the viral envelope [45, 46].   316 

 317 

Surprisingly the SPR affinity data showed an inverse relationship to the IC50 data. 318 

TriplatinNC demonstrated higher affinity for RRV-T48, BFV-BH2193, ESCA CHIKV, 319 

Asian CHIKV whole virus binding, than PG545. However, it should be noted that the 320 

Rmax (response unit) signal of the interaction with PG545 was higher than TriplatinNC. 321 

Rmax is dependent on the size of the ligand (virus protein) and the analyte in terms of their 322 

molecular size to ratio and the number of interaction sites of both ligand and analyte. As 323 

both compounds have very similar molecular weight, it can be construed that the binding 324 
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sites for both ligand (the virus) and the analyte were different between the compounds. 325 

As mentioned earlier, PG545 is negatively charged and known to interact with the HS-326 

binding glycoproteins on the virus; while PPCs are positively charged and thus could be 327 

interacting with something negatively charged on the virus such as HS, CS, sialic acid or 328 

phosphates. This is at a smaller scale than the HS-binding glycoproteins. Furthermore, it 329 

could also be likely that larger signals were received by PG545 due to PG545 binding 330 

abundantly to the viral protein. Conversely, this also indicates that although there was not 331 

much of PPCs binding in total to the viral protein, the overall binding interaction exhibited 332 

higher affinity in comparison to PG545.  333 

 334 

Lastly, we also evaluated the role of 4-Deoxy-GlcNAc to viral infectivity and found 335 

only mild changes to infection when host cells were treated with extremely high doses of 336 

4-deoxy-GlcNAc. 4-Deoxy-GlcNAc gets converted into UDP-4-deoxy-GlcNAc 337 

intracellularly and therefore can inhibit HS biosynthesis [33]. Therefore, the weak effect 338 

noted when cells were treated with 4-deoxy-GlcNAc could imply that alphaviruses may 339 

have multiple attachment factors that mediate entry. Earlier studies have reported that 340 

GAG binding viruses such as RRV, SINV, HSV, HIV-1, and RSV may express adhesins 341 

that may function as the primary non-specific scaffolding receptors to capture and 342 

concentrate pathogens on host cell surfaces [47-51]. Although HS chains are the usual 343 

target receptors for GAG binding viruses, some viruses like HSV and vaccinia virus can 344 

also use chondroitin sulfate proteoglycans (CSPGs) as an auxiliary receptor in the absence 345 

or presence of HSPGs [52, 53]. Therefore, in the absence of HS-chains through 4-Deoxy-346 

GlcNAc treatment, RRV- T48 could have adapted to use other auxiliary receptors to 347 

mediate infection resulting in the poor treatment response seen. It should also be 348 

mentioned that while 4-deoxy-GlcNAc has the ability to inhibit the expression of HS 349 

chains, it does not target the core protein of the HS-proteoglycans such as syndecan-1, 350 

which could then also have a role as one of RRV cell surface entry receptors [33]. 351 

Moreover, the distribution of cellular receptors present in host cells could be variably 352 

expressed in different cell types and therefore influencing viral attachment and 353 

subsequent infection.  Therefore, it should be noted that although 4-deoxy-GlcNAc was 354 
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only able to inhibit viral infection of veros at a marginal level, at high doses, there could 355 

be an infection variability if using another cell type. 356 

 357 

Overall this study, raises the possibility that the alphaviruses may form interactions 358 

and/or complexes with more than one receptor to enable the virus to penetrate the host 359 

machinery. Furthermore, the experiments show that HS-modulating compounds could be 360 

a potential class of therapeutics for the treatment of alphavirus induced illnesses. Future 361 

studies should include molecular docking experiments to investigate the intermolecular 362 

interactions between the prospective compounds and viral proteins. Molecular docking 363 

of whole virus and specific viral binding proteins may also be able to identify the most 364 

probable position and orientation of the drug ligand within the viral protein binding 365 

groove. This knowledge can expand our current understanding of alphaviral targeted 366 

therapeutics and provide a holistic concept of the specific binding pockets and 367 

interactions of various compounds to alphaviruses. 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 

 379 

 380 
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Chapter 5: Prophylactic Antiheparanase Activity by PG545 Is 

Antiviral In-Vitro and Protects against Ross River Virus 

Disease in Mice 

 

Preface 

This chapter was published as an original article in the journal “Antimicrobial Agents and 

Chemotherapy”.  In this study, we demonstrated: 

 

• PG545 binds to arthritogenic alphaviruses (RRV T48, ECSA 

 CHIKV, Asian CHIKV, BFV2193) and inhibits infection of Vero cells in 

a dose dependent manner at pre-viral adsorption. 

• Prophylactic PG545 treatment ameliorates RRVD in mice at peak disease. 

• Prophylactic PG545 treatment deters RRV replication, reduces viral 

genomic material and reduces soluble host factors including matrix 

degrading heparanase in target tissues. 

• Prophylactic PG545 treatment protects articular cartilage and tibial growth 

plate from RRV-induced damage and breakdown.  

• Therapeutic PG545 treatment exhibited weak anti-viral and anti-

inflammatory effect in the muscle tissue of RRVD mice.   

• Taken together these findings suggest that prophylactic PG545 treatment 

may have a both an anti-viral effect and an anti-inflammatory effect on 

arthritogenic alphaviral infection 

 

Statement of Contribution to Co-Authored Published Paper 

This chapter includes a co-authored paper: 

A. Supramaniam, X. Liu, V. Ferro, and L. J. Herrero. 2018. Prophylactic Antiheparanase 

Activity by PG545 Is Antiviral in Vitro and Protects Against Ross River Virus Disease in 

Mice. Antimicrobial Agents and Chemotherapy. AAC. 01959-01917. 

Copyright © 2018 American Society for Microbiology. All Rights Reserved. 
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- Performed histology, RT-qPCR, flow 

cytometry, Bradford assays and ELISA 
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-  Also performed all the experiments that 

were required to address reviewers’ 

comments 
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Wrote the paper: 80% 
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Chapter 6: PG545 treatment reduces RRV-induced elevations 

of AST, ALT with secondary lymphoid organ alterations in 

C57BL/6 mice. 

 

Preface 

This chapter was published as an original article in the journal “PLOS ONE”.  In this 

study, we demonstrated: 

• PG545 treatment causes an expanded red pulp in the spleen following 

either two or three treatments, where the red pulp expansion was caused 

by the proliferation of megakaryocytes and erythrocyte precursors within 

the spleen. 

• Reduction of lymphocytes within the spleens of PG545-treated mice using 

flow cytometry and gene array analyses. 

• RRV-induced elevations of aspartate aminotransferase (AST) and alanine 

transaminase (ALT) enzymes and creatinine. And subsequently a 

reduction in AST and ALT levels but not the creatinine levels in RRV-

infected mice when treated with PG545. 

• Mice treated with three doses of PG545 also showed hepatosplenomegaly 

and anaemia, which were reversed upon discontinuation of the treatment.  

• In summary, this study demonstrates that dose and frequency related 

haemopoietic pathophysiology such as hepatosplenomegaly and anaemia, 

that occurred in triply PG545 treated C57BL/6 mice, were reversible once 

drug administration was terminated. 

 

Statement of Contribution to Co-Authored Published Paper 

This chapter includes a co-authored paper: 

Supramaniam A, Bielefeldt-Ohmann H, Rudd PA, Webster J, Ferro V, Herrero LJ 

(2019) PG545 treatment reduces RRV-induced elevations of AST, ALT with secondary 

lymphoid organ alterations in C57BL/6 mice. PLoS ONE 14(6): e0217998. 

https://doi.org/10.1371/journal. pone.0217998 
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Author Aroon Supramaniam  

(First Author) 

Designed and planned experiments: 85% 

- Selected the gene pool, antibodies and 
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Performed experiments: 70% 

- Performed in -vivo animal experiments 
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-  Also performed all the experiments that 
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comments 
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mice.  

Analysed and interpreted data: 60% 

- Analysed, interpreted and made all 

figures 1 to 8, including supplementary 
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Wrote the paper: 100% 

Edited the paper: 60%  

- Addressed all of reviewers’ comments 

and edited sections accordingly 

Author Helle Bielefeldt-Ohmann  Analysed and interpreted data:  40% 
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Supporting information 

 

S1 Fig 

Dosing schedule of PG545 in mice and the percentages of weight gain in mice.  

(A) The timeline of the dosing schedules of PG545 treatment in mice. (B, C) In the 
standard treatment regimen, 17-20-day-old C57BL/6 mice were infected s.c. with 
104 PFU/50 μl RRV or PBS alone on day 0 in the thorax and received s.c. injections 
of PG545 or mock-treated with PBS on -1 and 4 dpi. (D, E) In prolonged treatment 
dose, C57BL/6 mice were infected (s.c.) with 104 PFU/50 μl RRV or PBS alone on day 
0 and received s.c. injections of PG545 or PBS diluents from −1, 4 and 9 dpi. Mice 
were also monitored till 22 dpi at disease resolution. 
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S2 Fig 

Standard PG545-treated liver histology of mice at 10 dpi.  

17–20-day-old C57BL/6 mice were infected s.c. with 104 PFU RRV or mock treated 
with PBS or with PG545 on −1 and 4 dpi. Mice were culled at 10 dpi and liver was 
harvested. Liver sections were stained with H&E. Images are representative images 
for at least 5 mice per group. (Scale bar; 10x = 200μm). PBS, mock-infected PBS 
control; PG545, mock-infected PG545-treated; RRV, RRV-infected PBS-treated; RRV 
+ PG545, RRV-infected PG545-treated. 

 

 



204 
 

 

S3 Fig 

Standard PG545-treated kidney histology and tubular pathology scores of 
mice at 10 dpi.  

17–20-day-old C57BL/6 mice were infected s.c. with 104 PFU RRV or mock treated 
with PBS or with PG545 on −1 and 4 dpi. Mice were culled at 10 dpi and kidneys 
were harvested. (A) Kidney sections were stained with H&E and (B) scored for the 
presence of tubular injury. The proximal tubules in the kidneys of both the RRV and 
RRV + PG545 treated mice were found to be mildly to moderately dilated with mild 
attenuation of the epithelial cells, in addition to the presence of increased protein-
rich material within the tubular lumen of the kidneys. Images are representative 
images for at least 5 mice per group. (Scale bar; 20x = 150μm). PBS, mock-infected 
PBS control; PG545, mock-infected PG545-treated; RRV, RRV-infected PBS-treated; 
RRV + PG545, RRV-infected PG545-treated. 
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S4 Fig 

Heat map representing color -coded expression levels of differentially 
expressed genes (red; up-regulation, green: down-regulation) in prolonged 
PG545 treated, spleen tissues.  

17-20-day-old C57BL/6 mice were infected (s.c.) with 104 PFU/50 μl RRV or PBS 
alone on day 0 and received s.c. injections of PG545 or PBS diluents from −1, 4 and 
9 dpi. Mice were sacrificed on 10 dpi and spleens were homogenised and RNA 
extracted to analyse haemopoietic influencing soluble host factors, transcription 
factors or immunocyte expression via RT-qPCR using a commercial pre-plated plate. 
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7.1 Chapter Overview 

Alphavirus-mediated arthritis and musculoskeletal pain are one of the leading 

causes of infectious arthritis reported worldwide [1]. Although, the aetiology of the virus 

induced arthritic joint pain is not completely understood, studies delineate the 

involvement of cartilage, bone, and muscle in the overall pathogenesis [2-9]. Therefore, 

in the first half of this thesis, comprehensive studies were performed, to investigate the 

musculoskeletal pathogenesis with specific focus on human cartilage-derived 

chondrocytes. The second half of the thesis, aimed to bridge the gaps in the lack of 

targeted treatments for the alphaviral induced arthritic pain in patients. Therefore, in the 

latter chapters, the important roles of HS-modulating compounds, as prospective 

treatments for arthritogenic infections were explored. From there, the HS-mimetic 

compound PG545 was chosen as the best candidate for further characterisation in our 

well described RRV mouse models. The infectious clone-derived, RRV-T48 that was 

used for a majority of the experiments, was first isolated using suckling mouse brain 

inoculation for isolation and preparation of stocks. This infectious clone derived virus 

was chosen for most experiments  instead of a recent, low passage isolate  so that both in-

vitro and ex-vivo experiements can be comparable to in-vivo animal experiments. i.e, our 

well extablished RRV animal mouse model only works with the clone- dereived RRV-

T48.  

 

7.2 Ross River Virus Replicates in Chondrocytes  

In Chapter 2, RRV antigens were found specifically localised within the cartilage 

matrix of RRVD-infected mice joints at disease onset (5 dpi). Much of the earlier RRV 

studies in the 1980s focussed on characterising RRV infection in cell lines or primary 

cells of the synovium, from either patient derived ex-vivo cultures. The goal of these 

studies was to explain the striking epidemic polyarthritis often noticed in infected patient 

cohorts [10-12]. However, these early studies were done only based on findings of 

leukocyte recruitment amongst the infiltrates of knee biopsy samples from infected 

patients [13, 14]. Thus, these early studies were incomplete in characterising the virus 

localisation in RRVD and failed to look further at other surrounding musculoskeletal 

tissues for the presence of RRV antigens. Therefore, the novel finding of RRV present in 

mouse cartilage presented in Chapter 2 may be the missing link to describe the painful 
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joint pathology that alphavirally infected patients often experience. In Chapter 3, patient 

derived cartilage explant discs were also evaluated as a possible RRV infection model 

system. This ex-vivo RRV infection of human cartilage has not been previously attempted 

and therefore, it was explored for infection permissivisity. Unfortunately, the human 

cartilage explants remained impermeable to RRV infection and viral antigens. Since 

viruses require the presence of living, susceptible host cells to infect, it is possible that 

the cartilage microenvironment where the cells are sparse (without cell-to-cell contact) 

and surrounded by an abundant mesh-like ECM and collagen fibres, may have impeded 

viral entry and and replication. This may then, also explain the contradicting (positive) 

results noted in Chapter 2, in mouse joints. Since the joint capsule in-vivo, contains other 

factors such as synovia macrophages, synoviocytes and synovial fluid, these supporting 

structures may have promoted RRV entry and infection in mouse joint (cartilage). 

Therefore, perhaps the ex-vivo human explant infection may have benefitted from a co-

culture with synovium cells or other components of the joint capsule to integrate body 

systems. This would also be more representative of what occurs in-vivo during 

arthritogenic infections. Downstream studies should characterise the infection of the 

components of the joint capsule and associated cartilage damage to describe the RRV 

mediated musculoskeletal pathology.  

Moreover, Chapters 2 and 3 also demonstrated that human articular chondrocytes, 

supported productive RRV infection and replication in addition to the up-regulation of 

inflammatory soluble host factors such as IL-6, MCP-1, IL-1β and matrix degrading 

enzymes such as ADAMTS-4, MMP-9 and MMP-3. Interestingly, it was also noted that 

progressively, as the infection time increased to peak infection at 48hpi, the matrix 

proteins such as the collagens and aggrecans were down-regulated within the infected 

cells. This confirms that infected human chondrocyte cells undergo a loss of their 

proteoglycan and collagen content as seen in peak diseases of infected murine studies, 

reported by our laboratory [5]. Chondrocytes are the primary cellular mediators for 

articular cartilage homeostasis and maintain the balance between the degradation and 

synthesis of matrix components [15]. Furthermore, cartilage damage is often a defining 

feature of both degenerative (e.g. OA) and inflammatory joint pathologies (e.g. RA) that 

leads to inflammation and eventual structural alterations of the joints [16]. Infectious 

arthritis caused by viruses (Parvovirus B19, RRV, CHIKV) also report a gradual loss in 

GAGs and collagen content within the knee cartilage in addition to the presence of 

symmetrical polyarthropathies [5, 17-24]. Moreover, dysregulation in the remodelling 
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and catabolism of the matrix have also been reported in urine samples from CHIKVD 

patients, in comparison to urine sample from uninfected, healthy individuals [25]. 

Unfortunately, neither Chapters 2 nor 3 could definitively determine if the articular 

damage was driven by the virus itself, or due to an aberrant immune response depicted 

by the up-regulation of pro-inflammatory host factors. Both Chapters did however, 

introduce the possible mechanisms of how infectious arthritis could upset the ECM 

homeostasis by dysregulating the cellular cytokines/enzymatic balance in human systems. 

Additionally, Chapters 2, 3 and 5 also report the novel up-regulation of HPSE in 

RRV-infected human primary cells, as well as in mouse target tissues such as the joints 

and muscles. Since HPSE is the only glycosidase enzyme that cleaves membrane bound 

HS side chains, this may also indicate that the basement membranes of cells are 

compromised during an infection. Recently, there have also been studies reporting a 

positive association between HPSE levels and cartilage damage [26, 27]. HPSE has been 

reported to promote catabolic responses in primary human chondrocytes, in addition to 

being highly elevated in the synovium tissues of RA patients [26, 27]. Overall, these 

studies show that cartilage and chondrocytes may be severely compromised in alphaviral 

infections closely resembling other non-infectious joint pathologies, such as OA and RA.  

 

7.3 Donor Variability in Human Primary Chondrocyte 

Infection Model  

In Chapter 3, chondrocytes also exhibited donor heterogeneity to RRV infection 

when chondrocytes from different donors were used. Although one patient was morbidly 

obese (BMI, 38.5), while the other donor was within a healthy BMI (22.1) based on WHO 

classifications, the low sample size of n=1 per BMI was too small to form conclusive 

theories or links to RRV-mediated joint infection in obese individuals. Although RRV 

was able to enter the chondrocyte cells maintaining steady viral load levels from 48hpi to 

72hpi in both patient (Donors 2 and 3) chondrocytes, Donor 2’s chondrocyte culture had 

poorer RRV replication in comparison to Donor 3. Interestingly, despite being poor 

replicators, Donor 2 dereived cells were as reactive to the viral infection as Donor 3’s 

cells and responded through an up-regulation of cytokines/chemokines (IL-6, MCP-1). It 

was also noted that the proteoglycan (aggrecan) content in Donor 2 chondrocytes was 
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also lower in expression levels than that of the cells from Donor 3. It has been widely 

reported that the GAG content is often a measure of chondrocyte health [28, 29]. 

Therefore, the lowered expression levels could either indicate an overall cellular 

compromise in the otherwise highly metabolic chondrocytes, or innate differences in 

receptor expression between donors in addition to the possibility of SNPs in these cell 

surface viral attachment receptors  [28, 29]. The compromise in the chondrocyte from 

cartilage deterioration could have additionally impeded the ability of the virus to replicate 

productively in the chondrocytes. This Chapter provides a preliminary link to variations 

of joint pathology in RRV-infected individuals. It should be noted that there may have 

been other confounding factors such as the presence of low grade inflammation that may 

be present from obesity / other co-morbidities, or existent joint pathology, all of which 

may have also additionally caused the infection differences between the two patients. 

Further studies should look at a multi-modality approach to study the complex nature of 

RRV infection in donor derived chondrocytes with a larger cohort study.  

 

7.4 Heparan Sulfate-Modulating Compounds have a 

Role in Alphavirus Infections 

Chapters 4, 5 and 6, addressed the unmet need for a targeted class of therapeutics 

to treat and provide relief to the debilitated RRVD patients. In particular, Chapter 4 

explored the possible roles of HS-modulating compounds in RRV entry and replication. 

Studies involving arthritogenic alphaviruses have delineated the involvement of GAGs 

such as HS in enabling viral entry. HS is found in large amounts in the basal 

laminae/membranes, cell surfaces and ECM [30]. To this regard, preliminary 

investigations of PPCs with varying cationic charges (monoplatinNC, diplatinNC, 

triplatinNC) and anionic HS-mimetic, PG545 were chosen for their abilities to impede 

alphaviral replication. These compounds were then evaluated for their binding strengths 

to whole virus particles. PPCs have been reported to exhibit their effects through cationic 

electrostatic interactions through sulfate cluster binding of HS receptors [31].This masks 

the resident HS-chains found in the ECM by “metalloshielding” and therefore by default 

impedes physiological HS functions [31]. In this study, it was further identified that, 

treating Vero cells with triplatinNC (the most cationic and effective PPC), compromised 

the viral entry of the RRV better than when triplatinNC was directly added to the virus 
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before viral adsorption. Unlike triplatinNC, PG545 was found to associate directly with 

the virus particle and to efficiently impede viral plaques in a concentration dependent 

manner, that is, when treatment was initiated prophylactically at pre-adsorption as 

described in Chapter 5. Although the SPR analysis showed a higher affinity between 

triplatinNC and the viruses compared to PG545 and viruses, these interactions may have 

be driven by non-specific electrostatic interactions. The Pt complexes found in 

triplatinNC are known to interact with other negatively charged groups such as the 

phosphate groups in DNA, which may have contributed to the high affinity. Despite both 

compounds having similar MW and binding occurring on the same concentration of viral 

proteins, the response signals generated when PG545 bound to the viral protein was 

captured at a much higher signal unit than that of triplatinNC in association with the viral 

protein. This suggests the nature of the non-specific binding could be propelled by 

electrostatic interactions and that both compounds bound to separate protein structure of 

the whole virus. Furthermore, this could also explain why the direct incubation of 

triplatinNC with the virions impeded RRV replication less efficiently than PG545, 

whereas efficient viral inhibition for triplatinNC compound was only observed when the 

compound was added directly onto host cells prior to RRV infection. However, it should 

be noted that triplatinNC did still weakly inhibit RRV replication when it was incubated 

with the virus as in the case of PG545. To this end it suggests that the non-specific binding 

of triplatinNC to RRV also mildly altered and impaired entry mechanisms of RRV into 

the host cell. Therefore, these data are consistent with the known mechanism of action 

for triplatinNC and PG545 suggesting that the virus might be using the anionic charges 

on the surfaces of the GAGs for viral entry or adsorption to the cell surface. Future 

studies, could exemplify the specific/ individual viral proteins to characterise the different 

binding targets of the compounds.  

 

7.5 PG545 efficacy in mice 

In Chapters 5 and 6 of this thesis, PG545 was chosen to be further explored in the 

well established acute RRVD mouse model of disease. In the animal study, PG545 was 

demonstrated as an effective and promising prophylactic therapy for RRVD in mice. It 

was shown that at standard low dose regime, the drug effectively prevented viral binding 

and decreased replication with minimal side effects, and that at prolonged high dose 

regime, the observed side effects were short lived and returned to baseline after 
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completion of the drug course. Additionally, it was also demonstrated that, if PG545 was 

administered in prolonged doses, it could result in a reversible drug induced 

hepatosplenomegaly and anaemia. Notably, although the standard prophylactic treatment 

resulted in marginal splenomegaly, it prevented the elevations of  tissue enzymes ALT 

and AST in RRV-infected group. Interestingly, although ALT and AST are primarilty 

liver-associated enzymes, these can also be elevated during muscle damage [32]. 

Therefore, lower levels of these enzymes in the RRV-infected PG545-treated group may 

suggest that the compound was protecting against the muscle damage commonly reported 

in RRVD mice models [5, 33]. Furthermore, the PG545 treatment also reduced the 

cartilage loss that occurred in the joints of RRV-infected mice, and such protection 

against virus induced cartilage loss and damage has also been shown by other HS- 

mimetics such as suramin and PPS. It was also found that the standard prophylactic 

PG545 treatment in RRVD mice reduced the inflammatory host soluble factors and viral 

loads. Importantly, the PG545 treatment reduced IL-6, MCP-1, IFN-ϒ and HPSE in 

treated and infected mouse tissues. PG545 has recently been reported to be 

immunomodulatory and anti-HPSE in other inflammatory malignancies such as solid 

tumours [34, 35]. Moreover, PG545 has also been reported to exhibit direct potent 

virucidal activities on other enveloped viruses such as HSV-2 and RSV [36-38]. Similar 

reductions of inflammatory factors in alphaviral diseases such as RRVD and CHIKVD 

have also been reported by PPS and suramin [5, 39]. PPS was found to reduce clinical 

disease such as joint weakness and inflammation in infected mice without reducing viral 

loads and titres, while suramin, has also been found effective both in-vitro and in-vivo in 

reduction of CHIKV infection and virally-induced inflammation [39-42]. Both suramin 

and PPS also show inhibitory effects in flaviviruses such Dengue and Japanese 

encephalitis virus [43].  

To conclude, given that both the standard and prolonged PG545 treatment reduced 

clinical disease in infected mice to the same degree, the standard treatment would be the 

better dosing regimen to implement for RRVD, in the future. Human phase 1 studies on 

PG545 for solid malignancies have reported that the compound is well tolerated at 100 

mg once-weekly through intravenous (i.v) administration [44]. These human data at 100 

mg report that the compound reaches similar bioavailability such as those in preclinical 

animal models [44]. In this study, the 20mg/kg and 10mg/kg of PG545 administration are 

98mg and 49mg of human equivalent doses respectively, and these doses of the standard 

administration were within the tolerated dose in human trial candidates [45]. 
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7.6 Conclusion  

 This work accomplished during my candidature validates the role of chondrocytes 

in supporting RRV infection and contributing to viral pathogenesis. My work 

contributes to the overall understanding of the cellular events such as the matrix 

dysregulation, and local immune responses that occur during RRV infection of human 

primary chondrocytes in-vitro. Additionally, it specifically demonstrated that HS- 

modulating mimetics have a role in altering RRV infection of host cells and are mainly 

effective in the earlier stages of viral infection. It was also shown through novel in- 

vitro investigations with metal conjugates and PG545, that HS-chains are involved in 

mediating attachment and subsequent entry into host cells through their respective 

electrostatic interactions or specific binding. Finally, it was demonstrated through in- 

vivo proof of concept studies, that when PG545 was administered as a standard, 

prophylactic treatment for RRVD mice, it functioned as an excellent anti-viral and 

anti-inflammatory compound. However, it was also reported that prolonged doses tend 

to cause minor histopathological effects which were short-lived and reversed when 

treatment was terminated. Although the evaluation of HS-mimetics for the treatment 

of alphaviral diseases is still a very recent concept, this class of drug will be useful in 

examining the HS binding entry mechanisms involved in arthritogenic alphaviral 

infections and host cells interactions in more detail. Consequently, my work 

encompasses a better understanding of the roles of chondrocytes and HS-mimetics in 

arthritogenic alphaviral infections. The data gathered in this thesis has contributed to 

the current knowledge of RRV related musculoskeletal pathophysiology and has also 

deepened our understanding of alphaviral /HS-interactions. 

 

7.7 Future Directions  

This thesis will be a cornerstone for future studies wanting to look at  both the 

presence and localisation of other athralgic alphaviruses such as CHIKV and BFV in 

cartilage tissue or chondrocyte cells. We have shown that human dereived 

chondrocytes were capable of undergoing efficient viral replication. Although notably 

donor to donor infection variability was found within these patient dereived 

chondrocyte cells, future chondrocyte work would benefit from a stringent patient 

selection criteria that is limited by age and the presence of co-morbidity. We also noted 
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a difference in infection with patients of different BMI alebeit our sample pool was 

small. This difference would be interesting to pursue, in a larger scale  however 

selection criteria should consider that obese patients could also be sufferers of co-

morbidities which may impact results.  Infection experiments could also be expanded 

in cartilage scaffolding experiments that mimic human cartilage tissue. This could 

bridge two fields together and deepen our understanding of cartilage physiology, 

triggers to viral infection and viral localisation. Next the binding experiments 

conducted on several HS -modulating compounds should be followed through 

molecular docking simulations which could give us a better estimate of the various  

binding pockets of interactions that could be possible. Docking data will be an 

indespensible tool for future drug design and  delivery for alphaviral diseases. 

Moreover, laboratory adapted strains could also be mutated at their host binding 

proteins to study binding mechanisams of mutant viruses and  subseseuqntly a 

comparative analysis on treatment with mutant virus and HS-modulating compounds 

versus wild-type viruses and HS-modulating compounds could be performed 

downstream. Given the positive in-vitro inhibition of TriplatinNC on alphaviruses, 

TriplatinNC should also be further explored in our well defined RRVD mice model of 

disease. This will help us to evaluate the compound systemically across the body 

systems to identify and validate efficacy. Lastly as our RRVD animal study showed 

efficient anti-inflammatory and anti-viral functions of PG545 treatment when initiated 

as a prophylactic regiment, we should also perform investigations of compound 

efficacy in our equally well extablished CHIKVD mouse models. Evaluation in 

CHIKV infected mice would strengthen data due to the global interest in CHIKVD as 

an emerging pathogen. Re-purposing lead compounds such as PG545 and/or Triplain 

which are already in progress in clinical trials for other human pathologies would 

provide easier and faster treatment solutions to alphaviral patients.  
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