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Abstract  

The current situation of global warming has a serious impact on the control of 

arthropod-borne infectious diseases. Climate change has led to an increase in conducive 

breeding habitats for mosquitoes. This change in climate has contributed to the 

widespread distribution of mosquito-transmitted arthritogenic alphaviruses such as Ross 

River virus (RRV) and chikungunya virus (CHIKV). RRV is currently endemic to 

Australia and Papua New Guinea, while CHIKV causes global outbreaks. The recent 

CHIKV outbreak in the Americas has taken the world by surprise and has affected more 

than 1 million individuals as of early 2015. To date, there are no specific therapeutics 

strategies available for the treatment of alphaviral diseases, largely due to the ill-defined 

innate immune responses elicited by these viruses. This thesis describes new insights into 

the alphavirus-elicited immune response at the cellular and molecular levels using in vitro, 

in vivo and ex vivo experimental approaches. In these studies, we identified the differential 

role of macrophages in modulating the RRV disease progression through an atypical IL-

10-dependent M1/M2 polarisation of inflammatory monocytes. RRV-induced 

differentiation of M1 macrophages triggered the pathogenic inflammatory processes 

giving rise to the onset of disease, while M2 macrophages were shown to play a protective 

role. In the RRV mouse model, evidence from clodronate-mediated depletion of 

monocytic cells or IL-10 neutralisation during peak disease, demonstrated the beneficial 

role of M2 macrophages in facilitating muscle repairing processes which are crucial for 

disease recovery. In a separate study, early inhibition of monocytic cells recruitment with 

bindarit, an efficacious inhibitor of monocyte chemotactic proteins (MCPs), resulted in 

significantly ameliorated CHIKV-induced bone pathogenesis, through a suppressed 

inflammatory IL-6 response. Monocytes/macrophages are well-known to exhibit great 

plasticity and the functional diversity of these immune cells is heavily influenced by 

secreted immune mediators. We extended the investigation to a macrophage-derived 
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factor, pentraxin 3 (PTX3), where we identified it as an acute phase marker for alphaviral 

disease. In addition, PTX3 is a pathogenic immunoregulatory protein, which affects 

alphaviral disease pathogenesis through the binding interaction with RRV, modulating 

viral replication, cellular recruitment and immune responses. Taken together, these 

studies demonstrated the significance of the host innate immune system in affecting 

alphaviral disease outcome. Therefore, additional studies further characterising 

alphaviral-mediated host immune responses would provide a preclinical basis for the 

design of effective therapeutic strategies against alphaviral diseases.  
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1.1 Introduction 

1.1.1 Arthritogenic alphaviruses as human pathogens 

The family of Togaviridae includes of two genera, namely Alphavirus and Rubivirus. 

To date, there are 29 known species of viruses classified under the genus Alphavirus (1, 2). 

Alphaviruses are primarily arboviruses, that are transmitted through arthropod vectors, with 

the exception of Salmon pancreas disease virus (SPDV) (3) and Sleeping disease virus (SDV) 

(4). Due to the geographical widespread nature of alphaviruses, they can be further segregated 

into the Old world and New world viruses, based on the traditional geographic regions of 

infection occurrences. Members of the Old world viruses which include Ross River virus 

(RRV), Barmah Forest virus (BFV), Mayaro virus (MAYV), o’nyong nyong virus (ONNV), 

chikungunya virus (CHIKV) and Sindbis virus (SINV), are predominantly found in Africa, 

Europe, Asia and Australia (5). New world viruses such as Venezuelan Equine Encephalitis 

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

virus (WEEV), are widely distributed in the Americas (6). The variation in clinical 

manifestation is another distinct characteristic observed in these two alphavirus subtypes. Old 

world viruses are commonly associated with persistent arthralgia (7), in contrast, New world 

viruses are associated with encephalitic complications that causes more severe and life-

threatening disease outcomes (8). While the New world viruses have been extensively 

researched, a substantial gap remains in our understanding on the arthritogenic Old world 

viruses. To date, there are no antivirals or vaccines available for arthritogenic alphaviral-

elicited diseases, other than symptomatic relief with analgesics and nonsteroidal anti-

inflammatory drugs (NSAIDS). With cases of alphavirus infections rising globally, and the 

lack of specific treatments validate the need to identify new therapeutic interventions for 

alphaviral-elicited diseases.   
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1.1.2 Ross River virus (RRV)  

In 1959, Ross River virus (RRV) was first isolated by Doherty and colleagues from 

Aedes vigilax mosquitoes trapped beside the Ross River of Townsville, North Queensland, 

Australia (9). Following its first discovery, RRV caused an explosive outbreak in 1979 in Fiji 

and spread rapidly to other parts of the South Pacific such as Samoa, Cook Islands and 

eventually the Western Pacific region, New Caledonia in 1980 (10). Between late 1980s and 

early 1990s, RRV endemics were observed in various parts of Australia, such as Perth, Western 

Australia and Brisbane, Queensland (11). During early 1990s to 2000s, RRV infections were 

reported throughout Australia, predominantly in northern Australia relative to the south (12). 

Currently, RRV infection is endemic in Australia and Papua New Guinea (13) (Figure 1.1). 

RRV is currently the most prominent arbovirus in Australia with an estimated number of up to 

8000 reported cases annually (12, 13). Increased incident rate of RRV infections have been 

reported in the coastal areas, particularly during wet-hot seasons (7). Despite intensive research 

conducted on RRV over the past few decades, our understanding of the cellular and molecular 

aspects of RRV disease (RRVD) is still limited.   
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Figure 1.1. Geographical distribution of Ross River virus in Australia and South Pacific Ocean.  

Pink-shaded regions represent current distribution of RRV in the world, predominantly in Australia and 

Papua New Guinea. Figure illustrated by Foo SS. 

 

1.1.3 Chikungunya virus (CHIKV) 

Chikungunya virus (CHIKV) is the causative pathogen for Chikungunya fever (CHIKF) 

transmitted by Aedes mosquitoes (14), that was first identified in Tanzania in 1952 (15, 16). 

Following its first confirmed outbreak in Tanzania, East Africa, subsequent major outbreaks 

have been documented in India, Sri Lanka, Myanmar and Thailand during the 1960s (17). 

During the 1970s to 2000s, CHIKV had a relatively low profile, with sporadic outbreaks 

reported in several parts of Southern and South East Asia (17). In 2005, the re-emergence of 

CHIKF led to a series of serious outbreaks, affecting many islands in the Indian Ocean, with 

Reunion Island being one of the most severely affected (18) (Figure 1.2). Among the many 

countries affected, India has reported the highest number of CHIKV cases with more than 1 
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million infections from 2006 to 2007 (19), with an incidence rate of 158 per 100,000 population 

(2). Recently, CHIKV has caused major outbreaks in the Americas, causing an estimated 1 

million confirmed and suspected cases of autochthonous transmission (20). Despites the 

discovery of CHIKV in the 1950s, the virus remained relatively understudied until its re-

emergence in 2005, hence specific mechanisms of its pathogenesis have yet to be completely 

deciphered. 

 

Figure 1.2. Global distribution of chikungunya virus 

Current global distribution of CHIKV is represented by red circles, while historical distribution is 

represented by blue circles. Figure adapted from reference (19). 

  



Chapter 1: Literature Review 

 

6 

 

1.2 Biology of alphaviruses  

1.2.1 Structural and genomic features 

Alphaviruses are a group of small, spherical viruses, which have an approximate 

diameter and molecular mass of 70 nm and 5.2 × 103 kDa, respectively (21, 22). An alphavirus 

particle is encapsulated within a host-derived glycoproteins-embedded lipid bilayer (6), 

containing the nucleocapsid core. The icosahedral-shaped nucleocapsid of alphavirus encases 

a single copy of positive-strand RNA, which has an estimated length of 12,000 nucleotides (6). 

The alphaviruses genome encodes for two open-reading frames (ORFs); the non-

structural ORF and structural ORF. The genome has the following arrangement: 5’ cap-nsP1-

nsP2-nsP3-nsP4-(junction region)-C-E3-E2-6k-E1-poly(A) tail 3’ (Figure 1.3). The genomic 

RNA is dominated by the non-structural ORF which comprises two-third of the genome, 

encoding for four non-structural proteins (nsPs): nsP1, nsP2, nsP3 and nsP4. The structural 

ORF, on the other hand, encodes for six structural proteins: capsid, E1, E2, E3, 6k and TF (23). 

The proteins encoded by the two ORFs have contrasting biological roles, with the nsPs 

involved in viral replication and enzymatic activities, while the structural proteins necessary 

for the formation of virions’ architectural domains (6, 24).  
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Figure 1.3. Graphical representation of the structural and genomic features of alphaviruses  

The alphavirus virion contains a positive single-stranded genomic RNA, which is encapsulated within 

the nucleocapsid and enveloped in a glycoprotein-embedded lipid bilayer. The genomic RNA of 

alphaviruses encodes for two open-reading frames (ORFs): non-structural and structural ORFs. The 

non-structural ORF is found at the 5’ end, which encodes for four non-structural proteins (nsPs): nsP1, 

nsP2, nsP3 and nsP4. The structural ORF, encodes for six structural proteins, including capsid, E1, E2, 

E3, 6K and TF. Figure illustrated by Foo SS and published in reference (22), refer to Appendix 6.1.  

 

1.2.2 Life cycle of alphaviruses  

The alphavirus particle gains entry into the host cell via clathrin-mediated endocytosis 

(25). The acidic environment of the endosome triggers disassembly of the virus particle, 

enabling the release of viral genome into the cytoplasm, where replication events occur (Figure 

1.4). Translation of the released genomic RNA leads to the synthesis of two polyproteins, being 

P1234 and P123. The cleavage of polyprotein P1234 at the junction between nsP3 and nsP4, 

generates a transient and unstable negative-strand replication complex, embarking the 

synthesis of negative-strand RNA (26). Further cleavage of the polyprotein contributes to the 

formation of a stable replication complex required for synthesis of positive-strand genomic and 

subgenomic RNA (27).  
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Figure 1.4. Replication cycle of alphaviruses  

An alphavirus particle enters the host cell through clathrin-dependent endocytosis. In the endosome, 

membrane fusion allows the viral genome to be released into cytoplasm, where replication occurs.  

Translation of the viral genome gives rise to two possible non-structural polyproteins, being P1234 and 

P123. Downstream processing of the polyproteins enabled the synthesis of both genomic and negative-

strand RNA. Replication of genomic RNA from negative-strand RNA synthesized allows translation of 

structural proteins, which will be processed co-translationally and post-translationally. Glycoproteins 

are translocated to the ER, followed by downstream processing in the golgi apparatus. Mature 

glycoproteins are transported to the host plasma membrane for budding. Association of glycoproteins 

with the nucleocapsid allows the newly synthesized virus particle to bud out from the host membrane, 

completing the final assembly of the virion. Figure illustrated by Foo SS and published in reference 

(22), refer to Appendix 6.1. 

 

Translational processing of newly synthesised subgenomic RNA produces a structural 

polyprotein, which will be subjected to downstream co-translational and post-translational 

events (6). Autoproteolysis of the structural polyprotein releases the capsid protein, which will 

then associate with the nascent genomic RNA to form the nucleocapsid core of new virion (28). 

After a series of post-translational modifications of the remaining structural polyprotein, 

trimers of mature glycoproteins E1-E2 heterodimers are translocated to the host plasma 
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membrane (29), ready for budding as a new virion particle, upon association with the 

nucleocapsid. 

 

1.2.3 Route of transmission  

Similar to most alphaviruses, arthritogenic RRV and CHIKV are arthropod-borne, 

vectored by mosquitoes. Both RRV and CHIKV are maintained in sylvatic and urban 

transmission cycles, with humans considered to be the ‘dead end’ host (6).  CHIKV is 

transmitted by Aedes (Ae) mosquitoes, predominantly by Ae. aegypti (30) and Ae. albopictus 

(30, 31). Outbreaks occurring in rural countries are mostly due to sylvatic mosquitoes that are 

capable of infecting both primates and humans, with primates being the primary reservoir for 

CHIKV (32-34). Ae. aegypti and Ae. albopictus are urban mosquitoes that are accountable for 

the high transmission rate in Asia, transmitted mainly through human-mosquito-human cycle 

(35).  

Compared to CHIKV, the dispersal of RRV is much more complex involving up to 42 

species of mosquitoes from seven genera (36). The natural hosts for RRV sylvatic cycle are 

thought to be mainly macropod marsupials, including kangaroos and wallabies (37). Despite 

the diversity of vectors involved, the predominant vectors for RRV are narrowed down to three 

genera Aedes (Ae), Culex (Cx), and Coquillettidia (Cq), depending on the vector ecology. In 

Australia, the dominating epidemic vectors are reported to be Ae. camptorhynchus and Ae. 

vigilax, commonly found in coastal regions. In addition, Cx. annulirostris and Cq. linealis 

found mainly in inland, and Ae. notoscriptus found in urban regions also contribute to the 

massive spread of RRV (36). 
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1.2.4 Associated risk factors  

The rising number of alphavirus infections highlights the need to evaluate the potential 

risk factors associated with these outbreaks. Over the past few years, climate change has 

significantly altered global rainfall patterns (38, 39). This has inevitably created more 

conducive breeding habitats for mosquitoes, promoting the spread of mosquito-borne 

alphavirus infections.  

The development of coastal areas in Australia for residential purpose has become an 

impending danger to humans. Currently, the majority of the Australian population are located 

in regions of high mosquito prevalence (36). In addition, other risk factors such as globalisation 

and increased tourism also play a pivotal role in the increase spread of alphaviral diseases. 

Travellers from endemic countries contribute to the risk of exposing naïve mosquito 

populations in non-endemic countries to arthropod-borne alphaviruses, such as CHIKV and 

RRV. The absence of herd immunity in naïve populations further contributes to their 

susceptibility to infection (40).  

To date, RRV is endemic in Australia, Papua New Guinea and the Solomon Islands 

(13), largely due to the availability of specific mosquito vectors and animal reservoirs. 

Alphaviruses are RNA viruses which are prone to high mutation rates and exhibit genetic 

flexibility (41). A previous study has reported that a Ala226Val mutation on the E1 

glycoprotein of CHIKV has led to sudden outbreaks in many urban countries (42). This 

suggests a potential for RRV to acquire adaptive mutations that may increase viral fitness and 

subsequent spread into naïve populations.  

 

1.2.5 Virus dissemination and tissue tropism 

Currently, the exact pathway of arthritogenic alphavirus infection from site of infection 

to various tissues is ill-defined. Kam et al. has proposed a pathway of virus dissemination 
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during CHIKV infection (43). Figure 1.5 represents the postulated route of CHIKV 

dissemination following an acute infection. This provides an overview of the likely pathway 

of how CHIKV establishes systemic infectivity and diverse cellular and tissue tropism, which 

may also be applicable to other alphavirus infections. 

As proposed in Figure 1.5, following the transmission through the bite of a CHIKV-

infected mosquito, the viruses replicate in the epithelial layer and fibroblasts of the skin. 

Following virus replication, this may recruit of immune cells such as macrophages, dendritic 

cells (DCs) and granulocytes to the site of infection (43). The infection of immune cells in the 

blood circulatory system enables CHIKV to gain access into different parts of the body, 

including spleen, joints and muscles. Indeed, the presence of RRV and CHIKV in the spleen, 

muscles and joints has been evident in alphavirus mouse models (44, 45).  

 

Figure 1.5. Postulated route of infection during CHIKV infection  

Currently, the exact route of CHIKV dissemination in the human host has yet to be elucidated. However, 

it is postulated that upon an infectious bite, immune cells may be recruited to the site of infection. The 

infected immune cells may further assists virus dissemination by returning to the lymph node, leading 

to viremia and systemic infection. Figure adapted from reference (43).  

 

To date, the understanding of the alphavirus tropism remains to be poorly characterised. 

A previous study conducted by Sourisseau et al. has provided insights to the understanding of 
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cellular tropism during the early stage of CHIKV infection through in vitro CHIKV infection 

of human cell lines from various tissue origins. Human adherent cell lines, such as epithelial 

and endothelial cells, primary fibroblasts and macrophages, have been reported to be highly 

susceptible to CHIKV infection (46). Further examination of human muscle satellite cells by 

Ozden and colleagues had identified specific active CHIKV infection in these progenitor cells, 

serving as a possible explanation for tissue damage observed in subacute phase of infection 

(47). Although in vitro studies have brought better insights to alphaviral tropism, however, 

limitations such as failure to mimic the in vivo events occurring during acute infection, has 

raised the questionability of these data’s accuracy. Together, these in vitro studies had shed 

important insights on the susceptibility of human cell lines to alphavirus infections and would 

require further evaluation using established alphavirus animal models.  

The establishment of animal models for RRV and CHIKV had enabled the 

characterisation of tissue tropism during alphavirus infection, identifying severe inflammation 

in bone, joint-associated and skeletal muscle tissues (45, 48). The development of primate 

models, which recapitulate human CHIKV infection further unveiled the lymphoid organs and 

liver as sites of viral persistence (49). More recently, bone-forming osteoblasts (OBs) have 

been shown to be permissive to RRV infection.  In addition, acute RRV infection had also led 

to severe bone loss in the tibial epiphysis and vertebrae of RRVD mouse model, further 

confirming that alphavirus can affect the bone and cause systemic infection (50).  

 

1.3 Innate immunity: The first line of resistance against alphaviruses 

1.3.1 Cross-talk between the cellular and humoral arms  

The innate immune system acts as the front line of defence against pathogen invasion 

by mediating anti-viral immune responses and activating adaptive immune system. The 

regulation of innate immune system is sustained by the bidirectional interaction between the 
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two arms of innate immunity: cellular and humoral responses (51-54). The cellular arm of 

innate immunity is comprised of immune cells, such as leukocytes, encompassing natural killer 

(NK) cells, mast cells, basophils and eosinophils, and phagocytic cells, including macrophages, 

DCs and neutrophils. When activated, these immune cells secrete a vast array of soluble 

immune mediators, which have both protective and pathogenic properties. The humoral 

component of the innate immunity is composed of the complement cascade, pattern recognition 

molecules (PRMs) and pattern recognition receptors (PRRs) (Figure 1.6). 

Alphaviruses are able to induce a robust production of immune mediators involved in 

the activation of inflammatory response pathways during acute infection (55). Based on 

available literature of other alphaviruses (56), it is postulated that CHIKV can trigger similar 

immune responses in the targeted host (Figure 1.6). Immune cells such as neutrophils and 

monocytes are recruited to site of infection during CHIKV and RRV infection (57-59). 

Currently, the receptors involved in facilitating alphavirus entry have yet to be identified. 

However, one can postulate that alphaviruses may gain entry into the cell through receptor-

mediated endocytosis, involving pattern recognition receptors (PRRs) that in turn recognise the 

pathogen-associated molecular patterns (PAMPs) (60). Being ss-RNA viruses, this may trigger 

both toll-like receptors (TLRs) - embedded in the plasma membrane or endosomal 

compartments, and retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) - located in the 

cytoplasm (61). Upon entry into the cell, members of the RLR family, such as melanoma 

differentiation-associated protein 5 (MDA-5) RNA helicase, RIG-I and protein kinase R (PKR) 

will detect the presence of viral RNA in the cytoplasm (62). On the other hand, TLR 3, 7 and 

8 may also be activated by the presence of CHIKV. TLR 3 is activated by extracellular ds-

RNA (63), while TLR 7 and TLR 8 are triggered by ss-RNA (64). TLR 3, 7 and 8 signal 

through adaptor molecules, TIR-domain-containing adapter-inducing interferon-β (TRIF) and 

myeloid differentiation primary response gene (88) (MyD88) (65), which are associated with 



Chapter 1: Literature Review 

 

14 

 

transcription-factor complex, nuclear factor-ĸB (NF-ĸB), interferon regulatory factor-3 (IRF 3) 

and IRF 7 (reviewed in 66). Combined efforts of both TLRs and RLRs enable the production 

of pro-inflammatory cytokines and type I interferons (IFNs) (67) (Figure 1.6).  

 
 

Figure 1.6. The two arms of innate immunity: Cellular and humoral responses  

Cellular arm of innate immunity is composed of immune cells, such as leukocytes and phagocytes, as 

well as immune mediators secreted by these cells. Humoral arm is composed of complement cascade 

and PRMs. Crosstalk between the two arms of innate immunity is crucial to respond promptly to stimuli 

and facilitate adaptive immune response. Thus, maintaining an intact immune system. Figure illustrated 

by Foo SS. 

 

Soluble factors: Cytokines are endogenous mediators of the immune system that have 

been shown to contribute to the immunopathology during CHIKV infection (68). A vast variety 

of cytokines, chemokines and growth factors have been identified as being upregulated during 

CHIKV infection, including IFN-α, Interleukin (IL)-5, IL-6, IL-7, IL-10, and IL-15, of which, 

two specific cytokines, namely IL-1β and IL-6, can serve as biomarkers for severe CHIKV 

infection (69). Further study of CHIKV-infected patients samples revealed upregulation of 

several other mediators, such as C-X-C motif chemokine 10/interferon gamma-induced protein 
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10 kDa (CXCL10/IP-10), chemokine (C-C motif) ligand 2/monocyte chemoattractant protein 

1 (CCL2/MCP-1), granulocyte macrophage colony-stimulating factor (GM-CSF) and CCL-11 

(eotaxin) (68). In addition to the elevated profiles of the above-mentioned cytokines, 

expressions of CCL4/macrophage inflammatory protein (MIP-1), IFN-Ɣ, reactive nitrogen 

intermediates (RNI), and tumor necrosis factor (TNF)-α (70) also increased during RRV 

infection.  

Despite the protective role of the host innate immune system, emerging evidence has 

also revealed its role in pathogenicity. Recent studies on alphaviruses have demonstrated how 

these viruses are able to actively evade and subvert these immune signalling pathways for 

enhanced propagation within the host. Studies on SINV and CHIKV have identified a single 

amino acid mutation of the nsP2 that leads to efficient disruption of Janus kinase-signal 

transducers and activators of transcription (Jak-STAT) signalling pathway, which is a 

downstream signalling pathway of the type I IFN signalling cascade (71, 72). Fros et al. have 

also demonstrated that infection with a CHIKV replicon containing a nsp2 mutation which 

obstructs the translocation of phosphorylated STAT1 into the nucleus, results in an antiviral 

effect independent of host shutdown (72). More recently, a novel small-plaque, persistent strain 

of Ross River virus (RRVPERS) generated by Lidbury and colleagues, displayed significant 

inhibitory effects on type I IFN signalling. Sequencing of the RRVPERS strain revealed several 

mutations on the nsPs as well as a point mutation on the glycoprotein E2 (73). In general, these 

studies demonstrated the crucial role of viral evolution in assisting alphaviruses to evade robust 

host innate immune responses. 

Complement cascade: The humoral arm of the innate immunity is composed of the 

complement cascade and pattern recognition molecules (PRMs). During the process of 

inflammation, the complement cascade is activated, recognising and eliminating the invading 

alphaviruses. The role of complement factor C3, the central player of the complement system, 
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in RRV-induced arthritis has been previously characterised using a mouse deficient in C3. 

RRV-infected C3 deficient mice demonstrated mild severity of disease manifestation relative 

to wild-type mice, despite similarity in compositions of inflammatory infiltrates (74). This 

finding demonstrated the paramount role of complements in contributing to alphaviral-induced 

arthritis. Further investigations are required to evaluate the complicated pathways of 

complement activation in giving rise to disease pathogenesis. 

Pattern recognition molecules (PRMs): PRMs play essential role in innate immunity 

such as recognising PAMPs and assists in the activation of the complement cascade. The family 

of PRMs can be subdivided into predominantly three groups, namely the scavenger receptors 

(75), toll-like receptors (TLR) (76) and fluid-phase molecules (51). The recognition of PAMPs 

on invading alphavirus particles facilitates viral entry into the cell via receptor-mediated 

endocytosis (77, 78). Upon virus entry, TLRs - embedded in the plasma membrane or in the 

endosomal compartments, and retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) - 

located in the cytoplasm, are activated (61, 79). Combined efforts of both TLRs and RLRs 

enable the production of a vast array of pro-inflammatory cytokines and type I IFNs (67). 

Subsequent recruitment of immune cells leads to the further secretion of immune mediators, as 

well as the humoral fluid-phase molecules, which include collectins, ficolins and pentraxins, 

which represent the predecessor of antibodies (51), holding a pertinent role in the regulation of 

innate immune responses. 

In summary, the crosstalk between the two arms of innate immunity ensures that the 

innate immune system functions in synergy, facilitating the activation of downstream adaptive 

immunity for complete elimination of pathogens from host immune system. 
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1.3.2 Pentraxins play a critical role in humoral innate immunity  

Pentraxins belong to an evolutionarily conserved superfamily of proteins, distinguished 

by the presence of a C-terminal ‘pentraxin domain’ of 200 amino acids and a conserved 

‘pentraxin signature’ of eight amino acid-long sequence (HxCxS/TWxS, where x is any amino 

acid) (80). This superfamily of proteins can be further structurally classified into short and long 

pentraxins.  

Short pentraxins have an architectural structure of five or ten identical protomers 

arranged into a pentameric radial symmetry (81, 82). Members of the short pentraxins include 

C-reactive protein (CRP) and serum amyloid P component (SAP), which are acute phase 

proteins secreted mainly by hepatocytes, responding promptly to pathogen stimulus, 

particularly proinflammatory cytokine IL-6 (51). During acute phase infection, elevation of 

CRP and SAP level secretion leads to consequential activation of the classical complement 

cascade via interaction with the central player, C1q (83), resulting in removal of cell debris 

(84). Since its first discovery in 1930s (85), CRP level is now widely used as a clinical 

biological laboratory parameter for diagnosis of many inflammatory diseases, including 

alphaviral-induced diseases, such as RRVD and CHIKF. 

Pentraxin 3 (PTX3), previously known as TNF-stimulated gene (TSG)-14, was the first 

member of the long pentraxin sub-family to be described in the early 1990s and is inducible by 

TNF-α and IL-1 (86). PTX3 has a structurally sophisticated octameric architecture, which is 

composed of 2 disulphide-linked tetramers giving rise to the asymmetry of the molecule (87). 

Secretion of PTX3 upon inflammatory signal stimulation has been reported in a broad range of 

cell types, however predominantly by monocytes, macrophages and myeloid DCs (88). Unlike 

short pentraxins, our understanding for PTX3 as an acute phase protein of the humoral 

component of the innate immune system is in its infancy, hence attracting much of current 

research interest. 
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1.3.3 Possible role of PTX3 during alphavirus infection 

Human PTX3 is located on the chromosome 3 band q24, organised in three exons, with 

the first two exons encoding for signal peptide and non-pentraxin N-terminal domain, while 

the third exon for pentraxin-signature-containing conserved pentraxin domain (51) (Figure 

1.7). The mRNA genome of human PTX3 transcript has a length of 1955 nucleotides, which 

translates into a mature 381 amino acid long PTX3 protein. Sequencing of upstream genomic 

sequence of human PTX3 gene unveiled a panel of potential binding sites for transcription 

factors, of which active nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

site was associated with PTX3 responsiveness to pro-inflammatory cytokines such as TNF-α 

and IL-1β (89). 

 

 

Figure 1.7. Schematic representation of molecular and structural features of human PTX3 

mRNA PTX3 is made-up of 1955 bp, which translates into a 381 amino acid long PTX3 protein. The 

PTX3 protein has 3 domains, namely signal peptide, N-terminal domain and conserved pentraxin 

domain, which contains the pentraxin signature. Figure illustrated by Foo SS. 
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During normal circumstances, basal expression of PTX3 (<2 ng/ml) can be detected in 

the blood of healthy individuals, which elevates rapidly (200 – 800 ng/ml) upon stimulation by 

pro-inflammatory cytokines during pathogen invasion (82, 90). Elevated expressions of PTX3 

have been implicated in many inflammatory diseases, including pulmonary infection (91) and 

giant cell arteritis (GCA) (92) and autoimmune disorders such as atherosclerosis (93) and 

rheumatoid arthritis (RA) (94).  

Recent animal studies have identified contrasting roles of PTX3. Serum level of PTX3 

in mice ranges from a minimal level of approximately 25 ng/ml in healthy conditions to a 

maximal of 800 ng/ml under inflammatory conditions (82, 90). PTX3-deficient (PTX3-/-) mice 

were susceptible to infections with Aspergillus fumigatus (A. fumigatus) or Pseudomonas 

aeruginosa (P. aeruginosa) leading to disease outcome. In A. fumigatus infection, PTX3-/- mice 

develop invasive pulmonary aspergillosis (IPA), leading to fatality within three days post-

infection. Nevertheless, injection of recombinant PTX3 into PTX3-/- mice re-established 

protection against A. fumigatus challenge (95). Similarly, infection of PTX3-/- mice with P. 

aeruginosa results in higher mortality and more severe infection (95). A protective mechanism 

of PTX3 was also reported in viral infections with murine cytomegalovirus (MCMV) using 

recombinant PTX3. A pronounced decreased in viral titres were observed in organs of mice 

after treatment with recombinant PTX3 (96). On the contrary, a PTX3-/- mouse model of 

intestinal ischaemia-reperfusion displayed an ameliorated disease outcome (97). Collectively, 

these animal studies demonstrated the contrasting roles of PTX3 during pathogen invasion. 

Upon induction by pathogen stimulus, PTX3 released from cells of monocyte-

macrophage lineage, is able to recognise and opsonise pathogen, presenting the pathogen to 

activated phagocytic cells of the immune system for pathogen elimination to take place (98). 

Other than contributing to the alternative pathway of complement activation, PTX3 has also 
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been found to play supporting roles in classical and lectin pathways, enhancing the activation 

of each pathway, eventually leading to inflammation and cell lysis (51) (Figure 1.8). 

 

 

Figure 1.8. Roles of pentraxins in complement activation and regulation 

PTX3 is capable of interacting with key components of the complement cascade, including C1q 

(classical pathway), ficolin (lectin pathway) and Factor H (alternative pathway), identifying the 

significance of PTX3 in the modulation complex complement cascade. Figure adapted from reference 

(51). 

 

The presence of a functional NF-κB site in the PTX3 promoter region enables activation 

of the NF-κB signalling cascade, promoting pro-inflammatory mediators secretion (89). 

Among the array of pro-inflammatory cytokines induced, TNF-α is often associated with 

exacerbation of disease outcomes. In RRV-infected patients, elevation of TNF-α has been 

implicated in the immunopathogenesis of disease, contributing to tissue damage (70). Efforts 
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to identify other functional transcriptional factor binding sites in human PTX3 are still 

underway. 

To date, the role of PTX3 in alphaviral-induced diseases has yet to be established. 

Neither the expression levels of PTX3 in the serum of alphaviral-infected individuals nor the 

disease outcome of alphaviral-infected PTX3-/- mice have been investigated. Pro-inflammatory 

cytokines TNF-α and IL-1β are highly elevated during RRVD (70) and CHIKF (69). The 

responsiveness of PTX3 to these pro-inflammatory cytokines suggests its possible involvement 

during alphavirus infection. Whether PTX3 is playing a protective or pathogenic role during 

alphaviral infections is currently unknown. Therefore, identifying a possible role of PTX3 in 

anti-alphaviral mechanisms may open the way to the elucidation of cellular and molecular 

aspects underlying the pathogenesis of alphaviral-induced diseases.     

 

1.4 Macrophage: A key player in alphaviral-induced arthritis 

1.4.1 Role of macrophages in disease pathogenesis  

The role of macrophage in arthritogenic alphavirus infection was first characterised by 

Lidbury and colleagues through the establishment of a RRV-infected arthritic mouse model 

(70). Depletion of macrophages in the mouse model using clodronate disodium (99) resulted 

in a prominent drop of cellular infiltrates observed in histopathological examination of muscle 

and joint tissues. Further investigation demonstrated a significant decrease of pro-

inflammatory immune mediators secreted by macrophages. The absence of macrophage and 

its derived factors resulted in mild disease outcome (70, 100), hence identifying the pivotal role 

of macrophages in contribution to disease pathogenesis. Recently, infiltration of macrophages 

in infected joints and tissues of CHIKV-infected mouse models re-confirmed the importance 

of macrophages during alphaviral infections (44, 48).    
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In an effort to characterise the immune responses elicited in vivo during alphavirus 

infection, a primate model, which displayed human CHIKV clinical signs upon infection, was 

developed by Labadie and colleagues. The persistent viral infection of macrophages in the 

joints, muscles, lymphoid organs and liver were observed in this primate model, suggesting 

macrophages as the primary cellular reservoir during chronic phase of alphaviral infection (49). 

These findings generated from animal models concur with a recent study of CHIKV 

patients eighteen months post-infection, which found CHIKV persisted in the perivascular 

synovial macrophages (101). In essence, evidences from both human and animal subjects 

support the role of macrophages in contributing to clinical manifestations, however, the 

mechanism underlying this role requires further dissection. 

 

1.4.2 Macrophage subsets: The double-edged sword  

Macrophages are an incongruous population of cells, which are activated in response 

to environmental stimuli. At present, five subsets of macrophages have been described, being 

M1 macrophages, M2 macrophages, regulatory macrophages (M regs), tumour-associated 

macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs) (102). These 

subpopulations of macrophages assume different duties in the immune systems. Appropriate 

regulation of these lineages are necessary to confer protection against pathogens, otherwise 

regulation may lead to adverse consequences to the host. In general, macrophage subsets are 

multifunctional and require careful manipulation. To date, the specific roles of macrophages 

subtypes in modulating alphavirus disease pathogenesis remains ill-defined. 

M1 macrophages: The classically activated macrophages, are the primary subtype of 

macrophages recruited during initial immune defense against pathogen attack. The innate 

immune response elicited upon infection leads to the secretion of IFN-Ɣ and TNF-α, which is 

essential for the activation of M1 macrophages (103, 104). The activation of M1 macrophages 
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requires the engagement of TLRs, in conjunction with IFN-Ɣ/TNF-α stimulation. Upon 

activation, M1 macrophages in turn, produce pro-inflammatory immune mediators into the 

immune system. Secretion of nitric oxide (NO) associated with M1 macrophages is used to 

differentiate among the various macrophages subtypes (105) (Figure 1.9).  

 

 

Figure 1.9. Activation of tissue macrophages by different stimulus gives rise to macrophage 

subsets.  

Tissue macrophages can be activated by different stimuli, which determine the phenotypic and 

functional characteristics of the activated macrophages. Each subset of macrophages is assigned with 

contrasting functionality, to maintain the equilibrium of immune response elicited by macrophages 

during pathogen invasion. Figure illustrated by Foo SS. 

 

The protective function of classically activated macrophages has been evident in animal 

models. IFN-Ɣ-deficient mice demonstrated susceptibility to pathogenic infection with 

Mycobacterium bovis (M. bovis), in conjunction with reduced expression of M1 macrophage 

markers – major histocompatibility complex (MHC) class II antigens (106). In addition, mice 
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deficient in phagocyte oxidase and iNOS exhibited defective killing of intracellular pathogens 

including Samonella typhimurium (S. typhimurium), Escherichia coli (E. coli) and attenuated 

Listeria (107). Despite the multifunctional nature of pro-inflammatory mediators, these studies 

clearly demonstrated the potential protective roles of M1-associated factors. Depending on the 

context, site, and the timing of expression during infection, overt expression of pro-

inflammatory mediators may also give rise to pathogenic effects. For instance, elevation of 

macrophage-derived TNF-α, IFN-Ɣ, IL-6 and IL-1β were recently associated with the 

induction of myopathies in alphaviral-infections (69, 70). Activation pathways of M1 

macrophages have also been exploited by pathogens in order to promote replication in the host. 

Leishmania spp. which inhibits TNF-α secretion has been reported to persist in macrophages 

due to inefficiency in activation of M1 macrophages (108).   

M2 macrophages: The alternatively activated macrophages have been implicated in 

contrasting roles to M1 macrophages, with immunosuppressant properties and wound healing 

characteristic (109). Given the name alternatively activated, M2 macrophages upregulate the 

expression of mannose receptor, and require T helper 2 (Th2) cytokines such as IL-4, for 

proliferation (110). M2 macrophages produce growth factors, which include transforming 

growth factor (TGF)-β1 and platelet-derived growth factors (PDGF) (111), and matrix 

metalloproteinases (MMPs) (112, 113), that are prerequisites for wound healing process 

(Figure 1.9).  

An in vitro study demonstrated that M2 macrophages derived by IL-4 and IL-13 

stimulation, expressed low levels of MHC class II and CD86, exhibiting inefficient antigen 

presentation and T cell activation (114). This study provides evidence for the presence of a 

population of alternatively activated macrophages, which interacts with the adaptive immunity 

and has immunosuppression characteristics. More recently, high expression of MMPs in SINV 

infection is suspected to be involved in articular cartilage damage (115), suggesting the 
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likelihood of M2 macrophages involvement in other alphaviral-elicited myopathies, such as 

RRVD.    

The induction of arginase expression by M2 macrophage leads to the production of 

tissue-repairing polyamines, which contributes to immunocompromised effects in the host, 

hence higher susceptibility during infection (116). Hence, M2 macrophage may represent a 

favourable hiding place for virus persistency, serving as a reservoir for virus dissemination in 

the chronic phase of alphaviral infection. 

Regulatory macrophages: This subpopulation of macrophages, also known as M regs, 

contrast to classically and alternatively activated macrophages in terms of modes of activation 

and functional roles. The activation of M regs requires a ‘two-signals’ mechanism. The priming 

signal for M regs activation can include prostaglandins, immune complexes, adenine 

nucleotides, gluococorticoids, apoptotic cells and IL-10 (117, 118). The latter signal for 

activation requires binding to TLRs (114, 118, 119). Successful activation of macrophages 

under simultaneous stimulation with the two signals gives rise to a population of M regs, which 

secrete high levels of IL-10. The exclusive secretion of IL-10 serves as a biomarker for M regs 

identification. In addition, the downregulation of IL-12 by IL-10 can also be included as a 

parameter for defining M regs (120, 121)  (Figure 1.9). The production of IL-10 prevents self-

damage caused by excessive infiltration of proinflammatory cytokines, by maintaining the 

equilibrium of pro-inflammatory responses in the immune system (122-124), hence is also 

responsible for the immunosuppressive effect exerted by M regs. Generally, the tissue damage 

induced by the excessive pro-inflammatory immune mediators is prevented by the 

immunoregulatory role of M regs. 

The presence of M regs in secondary RRV infection has been described in an earlier 

study (125). Antibody-dependent enhancement (ADE) of RRV abrogated the secretion of pro-

inflammatory mediators, such as TNF-α and nitric oxide synthase 2 (NOS2/iNOS), as well as 
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transcription complexes formation, accompanied with drastic elevation of IL-10 (125), suggest 

the possible presence of M regs.  

 

1.4.3 Macrophage-derived factors in alphaviral-induced pathogenesis 

The mechanisms underlying the disease pathogenesis of alphaviral-elicited infections 

remain an area of ongoing research. Several studies have identified macrophages and their 

derived factors contributing to both acute and chronic clinical manifestations associated with 

arthritogenic alphaviral infections.  

In the acute phase of alphaviral infections, a range of immune mediators with pro-

inflammatory and anti-inflammatory functions is secreted from macrophages. High levels of 

IFN-α, IL-1Ra, IL-6, IL-7, IL-8, IL-12, IL-15, IP 10 and MCP-1 have been detected in acute 

phase plasma specimens of CHIKV-infected patients (68). In a separate study, patients 

suffering from chronic CHIKV arthritis also exhibited elevated IL-6, IL-1Ra, IL-8, MIP-1, 

MIP-1 and MCP-1 protein expressions in the serum specimens (126). This rapid and robust 

induction of immune responses represents the cellular mechanisms of the innate immunity, 

emphasising the importance of innate immunity in the defense against alphaviruses. Other 

studies have also defined the roles of some macrophage-derived factors in inducing acute phase 

musculoskeletal manifestations in alphaviral infections. Through macrophage-depleted mouse 

model, Lidbury and colleagues had identified three prominent mediators, TNF-α, IFN-Ɣ and 

MCP-1, in attributing to inflammatory disease symptoms (70). More recently, treatment of 

RRV- and CHIKV-infected mice with Bindarit, an inhibitor of MCP-1 (127, 128), ameliorated 

acute arthropathy symptoms. Hence proposing MCP-1 to be a suitable therapeutic target for 

advancement of treatment of alphaviral-induced arthritides. Interestingly, anti-TNF-α therapy 

in RRV-infected mice led to exacerbated disease pathogenesis (129), demonstrating the 
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multifunctional nature of host innate immune protein in shaping disease progression during an 

infection. 

Under usual circumstances, the production of immune mediators ends once the 

pathogen is cleared. However, it is speculated that due to the persistent infection of 

alphaviruses in the macrophages, some immune mediators are continuously secreted despite 

clearance of viral particles in the blood. Examination of chronically infected CHIKV patients 

revealed elevated IL-6 and GM-CSF profiles, suggesting possible pathogenic roles in 

contributing to persistent arthralgia experienced by many alphaviral-infected patients (68). In 

addition, dysregulated levels of IFN-Ɣ and TNF-α have also been correlated to the persistency 

of disease manifestation in RRV-infected murine models (130). 

In summary, our current knowledge on the interplay between macrophage-derived 

factors and disease pathogenesis remain poorly characterised. The list of macrophage-derived 

factors involved in the different phases of alphaviral infection will continue to grow.  

 

1.5 Pathogenesis of alphaviral arthritis  

1.5.1 Acute clinical manifestations in human 

Ross river virus disease (RRVD): Following an infectious bite, replication of RRV 

begins in the host, leading to systemic viraemia, commencing the outbreak of a spectrum of 

clinical manifestations. Typical clinical features of RRVD include fever accompanied by 

myalgia, fatigue, maculopapular rash, and most prominently the rheumatic symptoms (131, 

132). Persistent polyarthritis in RRVD often includes joints of the hands, wrists, elbows, knees 

and feet, which can persist for weeks to months post infection. In rare cases, RRV infection 

may even progress to encephalitis (133). In general, although RRVD has yet to be associated 

with fatality, the high morbidity rate and excruciating pain elicited negatively impacts the 

quality-of-life of thousands of RRVD patients each year.  
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Chikungunya fever (CHIKF): The word “Chikungunya” is derived from the Makonde 

language, translated as “that which bends up”, referring to the bending posture often associated 

with incapacitating arthralgia reported in CHIKV-infected patients (16). Typical symptoms 

presented during CHIKV infections have a close similarity to those displayed for dengue 

infections (134, 135). Common symptoms include high fever, myalgia and rashes (16) (Figure 

1.10). However, the distinct debilitating joint pain induced by CHIKV infections clinically 

distinguishes a dengue infection from a CHIKV infection. The presentation of these symptoms 

usually appears after an incubation period of three to seven days (136), and in the majority of 

cases, most symptoms will be cleared within seven to ten days except for some patients who 

continue to experience persistent joint pain even up to several years (43). However, 

approximately 15 % of the infected individuals remain asymptomatic (137). Other pathologies 

such as, encephalitis, hepatitis, myocarditis, and pneumonia with dramatic complications 

including mortality, were reported during the CHIKV Reunion outbreak (137). Severe clinical 

presentations were observed in young patients with unremarkable medical history, suggesting 

that CHIKV has the potential to cause severe complications not only in the elderly with 

predisposing medical history (137).   
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Figure 1.10. Clinical presentations in CHIKV patients.  

CHIKV patients demonstrating maculo-papular rash, petechial spots and erythroderma of (A) arms, (B) 

legs, and (C) feet. (D) CHIKV-infected seven months old infant presented with maculo-papular rash, 

oedema of hands and feet, swollen ankles or wrists, however absence of typical inflammatory joints. 

Figure adapted from reference (138). 

 

1.5.2 Animal models for alphaviral arthritis 

The first murine model for RRVD, was developed in 2000 by Lidbury et al. using 14 

to 21-day-old outbred mice. Features of disease include limb weakness, muscle wasting and 

weight loss (100, 139). A subsequent study using 20 to 24-day-old C57BL/6 mice led to the 

establishment of better RRVD mouse model, which recapitulates human disease manifestations. 

The onset of clinical signs such as mild hindlimb weakness occurs four to five days post 

infection (dpi), with peak disease signs observed around ten dpi, and disease resolution by 
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twenty dpi (45). More recently, we have also demonstrated evidence of pathological bone loss 

in the RRVD mouse model at peak disease, identifying bone destruction as a new disease 

characteristic of alphaviral infection (50). 

An in vivo model for CHIKF was first established in 2008, using neonatal C57BL/6 

mice (140). A later study used adult mice with a defective type I IFN system, and showed 

susceptibility to CHIKV infection, demonstrating the significance of an intact type I IFN 

system in the defense against CHIKV (141). More recently, an immunocompetent adult 

C57BL/6 CHIKV mouse model was established by Gardner and colleagues. This is the first 

arthritic CHIKV mouse model established, recapitulating clinical signs presented during 

human CHIKV infection, such as self-limiting arthritis, tenosynovitis and myositis (48). In 

addition to murine models, non-human primates, such as cynomolgus macaques (Macaca 

fascicularis) have also been used as in vivo models for CHIKF studies (49). 

In conclusion, the development of in vivo animal models has increased our 

understanding on the pathogenesis of alphaviral infections. These animal models may serve as 

platform for the future development of antiviral drugs and therapy against alphaviruses. 

 

1.6 Crosstalk between the immune and skeletal system during alphaviral 

infection 

1.6.1 Osteoimmunology: the interactions between immune and bone system 

The maintenance of normal healthy bone structure is a tightly regulated process 

requiring the coordinated actions of bone-resorbing osteoclasts and bone-forming osteoblasts. 

Signals elicited from cells within the local bone micro-environment, including those signals 

arising from cells within the bone matrix (142) and from the bone matrix itself (143), are critical 

for regulating the activity of osteoblasts and osteoclasts. It is increasingly recognised that 

immune cells and their molecular mediators may contribute to normal bone homeostasis and 
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are key drivers of bone loss in chronic inflammatory conditions including the prototypical 

inflammatory arthritis, rheumatoid arthritis (RA) (144). 

The differentiation of osteoclasts from myeloid precursor cells requires the local 

presence of a pro-osteoclastogenic cytokine termed RANKL (receptor activator of nuclear 

factor (NF)-κB ligand) (145, 146) and its interaction with its receptor, RANK (receptor 

activator of nuclear factor (NF)-κB) (147), which is expressed on the cell surface of osteoclast 

precursors. The actions of RANKL can be inhibited by osteoprotegerin (OPG), a natural decoy 

receptor for RANKL that prevents its interaction with RANK (148). The relative expression of 

RANKL to OPG (RANKL: OPG ratio) within the local bone microenvironment controls 

osteoclast differentiation (149, 150), with a high ratio leading to increased osteoclastogenesis.  

In bone homeostasis, RANKL is produced by cells of the osteoblast-lineage, including 

early-mid stage osteoblasts (151, 152) and osteocytes (153). In inflammatory arthritis such as 

RA, other cell types including synovial fibroblasts (154, 155) and T cells (154, 156) provide 

additional sources of RANKL leading to increased RANKL: OPG in the inflamed synovial 

tissue (157) and at the pannus-bone interface (158), thus contributing to increased 

osteoclastogenesis within inflamed joints (159, 160). A study in treatment naïve RA patients 

also showed elevated systemic levels of serum RANKL: OPG at diagnosis (161) (162, see 

Appendix 6.2).  

 

1.6.2 Impact of the alphavirus-induced immune response on bone  

The innate immune system acts as the frontline defense against alphaviral invasion. 

Upon activation by alphavirus, a sophisticated network of immune responses is elicited. 

Growing evidence has pinpointed the cell-mediated immune response as the primary 

contributor to the immunopathology and persistence of joint manifestations during alphaviral 

infection.  
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There is a strong body of evidence that infiltrating macrophages determine the severity 

and persistence of alphaviral infection. Persistent infection of perivascular synovial 

macrophages by CHIKV and constitutive infiltration of CD14+ monocytic cells into the 

synovial cavity were reported in a CHIKV-infected patient 18 months post illness onset (101). 

Extensive mononuclear cell infiltration and persistent CHIKV infection of macrophages are 

also evident in animal models (48, 49) and depletion of macrophages protects RRV-infected 

mice from disease. 

A vast array of cytokines, chemokines and growth factors were detected in the plasma 

of CHIKV-infected patients, including type I interferons, CXCL10/IP-10, IL-1β, IL-5, IL-6, 

IL-7, IL-10, IL-15, IL-17, CCL3/MIP-1α, CCL-4/MIP-1β, CCL-2/MCP-1, granulocyte 

macrophage colony-stimulating factor (GM-CSF), CCL-11/eotaxin and CCL-5/ [regulated on 

activation, normal T cell expressed and secreted (RANTES)] (55, 68). In the synovial fluid and 

tissue of CHIKV-infected patients, elevated levels of CCL-2, IL-6 and IL-8 have been reported 

(101). A similar elevation of these immune mediators was also observed in RRV infection. 

Synovial fluid samples obtained from RRV-infected patients exhibited significantly higher 

levels of TNF-α, IFN-Ɣ, MCP-1 and reactive nitrogen intermediates (RNI) when compared to 

osteoarthritis (OA) patients (70). Consistent with this observation, RRV- and CHIKV-infected 

primary osteoblasts also showed a greater increase in RANKL: OPG ratio and higher 

expression of IL-6 and CCL-2; all are, associated with enhanced osteoclastogenesis in response 

to alphaviral infection (50, 163).  

A striking similarity in inflammatory responses between the animal models of 

alphaviral infection and human disease has been observed. Elevated expression of immune 

mediators such as TNF-α, CCL-2, IFN-Ɣ and IL-6 was evident in RRV-infected mice (70) and 

in CHIKV-infected mice (48) and non-human primates (49). In addition, there was an IL-6-

dependent increase in the RANKL: OPG ratio in serum from RRV-infected mice during peak 
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disease (50), indicating that the osteoclastogenic environment induced by RRV could be 

therapeutically targeted by IL-6 inhibition. Furthermore, reduced production of TNF-α, CCL-

2, IFN-Ɣ and RNI was observed in RRV-induced arthritis in mice upon macrophage depletion 

indicating that these cells may play a significant role in alphaviral joint pathology (70). In a 

recent study, Poo et al. reported that mice deficient in C-C chemokine receptor type 2 (CCR2), 

a receptor for several ligands including CCL2/MCP-1, CCL8/MCP-2 and CCL7/MCP-3, 

resulted in exacerbated disease following CHIKV infection. This was characterised by 

neutrophil-dominant cellular infiltration, suggesting a role of neutrophils in mediating cartilage 

damage during CHIKV-infection (164). However, treatment of RRV-infected mice at 

therapeutic dose with bindarit, an inhibitor of CCL-2, CCL-8 and CCL-7, leads to disease 

amelioration (128). The study conducted by Poo et al. suggests that over-expression or total 

inhibition of pro-inflammatory factors and reducing the expression levels involved in 

inflammatory diseases may give rise to contrasting disease outcomes, providing valuable 

insights into yet undiscovered immunopathogenesis. The disease exacerbation in CHIKV-

infected CCR2-/- mice suggests a potential therapeutic strategy against alphavirus disease 

would be to reduce the expression level of these pro-inflammatory factors only to a safe basal 

level in order to ameliorate disease. Together these studies suggest that suppressing the 

overexpression of alphaviral-induced pro-inflammatory factors using specific anti-

inflammatory drug at therapeutic dose may be a viable option for preventing joint inflammation. 

Pro-osteoclastic cytokines TNF-α, IL-6 and IL-1, which are also prominent alphavirus-

induced pro-inflammatory cytokines, have been implicated in alphavirus-induced 

osteoclastogenesis and bone loss (165, 166). Moreover, chemotactic cytokines such as CXCL-

1, CCL-2, CCL-3, CCL-4, CCL-5 and CCL-11, which have each been implicated in the egress 

of osteoclast precursors (167) and osteoclast differentiation (163, 168-170) in pathological 

bone conditions, are also elevated during alphaviral infection.   
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 Recent studies have identified an indispensable role for adaptive immunity in 

modulating alphaviral disease pathogenesis. In particular, increased T cell activation was 

observed during acute CHIKV infection in humans (101, 171). Consistent with these clinical 

studies, egress of T cells to the inflamed joints and muscles tissues was also observed in acute 

models of RRV and CHIKV infection (44, 163, 172, 173). Further characterisation identified 

a pathogenic role for CD4+ T helper (Th) cells in disease pathogenesis through mediating 

inflammatory processes (174). Similarly, T cell infiltration has been identified as a hallmark of 

RA, in which type T helper 17 (Th17) cells have been characterised as a T cell subset that can 

support osteoclastogenesis by virtue of their RANKL expression (175). Hence, the presence of 

Th17-associated cytokines IL-17, RANKL, TNF-α and IL-6 during alphaviral infection 

strongly suggests that Th17 cells may also be involved in alphaviral disease, including 

osteoclastogenesis. 

 Taken together, the elevated profiles of inflammatory cytokines, pro-osteoclastic 

factors, chemokines, and Th17-associated cytokines play a crucial role in alphaviral arthritis. 

Most importantly the increased RANKL: OPG ratio and osteoclastogenesis in alphavirus 

infection as a result of inflammation demonstrate a strong association between the immune 

response following alphaviral infection and bone health (Figure 1.11) (162, see Appendix 6.2). 
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Figure 1.11. Schematic representation of immune and skeletal responses during alphaviral 

infection.  

In the bone microenvironment, the two major cell subsets are bone-forming osteoblasts and bone-

resorbing osteoclasts. Following alphaviral infection, viruses are disseminated to inflamed joints, where 

osteoblasts are infected. The infection of osteoblasts gives rise to the secretion of pro-inflammatory and 

pro-osteoclastic factors including IL-6, IL-1β and CCL-2, as well as RANKL. Furthermore, the 

expression of RANKL: OPG is increased, favoring osteoclast differentiation, and contributing to bone 

loss. Figure illustrated by Foo SS and Chen W, and published in reference (162), refer to Appendix 6.2. 

 

  



Chapter 1: Literature Review 

 

36 

 

1.7 Research aims of this thesis 

To date, the exact innate immune responses elicited by alphaviral infections remain ill-

defined. The growing threat of an alphavirus pandemic and the critical lack of therapeutic 

strategies warrant the need for more studies to examine the immunobiology of alphaviral 

diseases. Therefore, the specific aims for this thesis are: 

(i)  To characterise the roles of macrophages in contributing to alphaviral muscle 

pathology and the involvement of macrophage subsets during disease progression. 

Macrophages have been shown to be a key player in modulating alphaviral disease 

pathogenesis. Therefore, it is crucial to evaluate the roles and involvement of various 

macrophage subsets during alphaviral disease progression. With the use of well-

established RRVD mouse model, quadriceps muscles will be harvested at various time 

points of disease to evaluate the profiles and kinetics of immune cells recruited to the 

site of infection during RRVD progression using flow cytometry analysis. 

Identification of possible involvement of various macrophage subsets during 

progression of alphaviral-elicited disease in RRVD mouse models will be performed 

using quantitative real time-polymerase chain reaction (qRT-PCR) and enzyme-linked 

immunosorbent assay (ELISA) detection of M1- and M2-associated markers within 

infected muscle specimen. Subsequently, the key immune mediator involved in 

facilitating macrophage phenotypic switch will be identified and in vivo and ex vivo 

study will be performed to confirm the role of the identified immune mediator. 

(ii) To characterise the role of macrophage-derived factor – PTX3 during alphaviral 

infections. 

PTX3 is an acute phase innate immune proteins that can be produced by cells of the 

monocytic lineage. To determine the involvement of PTX3 during alphaviral infections, 

acute patients’ and RRVD mouse blood specimens will be utilised to detect PTX3 levels. 
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Effects of PTX3 deficiency will be determined using PTX3 knockout (PTX3-/-) mice, 

in which the infected animals will be assessed for disease, virus titres, cellular 

infiltration and immunological responses using plaque assay, flow cytometry and qRT-

PCR, respectively. Extensive in vitro studies including transient overexpression of 

PTX3 would be performed to evaluate the effects of PTX3 on virus replication. 

(iii) To determine the key cytokine(s) involved in alphaviral-induced recruitment of 

monocytic cells and its effect on alphaviral-induced disease pathogenesis. 

During an alphavirus infection immune cells, such as monocytic cells, are rapidly 

recruited to the site of infection in response to chemotactic signals released. Herein, the 

expression of a panel of cytokines with chemotactic potential will be investigated 

during acute alphavirus infection through qRT-PCR analysis. Treatment of the RRVD 

mouse model with an appropriate drug to inhibit the identified cytokine(s) will enable 

the characterisation of the identified cytokine(s) role in facilitating alphaviral-induced 

monocytic cells recruitment and determining alphaviral-elicited pathogenesis, through 

immunohistological and micro-tomography (µCT) analyses. 
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2.2 Preamble 

Monocytes/macrophages are an incongruous population of cells which exhibit great 

plasticity to change physiologically and functionally in response to environmental stimuli and 

self-expressed immune factors. In times of alphavirus invasions into the human host, the innate 

immune system serves as the first line of defence. However, emerging evidence of alphaviruses 

evading host innate immunity leading to severe clinical consequences have surfaced. Despite 

extensive research conducted, the roles of monocytes/macrophages during alphaviral disease 

remains poorly defined, largely due to the plasticity of these immune effector cells.  

The role of inflammatory monocytes in facilitating disease progression had been 

demonstrated during infection with arthropod-borne West Nile virus. The CCL2-dependent 

recruitment of inflammatory monocytes during WNV infection led to enhanced survival of 

infected mouse models (176). In addition, the subsequent differentiation of monocytes into 

various macrophage subsets during an inflammatory condition had been shown to be a 

determining factor of the disease outcome. The phenotypic switch of M1 to M2 macrophages 

triggered by IL-10 assisted the muscle repairing and regeneration processes in a mouse model 

with muscle injury induced by hindlimb muscle unloading and reloading (177).  

In this chapter, the importance of macrophages in alphavirus infection was 

characterised and key immune mediators essential for facilitating macrophage phenotypic 

switch were identified. Consistent with previous studies, this study has demonstrated the 

importance of inflammatory monocytes in triggering disease onset and the subsequent 

differentiation into macrophages driven by IL-10 facilitated myogenesis and disease recovery. 

The manuscript for this research project is currently in preparation and intended for submission 

to Journal of Experimental Medicine.  
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Abstract 

Acute systemic viral infection can cause inflammation due to tissue tropism, leading to organ 

failure. How the host instigates the repair mechanism to restore tissue in the presence of anti-

viral inflammatory responses remains elusive. Here, using an alphaviral myositis model, we 

describe an innate pathway that the host employs to facilitate recovery from viral inflammation 

after systemic spread. By detecting the leukocyte infiltration and myeloid cell transition 

throughout the acute Ross River virus (RRV) disease in mice, we found that Ly6C+ 

inflammatory monocytes dominated cellular infiltration early in inflammation and steadily 

transited into Ly6C–(F4/80 CD11c)+ macrophages. In the resolution phase, macrophages 

occupied the repair sites in muscle. In time of the early iNOS/Arg1 switch followed by 

induction of myogenesis, inflammatory monocytes began to mediate host recovery from 

myositis upon recruitment. IL-10 was the principle type II cytokine that surged along with pro-

inflammatory factors in muscle and was produced by systemically pre-primed natural killer 

cells and muscle resident cells including endothelial cells, fibro-adipogenic progenitors and 

myoblasts, but not monocytes seen in other types of local muscle injury. IL-10 regulated 

iNOS/Arg1 transition of inflammatory monocytes. Its neutralization at the time of monocyte 

phenotype switch led to reduced myogenesis. Hence, contrary to their role as inflammatory 

cells in viral inflammation, recruited monocytes undergo a rapid phenotypic switch largely 

driven by the surge of innate IL-10 to support tissue recovery at the onset of systemic viral 

disease.  
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Introduction 

Systemic viral infection can trigger acute inflammation in the targeted tissue that can result in 

organ failure. It is vital for the host system to mount an inflammatory response to eliminate the 

virus, while initiating tissue repair mechanisms to restore the organ function. Tissue repair, 

which commences and continues in the phase that overlaps with inflammation, is under 

stringent temporal control. Skeletal muscle is a type of tissue with distinct immunological 

properties. It is primarily composed of multinucleated myofibers and single side cell 

populations including myogenic progenitors (MPs), fibro/adipogenic progenitors (FAPs) and 

endothelial cells (ECs) [1]. Several systemic viruses target the muscle tissue and cause muscle 

inflammation and dysfunction. While immune infiltration and inflammatory responses to viral 

invasion have been well recognized, how the host regulates muscle repair and recovery in the 

course of acute viral myositis is poorly understood.  

 

Alphaviruses including Ross River virus (RRV) and Chikungunya virus (CHIKV) are 

mosquito-borne viruses that cause debilitating inflammatory musculoskeletal illnesses [2]. 

RRV is endemic in various regions of Australia and its distribution is broadening [3], while 

CHIKV is distributed globally and causes recurrent pandemics that involve thousands to 

millions of people [4]. With particular tropism to musculoskeletal tissues, these alphaviruses 

induce acute myositis during systemic spread in the host, resulting in debilitating symptoms 

including malaise, fatigue, headache and myalgia [2]. Similarly, significant non-arboviruses 

such as influenza, coxsackieviruses and human immunodeficiency virus are also capable of 

causing severe infectious myostitis upon systemic spread [5]. Understanding the host defense 

and recovery mechanisms in virus-induced acute inflammation in the specific tissue may lead 

to therapeutic intervention by means of selective cellular and molecular targeting.  
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Alphaviral disease is characterized by considerable immune infiltration in local 

musculoskeletal tissues during systemic spread [6, 7]. The disease mobilizes a large number of 

monocytes and macrophages, which are thought to contribute significantly to disease 

pathogenesis [8, 9]. In mice, monocyte/macrophage depletion prior to infection considerably 

reduces muscle inflammation [8, 9]. The degree of CD11b+Gr1+ monocytic infiltration 

correlates with the disease severity [9]. In contrast, RRV-induced disease is not alleviated in 

RAG-deficient mice [8]. Consistent to these findings, in RRV patients, monocytes and 

macrophages are dominant infiltrates in infected tissue effusions [10, 11] and myeloid 

proinflammatory factors are associated with disease development [8, 12, 13]. Although 

monocytes and macrophages play a critical role in RRV immunopathogenesis, several 

questions remain. Monocytes and macrophages are heterogeneous populations with functional 

plasticity. Monocytes are separated into Ly6Chi and Ly6Clo subsets, which have been shown 

to commit to different functions during inflammation, whereas F4/80+ cells can be classically 

activated (M1) or alternatively activated (M2) macrophages depending on the stimulus [14, 15]. 

To date, the functional disparity of monocyte/macrophage subpopulations during RRV disease 

remains vastly unclear. Moreover, effective wound healing requires participation of 

monocytes/macrophages. It has been shown that Ly6C+ monocytes that are recruited as 

inflammatory cells in local skeletal muscle injury undergo a phenotypic switch and become 

Ly6C–F4/80+CD11c+ anti-inflammatory macrophages to support muscle regeneration [16]. It 

is not known whether and how this process is engaged in viral myositis and how it is temporally 

regulated in the course of disease. Last, Type II innate signaling arising from either IL-4-

expressing eosinophils or IL-10-producing monocytes/macrophages has been shown to 

enhance muscle regeneration in local myositis [16-18]. The innate pathway that supports the 

host recovery from viral myositis remains unknown.  
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In the present study, we employed the RRV-induced disease model to investigate how the host 

initiates muscle repair through immune regulation in the presence of acute viral inflammation. 

We studied the kinetics of cellular infiltration, inflammatory mediators and muscle 

regeneration during acute viral myositis, and identified a Type II innate mechanism pertinent 

to regulation of the inflammatory monocyte phenotype critical for muscle recovery.     

 

Results  

Monocytes/macrophages dominate immune infiltration during RRV myositis.  

To understand how leukocyte populations participate in the acute and convalescent stages of 

acute viral myositis, we investigated the kinetics of cell infiltration in lymphoid and myeloid 

compartments of MacGreen C57BL/6 quadriceps muscle, from the disease onset (day 6), peak 

(day 9–12) to resolution (day 15). Immune infiltration and upregulation of proinflammatory 

factors began to rise at 5 – 6 days post-infection in mice [19]. The reporter gene EGFP 

associated with the c-fms protooncogene that encodes CSF1R or CD115 in MacGreen 

facilitated identification of myeloid cells including monocytes, macrophages and granulocytes 

[20]. During RRV infection, a large CD45+ leukocyte population was recovered from 

quadriceps (Fig. 1A). The EGFP+ myeloid cell population was distinctive from EGFP– 

lymphoid population and both correlated with forward versus side scatter distribution (Fig. 1A). 

Multiple myeloid cell populations were identified by key cell surface markers as described 

previously [16, 21]. In the myeloid compartment, Ly6Cint(F4/80CD11c)– neutrophils and 

Ly6Chi(F4/80CD11c)dim monocytes were the major populations at day 6. While neutrophils 

rapidly diminished and monocytes gradually reduced in percentages, Ly6C–(F4/80CD11c)+ 

macrophages rose considerably at day 9–12. At day 15, they took up approximately 80% of the 

myeloid compartment (Fig. 1A). The transition of Ly6Chi(F4/80CD11c)dim monocytes into 

Ly6C–(F4/80CD11c)+ macrophages is in line with previous studies which demonstrated that 



Manuscript in preparation 

 

46 

 

recruited Ly6C+ monocytes differentiated and converted into Ly6C– populations in injured 

skeletal muscle [16, 22]. In infected MacGreen mice, quadriceps myeloid infiltrates identified 

through this gating strategy coordinated with circulating blood EGFP+ myeloid cells, in which 

the percentages of Ly6Cint neutrophils and Ly6Chi monocytes both increased in response to 

RRV infection, whereas Ly6C– monocytes soon reduced and resumed their appearance at the 

recovery phase (day 15) (Fig. 1B, S1). In the lymphoid compartment, NK1.1+CD3– NK cells 

and NK1.1–CD3+ T cells were the dominant populations at the disease onset. NK cells, like 

neutrophils, plunged at the peak of disease, while T cells rose as the major lymphocytes 

representing more than 80% lymphocytes (Fig. 1A). Total leukocytes in muscle remained 

constant in numbers during RRV myositis; however, the myeloid, but not lymphoid, cells 

dominated the cell infiltration throughout the course of the disease (Fig. 1C). In terms of 

cellular kinetics, the influx of neutrophils and NK cells at day 6 was transient. Monocytes and 

macrophages/DCs peaked at days 9 and 12, respectively. T cells gradually increased and 

peaked at day 12. NKT cell infiltration was nominal in the RRV disease (Fig. 1D and E). 

Overall, monocytes were the major population, along with neutrophils, NK cells and T cells, 

at disease onset. During the peak of disease, macrophages were dominant along with a 

significant T cell population, while monocytes gradually diminished. Both macrophages and T 

cells persisted towards resolution of disease (Fig. 1F).    

 

Macrophages are localized at the repair niche during the recovery phase of RRV myositis.  

We next examined how monocytes/macrophages were recruited and localized in muscle at 

different stages of RRV disease. In MacGreen mice, EGFPint-hi mononuclear phagocytes in 

high numbers were effectively visualized throughout the disease. While few macrophages were 

detected in healthy muscle fibers in non-infected mice, the peak of the disease was 

characterized by severe loss of muscle integrity and substantial influx of EGFP+ 
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monocytes/macrophages between days 9 and 12 (Fig. 2C), which corresponded to the 

appearance of extensive muscle damage that could be readily examined in infected MacGreen 

mice (Fig. 2A). Tissue destruction and recovery were further characterized by deposition of 

collagen matrix at day 9 and scar tissue formation at day 15, respectively, via Masson’s 

Trichrome (Fig. 2B). While EGFPhi mononuclear populations were dispersed among broken 

muscle fibers, at day 15 these cells were localized within the rejoining sites of myofibrils (Fig. 

2C). In a high power of magnification, EGFP+ cells accumulated in spaces of longitudal gaps 

between myofibrils, while at day 30, EGFP+ cells exclusively co-localized with regenerating 

fibrilous areas of various shapes (Fig. 2D). Taken together, EFGP+ mononuclear cells that are 

recruited as inflammatory cells widely spread in damaged muscle fibers at RRV disease onset. 

They congregate at the muscle regenerative site in the convalescent phase, indicating their 

participation in muscle repair.  

 

Monocytes/macrophages mediate muscle recovery in time of the rapid iNOS/Arg1 switch and 

early myogenesis.  

To verify the role of monocytes/macrophages in host recovery from viral myositis, we adopted 

the clodronate liposome (CL)-mediated monocyte depletion model [23]. In need of establishing 

a treatment regimen that effectively teases out the monocyte function in muscle recovery, we 

first studied the genetic kinetics of myogenesis and myeloid phenotype transition. The 

screening of transcriptional factors in myogenic regulation revealed that the muscle repair 

mechanism responded surprisingly early in the acute phase of disease (Fig. 3A). While PAX7 

transcription was minimally affected, PAX3, MRF4 and Myf5 were downregulated from day 

6, and MyoD and myogenin were upregulated at day 9, suggesting that the latter two elements 

that regulate myoblastic differentiation are necessitated for muscle recovery during viral 

myositis (Fig. 3A). The pattern of transcriptional kinetics indicates a level of genetic 
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interconnection across these regulatory factors, given that they act independently with the 

designated function [24-27]. In parallel to the myogenic evaluation, we obtained indication of 

macrophage polarization by screening M1 and M2 associated gene expression [28-31]. M1/M2 

genetic markers including iNOS and Arg1 are barely detectable in skeletal muscle. Their 

expression indicates phenotypic regulation of monocytes/macrophages [19, 32]. The shift from 

iNOS expression at day 6 to the substantial rise of Arg1 and Ym1 expression at day 9 indicates 

that monocytes underwent a rapid phenotype change (Fig. 3B). The Arg1/iNOS transcript ratio 

surged at day 9, suggesting an overwhelming M2 dominance (Fig. 3C). At day 6, monocytes 

demonstrated a capacity to produce both iNOS and Arg1 proteins. In contrast, these proteins 

were minimally generated by neutrophils. At day 9, iNOS expression was diminished, while 

Arg1 was produced by both monocytes and macrophages (Fig. 3D). Protein expression 

correlated with mRNA expression in consideration of the number of monocyte/macrophage 

infiltration (Fig. 1F). Notably, this mixed monocyte phenotype occurred prior to its complete 

conversion into macrophages, classically defined as F4/80+Ly6C– cells (Fig. 1) [16]. In RRV 

myositis, we found no other reported markers including TIMP1, RELMα (FIZZ1), VEGF and 

MMPs (MMP2, MMP9 and MMP12) coordinated with M1/M2 conversion during disease 

progression (Fig. 3E). Following the kinetic studies on phenotype switch and myogenesis, we 

identified the regimen for CL treatment. Mice that received CL at days 7 and 9 during RRV 

disease could not fully recover from the disease up to day 19, while control mice received the 

liposome (L) treatment showed complete recovery (Fig. 3F). Moreover, 60% of CL-injected 

mice displayed severe limb dysfunction, muscle reduction and weight loss, and reached the 

humane end point before day 14 (Fig. 3G). The severity of the disease was not caused by 

uncontrolled viral load, as clodronate treatment did not affect viral replication [8]. The 

reduction of disease recovery was less when CL was injected at days 9 and 11, and all treated 

mice infected with RRV survived (data not shown). Thus, monocytes/macrophages mediated 



Manuscript in preparation 

 

49 

 

host recovery from viral myositis at onset of disease, in concurrence with the rapid shift of 

iNOS/Arg1 and early initiation of myogenesis. Blocking monocytes that were undergoing an 

early phenotypic switch impeded disease recovery, whereas blocking monocytes prior to RRV 

infection ameliorated the disease in mice [15]. These findings indicate a role for monocyte 

phenotype transition in host recovery from viral myositis.  

 

Innate IL-10 is the major type II signal, which surges with influx of proinflammatory 

cytokines and the type I signal IFN-Ɣ. 

To gain insights into how the innate inflammatory response coordinates the M1/M2 shift and 

muscle regeneration, we investigated temporal regulation of innate signaling proteins during 

viral myositis. In particular, it is known that the iNOS/Arg1 balance in macrophages is 

competitively regulated by type I and type II cytokine responses [33]. Type II cytokines IL-4 

and IL-10 have been shown to be critical for Arg1 expression, M2 polarization and myogenesis 

[17, 18, 33]. As shown in Fig. 4, a wide array of inflammatory mediators were transcriptionally 

upregulated. Anti-viral IFNαβ, proinflammatory cytokines IL-1 and IL-6, as well as myeloid 

chemoattractants KC, MIP1α, MIP2, MCP1 and MCP3, were all robustly elevated, peaking at 

the onset of myositis (Fig. 4A-D). TNF-α upregulation remained constant until the later stage 

of disease (Fig. 4C), while IL-15 and IL-18 for NK activation were increased with different 

kinetics (Fig. 4E). Type I signal IFNƔ and IP-10 transcripts were considerably increased in a 

highly coordinated fashion at day 6 (Fig. 4F). Notably, anti-inflammatory mediators including 

the type II signal IL-10, PD-L1 and PD-L2 were highly upregulated, with the peak of 

expression at disease onset (Fig. 4E). In contrast, the expression of the other type II signal IL-

4 was not transcriptionally affected during RRV infection, and TGFβ, the type II response 

enhancer [34], was only moderately elevated at the peak of disease (Fig. 4G). These results 
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suggest that IL-10 is the principle type II cytokine that surges with IFNƔ and other 

proinflammatory cytokines at the onset of disease.    

 

IL-10 is primarily produced by NK cells and muscle resident cells, but not monocytes, in 

RRV myositis.  

Monocytes/macrophages have been reported to transcribe IL-10 at the late stage of muscle 

injury [16, 35]. The surge of IL-10 before the monocyte phenotype change was perplexing (Fig. 

4H). We next verified IL-10 protein expression from quadriceps in parallel to IFNƔ during 

RRV infection. While the protein expression correlated effectively with RNA transcription, IL-

10 was found to be constitutively produced at approximately 40 pg/ml muscle in naïve mice 

(Fig. 5A). To track the source of IFNƔ and IL-10 in quadriceps during infection, cell 

populations were analyzed using a combination of cell surface and intracellular stains in 

MacGreen mice at day 6 of RRV infection. Based on CD45 and EGFP expression, 

permeablized myeloid, lymphoid and muscle resident cells were identified (Fig. 5B). A large 

proportion (~50%) of lymphoid NK cells produced either cytokine. In contrast to the previous 

reports on muscle injury [16, 35], myeloid cells including monocytes/macrophages did not 

produce IL-10, given that they had a slight capacity to produce IFNƔ (Fig. 5C). Interestingly, 

non-immune cells present in muscle were capable of producing IL-10, but little IFNƔ (Fig. 

5D). Subsequently, when blood leukocytes were analyzed for comparison, in addition to the 

side scatter gate placed for eosinophils (Fig. 5E), it was found that systemic NK cells but not 

non-NK lymphoid cells nor myeloid cells were the major IFNƔ and IL-10 producers during 

RRV infection, along with eosinophils that constitutively produced both cytokines (Fig. 5G, 

5H) [36, 37]. Indeed, circulating NK cells have been shown to be the prominent cell population 

that produces IL-10 during systemic microbial infections [38]. Taken together, while NK cells 

produce IFN-Ɣ to control viral infection, our data show that NK cells but not monocytes 
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recruited to the inflamed quadripceps during systemic RRV infection are endowed with the 

capacity to produce IL-10. Moreover, muscle resident non-immune cells can contribute to IL-

10 production. This immune capacity of muscle, to our knowledge, has not been identified 

elsewhere. Next, we characterized resident cell populations in muscle for IL-10 production 

during RRV infection. Using a combination of cell surface markers including CD45, CD31, 

CD34 and Sca-1, muscle resident cells including CD45–CD31+ ECs, CD45–CD31–Sca-

1+CD34+ FAPs and CD45–CD31–Sca-1–CD34+ MPs were identified (Fig. 6) [1]. In mock-

infected mice, only MPs, but not FAPs and ECs, produced IL-10 (Fig. 6A). This correlates 

with the ELISA data showing a constitutive level of IL-10 protein present in quadriceps of 

naïve mice (Fig. 5A). In contrast, at day 6 of RRV infection, both FAPs and ECs upregulated 

IL-10 transcription (Fig. 6B). While it was shown that leukocyte populations exhibited varied 

capacities to produce IL-10 at day 6 (Fig. 5C, 5D), the rare population of leukocytes (~ 1.5% 

total muscle single cells) in the naïve mouse muscle which was predominantly resident 

macrophages did not express IL-10 (Fig. 6C). Taken together, muscle FAPs and ECs produce 

IL-10 in response to RRV infection, while MPs constitutively express IL-10 regardless of RRV 

infection.      

 

IL-10 regulates the iNOS/Arg1 balance and supports myogenesis in early viral myositis.  

The type II signal has been shown to promote muscle repair in local muscle injury. In the 

mechanical local injury model, IL-10-null mice were unable to regulate the M1/M2 switch and 

hence exhibited reduced muscle regeneration [18], although the anti-inflammatory property of 

IL-10 was largely oversighted. We investigated the role of IL-10 in regulating the iNOS/Arg1 

balance ex vivo and in vivo, by applying neutralizing antibody (JES5-2A5) at day 6 of RRV 

infection. Quadriceps muscles derived from RRV-infected mice incubated with anti-IL-10 

showed significantly reduced Arg1 and elevated iNOS after 72 h incubation ex vivo, in 
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comparison to infected muscles incubated with the isotype antibody (Fig. 7A). Consequently, 

the iNOS/Arg1 ratio was augmented. These results suggest that IL-10 regulates infiltrated 

monocyte phenotype M2 switch during RRV myositis (Fig. 7B). Moreover, RRV-infected 

mice that had received anti-IL-10 treatment at day 6 exhibited increased iNOS/Arg1 at day 9 

(Fig. 7C), accompanied by overall reduction of myoblastic differentiation factors including 

MyoD and myogenin (Fig. 7D), indicating that IL-10 modulates the monocyte phenotype and 

participates in support of myogenesis during early RRV myositis in vivo.  

 

Discussion 

Several viruses can cause acute myositis during systemic spread. Here, using a RRV disease 

model, we uncovered an innate mechanism associated with inflammatory monocytes that 

regulated host recovery from muscle inflammation induced by a systemic virus. We first 

demonstrated the kinetics of myeloid and lymphoid infiltration during viral myositis. 

Inflammatory monocytes dominated cellular infiltrates. They underwent an M1/M2 phenotype 

switch at disease onset and subsequently instigated a support for muscle regeneration prior to 

the peak of the disease. Monocytes functioned under the influence of innate IL-10, the principle 

type II cytokine specifically produced by innate NK cells and non-immune muscle resident 

cells during viral myositis.    

 

We depicted the immune reaction during acute viral myositis. In the early phase of 

inflammation, the influx of myeloid cells overwhelmed cellular infiltration, along with 

induction of chemokines. Mobilization of inflammatory monocytes correlated with 

upregulation of MCP1 and MCP3. Neutrophils transiently appeared at disease onset during the 

surge of KC, MIP1α and MIP2. In light of the lymphoid compartment, NK cells were recruited 

with a similar kinetics to neutrophils, whereas T cells rose steadily as a secondary population 
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and persisted towards disease resolution. Although it is now evident that 

monocytes/macrophages play a dual role in muscle inflammation and repair, the functionalities 

of other leukocyte populations in acute viral myositis require further attention. Neutrophils 

have been shown to contribute to control of virus replication and tissue destruction, with the 

ability to produce reactive oxygen species and extracellular traps. During RRV myositis, they 

have a minimal contribution to iNOS and Arg1 expression. In response to RRV invasion, 

neutrophils were the first leukocyte population recruited, at approximately 4 h before 

monocytes [39]. Thus, how early neutrophil recruitment influences mobilization of monocytes 

and contributes to anti-viral inflammation during viral myositis remains a subject of interest. 

Similar to neutrophils, NK cells were acutely recruited, in time with IL-15 and IL-18 

upregulation in local muscle. These NK cells produced both IFNƔ and IL-10, which 

corresponded to systemic NK cells. Engagement of NK cells in IL-10 production during 

systemic pathogenic infections has been proposed to be an anti-inflammatory mechanism 

whereby IL-12 production is suppressed [38]. In this context, we propose that systemic NK 

cells, after being recruited, contribute to IL-10 production in the concomitant local injury 

environment, and facilitate the monocyte phenotype switch for tissue repair. In contrast to NK 

cells, T cells rose steadily as a secondary population to macrophages and persisted towards 

disease resolution. Concerning RRV disease progression and early inflammatory 

cytokine/chemokine burst, such kinetics indicated that T cells were less likely to dictate RRV-

induced inflammation. Indeed, RAG-1-/- or CD8+ T cell depleted mice developed similar RRV 

disease signs and pathology to the wild type mice [7, 40]. Moreover, CHIKV-infected RAG-

1-/- mice demonstrated a high level of viral persistence in a long term [41]. Thus, locally 

recruited T cells may function as an anti-viral, rather than inflammatory, cell population in 

alphaviral musculoskeletal disease.   
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When cellular, molecular, imaging data and disease kinetics were examined in an entirety, it 

was found that serial phases associated with viral myositis including acute innate response, 

monocyte phenotype change and myogenesis were considerably overlapped. Indeed, the 

muscle repair pathways were initiated during induction of pro-inflammatory and anti-

inflammatory mediators at the onset of muscle damage. Certain factors induced early in acute 

inflammation could initiate mechanisms for muscle repair at the recovery stage. We showed 

that IL-10 expression that surged at the disease onset (day 6) prepared for the phenotype switch 

of monocytes/macrophages, which in turn enhanced myogenesis by promoting MyoD and 

myogenin before the peak of the disease (day 9) when muscle integrity was severely impaired. 

Although myofibrils appeared visually repaired at the recovery stage (day 15), the myogenic 

program had peaked 6 days prior. Hence, an early acute innate response induced by virus may 

contain the repair signal like IL-10 that activates specific cellular and molecular cascades at 

the onset of inflammation to facilitate tissue recovery.  

 

An important issue to be addressed is how proinflammatory and antiinflammatory factors 

cooperate to support muscle healing during viral myositis. In addition to IL-10, IL-6 and IFN-

Ɣ were highly upregulated in RRV disease. Although both cytokines are pro-inflammatory, 

they have reported effects on muscle regeneration. Through a STAT3-dependent pathway, IL-

6 has been shown to mediate macrophage migration and subsequent myoblast proliferation [42]. 

IFNƔ has been shown to stimulate proliferation, rather than differentiation, of myoblasts [43]. 

However, how IL-6 or IFNƔ contributes to muscle damage and repair during RRV myositis 

remains to be determined. Moreover, while IL-10 supports monocytes for muscle regeneration 

as demonstrated in this study, IL-4, another type II signal that is primarily derived from 

eosinophils, has been shown to activate FAPs, but not macrophages, to facilitate myogenesis 

during cardiotoxin-induced skeletal muscle injury [17]. In the RRV myositis model, however, 
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we did not observe eosinophil recruitment nor IL-4 upregulation. On another note, in the 

mechanical, chemical, lacerated muscle injuries, IL-10 has been shown to derive from 

monocytes/macrophages [16, 18, 44]. In contrast, we demonstrated that myeloid cells including 

monocytes/macrophages did not produce IL-10; instead, this cytokine was mainly contributed 

by NK and muscle resident cells including FAPs and endothelial cells during viral myositis, in 

addition to a constitutive low level by myoblasts. Hence, cellular and soluble factors engaged 

in induction and resolution of specific myopathy may vary depending on the cause or type of 

the muscle injury [45].  

 

In viral myositis, the myogenic program was initiated early at the peak of disease. With similar 

kinetics, MyoD and myogenin were upregulated, whereas PAX3, Myf5 and MRF4 were 

downregulated, suggesting that an intricate transcriptional network exists for muscle recovery. 

MyoD and Myf5 have been shown to regulate development of skeletal muscle [46]. MyoD 

primarily functions for myoblast differentiation, while Myf5 promotes myoblast proliferation 

[47]. Genetic expression of Myf5 has been shown to connect with MRF4 [48] or PAX3 [26], 

whereas MyoD stimulates myogenin expression for myofusion [49]. MyoD and myogenein 

have been shown to differentially regulate fast and slow twitch skeletal muscles [50]. Thus, 

both MRFs are distinct markers for myogenesis during muscle injury [1, 16, 18, 32]. In viral 

myositis, their upregulation indicates that terminal myoblastic differentiation is required for 

urgent generation of myocytes and myotubes. Previously, it has been shown that macrophages 

that are polarized with the type II cytokine (IL-10 or IL-4) can facilitate expression of 

myogenin and MyoD in myogenic progenitor cells in vitro [16]. In line with this, IL-10 

neutralization decreased MyoD and myogenin expression in viral myostis and this was 

accompanied by the dampened anti-inflammatory phenotype of macrophages characterized by 

elevated iNOS and reduced Arg1 expression.  
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In our study, Ly6C+ infiltrating inflammatory monocytes demonstrated the unique phenotype 

transition that did not follow the conventional M1/M2 classification. First, Ly6C+ monocytes 

showed mixed expression of M1/M2 metabolic enzymes like iNOS and Arg1 at the disease 

onset before they were “physically” converted into Ly6C– macrophages. This phenotype 

suggests that monocytes have initiated an anti-inflammatory and/or tissue repairing state, while 

preserving the proinflammatory properties. Second, the M2 phenotype of monocytes is 

distinctive from that of classical type II IL-4 or IL-10 polarized macrophages, based on 

expression and kinetics of cytokines (VEGF and TGFβ), MMPs (MMP2, MMP9 and MMP12) 

and other protein markers (RELMα and TIMP1). This “hybrid” phenotype of monocytes is in 

line with a previous study on muscle laceration [44]. We hence propose that, upon recruitment, 

inflammatory monocytes are genetically prepared by the high concentration of IL-10 for rapid 

M2 conversion to initiate repair functions in viral myositis. They are transformed into anti-

inflammatory Arg1 expressing cells, while reducing proinflammatory iNOS, before converting 

into F4/80+ macrophages in the early phase of the disease. Of note, genetic disruption of iNOS 

has been shown to dampen myogenesis in CTX-induced muscle injury and NO has been shown 

to promote activation of myogenic progenitor cells [32]. However, how transient iNOS 

expression influences myogenic proliferation in early viral myositis remains to be investigated. 

Distinct from iNOS, Arg1 has been studied in the context of RRV myositis. The conditional 

knockout mice in which myeloid cells were depleted of Arg1 showed overall reduction of viral 

load and improved late-stage muscle pathology, suggesting a role for Arg1 in impeding viral 

clearance and disease resolution [19]. In our study, we found that regional Arg1 associated 

with recruited monocytes in muscle was upregulated at day 6 of infection when the viral titre 

had been reduced to a low level [40]. It is likely that monocyte associated Arg1 is required for 
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tissue repair, but not viral eradication. To support this, monocyte/macrophage-depletion before 

RRV infection does not cause enhanced systemic and local viral replication [8].  

 

Our work has exemplified a role for inflammatory monocytes in muscle recovery during viral 

myositis. We propose that at the early stage of muscle inflammation, circulating monocytes are 

recruited as major myeloid cells with a mixed M1/M2 phenotype. They rapidly shut down 

iNOS-associated M1 programming and focus on Arg1-bearing M2 development before the 

peak of inflammation, sustained by highly concentrated IL-10 that is primarily derived from 

muscle resident endothelial cells, FAPs, myoblasts and recruited systemically pre-primed NK 

cells. During M2 development, monocytes/macrophages are attracted to myoblasts [51] at the 

repair site. Myogenesis is facilitated through myoblastic differentiation and myotube formation 

in line with MyoD and myogenin upregulation at the peak of disease. Monocytes that undergo 

the M2 switch mediate muscle recovery and the surge of IL-10 plays a critical part in driving 

this process. Thus, whether manipulating IL-10 and/or the M2 switch of monocytes provides a 

therapeutic effect on clinical viral myositis will require further investigation.     

 

Materials and Methods 

Animals 

Mouse colonies were maintained in the specific pathogen free facility of Griffith University 

(Gold Coast, Australia). C57BL/6 and C57BL/6 MacGreen mice aged 19 - 21 days were used 

for RRV infection to study viral myositis. Briefly, mice were inoculated subcutaneously with 

104 pfu RRV (prototype T48) with PBS as the injection vehicle in the thorax. Mice were scored 

every day for disease signs including the appearances of general health and gradual hind-limb 

paralysis [12], following a scale from 0 (no disease signs), 1 (ruffled fur), 2 (very mild hind leg 

weakness), 3 (mild hind leg paralysis), 4 (moderate hind leg paralysis and mild dragging), 5 
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(severe hind leg paralysis and dragging), 6 (complete loss of the hind leg function), 7 (moribund) 

to 8 (death). For depletion of monocytes/macrophages, infected mice received an 

intraperitoneal injection of 200 µl emulsified clodronate or control liposomes (VUMC, 

Amsterdam, The Netherlands) at days 7 and 9 or days 9 and 11 post RRV infection. For IL-10 

neutralization, mice were intraperitoneally injected with an anti-IL-10 (JES5-2A5) or isotype 

rat-IgG1 antibody (BioXCell, West Lebanon, NH) 100 µg daily from day 6 post-infection and 

were sacrificed at day 9. All animal experimental procedures were performed following the 

animal ethics guideline of Griffith University Animal Ethics Committee. 

 

Flow cytometry 

To label leukocyte infiltration and muscle resident cells, quadriceps muscles were removed 

from PBS-infused mice, weighed and minced. The emulsified tissue were incubated with 3 

mg/ml type IV collagenase (Worthington) and 1 mg/ml DNase I (Sigma-Aldrich) in 100 μl 

RPMI 1640 at 37°C for 2 hours. The digested tissue mass was vigorously pipetted in 5 ml 

RPMI for 10 sec and passed through a 40-μm cell strainer. Cells were washed, pelleted, and 

treated with 3 ml 1× red blood cell (RBC) lysis buffer (BD) for 5 min, and then counted. To 

evaluate circulating myeloid cell populations, blood were collected from euthanized mice by 

cardiac puncture and mixed with 100 l 50mM EDTA. Blood cells were treated with 5 ml 1× 

RBC lysis buffer for 5 min and washed. This procedure was repeated three times. Cell pallets 

were then treated with Fc Block (2.4G2; BD Biosciences) for 5 minutes at 4°C. To determine 

the percentages and numbers of specific leukocyte populations, cells were labeled with a) 

fluorescein isothiocyanate (FITC)-conjugated anti-CD3 (145-2C11), phycoerythrin (PE) anti-

CD11b (M1/70) and PE anti-CD11c (HL3) which were purchased from BD Biosciences and b) 

allophycocyanin (APC) anti-CD19 (MB19-1), APC anti-Gr-1 (RB6-8C5), PE-Cy7 anti-NK1.1 

(PK136), PE anti-F4/80 (BM8), APC anti-Ly6C (HK1.4) and PE-Cy5 anti-CD45 (30-F11) 
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which were purchased from eBioscience. To determine muscle cell populations, cells were 

labelled with FITC anti-CD34 (RAM34; BD Biosciences), APC anti-Sca1 (D7; eBiosciences), 

eFlour450 anti-CD31 (390; eBiosciences) and biotinylated anti-CD45 (30-F11; eBioscience), 

followed by treatment with streptavidin-PE-Cy7 (eBiosciences) at 4°C for 30 minutes. To 

identify intracellular molecules, cells were first labelled with specified surface markers, 

followed by cell fixation and permeabilization. Briefly, cells were incubated with the fix/perm 

reagent (BD Biosciences) at RT for 20 min and washed with 1 perm/wash buffer (BD 

Biosciences). Cells were then incubated for 20 min at RT with different combinations of 

antibodies encompassing FITC anti-NOS2 (CXNFT; BD Biosciences), FITC anti-Arg1 (sheep 

polyclonal, R&D), PE anti-IFNƔ (XMG1.2; BD Biosciences), PE anti-IL-10 (JES5-16E3; BD 

Biosciences), APC-Cy7 anti-MHC-class II (M5/114.15.2; eBiosciences) and rabbit anti-

CD163 (M-96; Santa Cruz) followed by Alexa 488 F(ab’)2 goat anti-rabbit Ig (Life 

Technologies, Victoria, Australia). For flow cytometry analysis, cells were resuspended in 500 

μl PBS containing 2% fetal calf serum with or without 1 μg/ml propidium iodide (PI) for 

live/death cell separation. Cells were analyzed by CyAn ADP flow cytometer (Beckman 

Coulter). The plots were presented using the Kaluza or FlowJo software. 

 

Confocal microscopy 

To visualize myeloid infiltration, RRV-infected C57BL/6 MacGreen mice were sacrificed at 

specific time-points. Quadriceps muscles were collected, fixed in 4% (wt/vol) 

paraformaldehyde (PFA) in PBS and transferred to 30% (wt/vol) sucrose in PBS followed by 

cryosectioning. Five-micrometer mounted cryosections were washed twice with 

permeabilization/staining buffer (0.3% Triton X100, 1% bovine serum albumin) and stained 

with Alexa Fluor 647 Phalloidin (Life Technologies) for 20 min at 4oC. Tissue sections were 

then washed three times with PBS, followed by staining with DAPI, and mounted with a 
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Prolong Gold Antifade reagent (Life Technologies). Tissues were visualized and imaged using 

the Olympus FV1000 confocal microscope.  

 

Histology 

For collagen stain, the Masson’s trichrome method was used with a modified protocol. Briefly, 

tissue sections that were preserved in 10% neutral buffered formalin were treated with the 

Bouin’s fluid for 1 h at 56°C. They were then washed and treated with Celestine Blue at RT 

for 5 min. Sections were washed and treated with Mayer’s hematoxylin for 5 min and followed 

by 0.5% acidified ethanol for 30 sec. They were washed and covered with Biebrich scarlet-acid 

fuchsin for 15 min, followed by treatment of 5% tungstophosphoric acid solution for 20 min. 

The solution was drained and aniline blue was applied for 20 min. The slides were washed with 

1% acetic acid for 3 min and dehydrated in absolute ethanol, followed by xylene treatment and 

cover slip mounting.  

 

Real time PCR 

Total RNA extraction was performed using TRIzol reagent (Life Technologies) following 

manufacturer’s instructions. Quantification of total RNA was measured by NanoDrop 1000 

spectrophotometer (Thermo Scientific, Victoria, Australia). Extracted total RNA (10 ng/µl) 

was reverse-transcribed using an oligo (dT) primer and reverse transcriptase (Sigma Aldrich) 

according to the manufacturer’s instructions. SYBR green supermix (BioRad) in 12.5 µl of 

reaction volume was mixed with 10 ng of synthesized cDNA. The real time PCR was 

performed using Bio-Rad CFX96 Touch Real-Time PCR Detection System in the 96-well plate 

format. The cycler conditions included (i) initial activation step (1 cycle): 95 °C for 15 min, 

and (ii) 3-step amplification (40 cycle): 94 °C for 15 sec, 55 °C for 30 sec and 72 °C for 30 sec. 

In a 5’ to 3’ order, primers that were purchased from Sigma Aldrich were forward sequence (F) 
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GCTACCAGTACAGCCAGTATG and reverse sequence (R) 

GTCACTAAGCATGGGTAGATG for PAX7, F CCAACCATATCCGCCACAA and R 

TCTTAGAGACGCAACCATGGG for PAX3, F GTGGCCAAGTGTTTCGGATC and R 

AAAGGCGCTGAAGACTGCTG for MRF4, F ACAGCAGCTTTGACAGCATC and R 

AAGCAATCCAAGCTGGACAC for Myf5, F TGAGCATTGTCCAGGCCAG and R 

GCTTCTCCCTCAGTGTGGCT for myogenin, F CGCTCCAACTGCTCTGATG and R 

TAGTAGGCGGTGTCGTAGCC for MyoD, F ACATCGACCCGTCCACAGTAT and R 

CAGAGGGGTAGGCTTGTCTC for iNOS, F TCACAGGTCTGGCAATTCTTCTG and R 

TTTGTCCTTAGGAGGGCTTCCTC for Ym1, F 

GGTCCCAGTGCATATGGATGAGACCATAGA and R 

CACCTCTTCACTCGAGGGACAGTTGGCAGC for RELMα, F 

CCAAGATCCGCAGACGTGTA and R GATGATGGCATGGTGGTGAC for VEGF, F 

CCTTGCAAACTGGAGAGTGACA and R AGGCAAAGTGATCGCTCTGGT for TIMP1, 

F AGGAGCTCTATGGGCCCTCC and R TCCTGTTTGCAGATCTCCGG for MMP2, F 

CCCAAAGACCTGAAAACCTCC and R TTCTCTCCCATCATCTGGGC for MMP9, F 

TTAACCCCAGCACATTTCGC and R ACTGAATGTTACGTATGTCATCAGCA for 

MMP12, F AGTGAACTGCGCTGTCAATG and R TTCAGGGTCAAGGCAAACTT for 

MIP2, F AATGCATCCACATGCTGCTA and R CTTTGGAGTTGGGGTTTTCA for MCP3, 

F TGGTTCCATGCTTTCTGG and R TCCGTATTACTGCGGTTGT for IL-18, F 

GGAATTGTCTCAGAATGGTC and R GTAGTTGCTTCTAGGAAGGAG for PDL1, F 

AAGACTGACAATCTTCCCTC and R CCTGAAAGTCATTAGGAGCC for PDL2, F 

CAACGCCATCTATGAGAAAACC and R AAGCCCTGTATTCCGTCTCC for  TGFβ. 

Other primers used for Arg1, IFNα, IFNβ, IL-1β, IL-6, TNF-α, KC, MIP1α, MCP1, IL-15, 

IFNƔ, IP10, IL-4 and IL-10 detection were included in Quantitect Primer Assay (Qiagen) with 

undisclosed sequences. Dissociation curves for each gene were acquired using Biorad CFX 
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Manager software to determine specificity of amplified products. The cluster gram was 

generated and rearranged from two representative mice to produce a heat map overview. By 

comparing samples between infected and non-infected mice, the fold of change in gene 

expression was determined through ΔΔCt. In brief, ΔΔCt = ΔCt(infected) – ΔCt(mock), while 

ΔCt =  Ct(gene-of-interest) – Ct(housekeeping gene-HPRT). The fold change for each gene 

was calculated as 2-ΔΔCt. The arbitrary Arg1/iNOS ratio was determined based on the fold of 

change for Arg1 or iNOS in the sample of infected mice relative to that of non-infected mice.   

 

ELISA 

Quadriceps muscles from PBS perfused mice were collected, weighed and homogenized in 1 

ml PBS. Tissue debris was pelleted by centrifugation at 300 × g at 4°C and supernatants were 

collected. The concentrations of IFNƔ and IL-10 were determined using the DuoSet ELISA 

kits purchased from R&D Systems. Briefly, microplates were coated with 100-l capture 

antibody overnight at 4°C. The plate was washed and blocked with 300 µl reagent diluent, 

followed by 1 h incubation at RT. One hundred µl of the supernatant were applied to the coated 

plate, in addition to the standard recombinant cytokine titrations. The plate was left for 2 h at 

RT and washed, followed by application of 100 µl detection antibody. At 2 h, the plate was 

washed and developed with color reagents A and B according to the manufacture’s instructions. 

This was followed by strepavidin-horse radish peroxidase (HRP) treatment for 20 min in dark. 

The plate was washed and 100 µl substrate solution was added to develop the colorimetric 

reaction. After 20 min in dark, 50 µl stop solution was added. The plate was read at 450 nm, 

with wavelength correction at 540 nm, using BioRad xMark microplate spectrophotometer. 

The concentration of IFNƔ or IL-10 was determined by the OD value in line with the standard 

curve.  
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Statistical analysis 

All data are shown as the mean ± SEM, where statistical analysis is required. Significance 

between experimental groups was determined by the p value (< 0.05), using student t test or 

specific one-way ANOVA test described in separate experiments. 
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Figure legends 

Figure 1. Kinetics of leukocyte infiltration and myeloid cell transition during RRV 

myositis. Quadriceps muscles or blood were collected from RRV-infected MacGreen mice (n 

= 3-4 mice per group) at the disease onset (day 6), peak (day 9-12) and recovery (day 15). 

Following quadriceps muscles digestion, cells were counted, stained with specific antibodies 

and analyzed by flow cytometry. Relative percentages and absolute numbers of leukocyte 

populations were determined. A) Total leukocytes, myeloid and lymphoid cell populations 

were separated using parameters including SSC, CD45, GFP, Ly6C, F4/80, CD11c, CD3 and 

NK1.1. B) Blood samples collected were subjected to RBC lysis, followed by cells staining 

with antibodies specific for Ly6C, F4/80 and CD11c and analyzed by flow cytometry. 

Percentages of Ly6Cint(F4/80CD11c)– neutrophils and Ly6Chi(F4/80CD11c)-/lo monocytes 

within the CD45+GFP+ myeloid leukocyte population were determined. C) Cellular kinetics 

of total (CD45+), myeloid (CD45+GFP+) and lymphoid (CD45+GFP+) infiltrates were 

determined. D, E) Cellular kinetics of myeloid Ly6Cint(F4/80CD11c)– neutrophils, 

Ly6Chi(F4/80CD11c)dim monocytes and Ly6C–(F4/80,CD11c)+ macrophages, as well as 

lymphoid NK1.1+CD3– NK, NK1.1+CD3+ NKT and NK1.1–CD3+ T cells, were also 

determined. Data (mean± SEM) are representative of 2 independent experiments. F) In an 

overview, cellular kinetics of individual leukocyte populations over the course of RRV 

myositis was presented.  

 

Figure 2. Monocyte/macrophage recruitment and localization in RRV-induced myopathy. 

MacGreen mice were infected with RRV and quadriceps muscles were collected at days 0, 6, 

9, 12, 15 and 30. A) A series of infected quadriceps muscles were displayed showing disease 

onset, peak and recovery. B) Paraffin-sectioned sections from days 0, 9 and 15 quadriceps 

samples were stained with Masson’s trichrome and examined by light microscopy (x20). 
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Collagen deposition (blue) and scar tissue formation (arrows-indicated) were indicative of 

muscle injury and recovery. Representative images of 4 to 5 mice per group. C) Infected 

quadriceps muscles were cryosectioned and examined by confocal microscopy. Distribution of 

GFP+ monocytes and macrophages (green) was effectively visualized in Phalloidin-stained 

myofibers (red) that were counter-stained with the DAPI (blue). D)  Infected quadriceps 

muscles were cryosectioned and examined by confocal microscopy at high magnification 

(100X). GFP+ cells were found to localize in the disruptive sites of myofibers stained with 

Phalloidin.  

 

Figure 3. Monocytes/macrophages mediate muscle recovery along with an iNOS/Arg1 

switch followed by early myogenesis.  A, B) C57BL/6 mice in groups of 4-6 were infected 

with 104 pfu RRV. At days 0, 6, 9, 12 and 15, quadriceps muscles were collected, homogenized 

and analyzed by real time PCR to evaluate expression of (A) myogenic regulatory factor genes 

including Pax7, Pax3, MRF4, Myf5, MyoD and myogenin and (B) macrophage M1/M2 

phenotype genes including iNOS, Arg1 and Ym1. Results were presented as fold of change at 

a specific time-point relative to day 0. C) The arbitrary ratio of Arg1/iNOS was determined by 

dividing the value in the fold of change of Arg1 over that of iNOS at a specific time-point. 

Data (mean± SEM) are representative of 2 independent experiments. *p < 0.05, one-way 

ANOVA Dunnett’s post-test. D) Quadriceps muscles were collected from RRV-infected 

C57BL/6 mice at day 6 or day 9. Following tissue digestion, cells were stained with antibodies 

specific for surface markers including CD11b, CD115, F4/80, CD11c and Ly6C to separate 

myeloid cells, following the gating strategy as described previously. iNOS and Arg1 expression 

was further detected after performing the intracellular staining as described. The level of iNOS 

and Arg1 expression relative to the isotype control was determined by the histogram overlay 

for cell populations including Ly6Cint(F4/80/CD11c)− neutrophils and 
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Ly6Chi(F4/80/CD11c)− monocytes at day 6, as well as Ly6Chi(F4/80/CD11c)− monocytes 

and Ly6C−(F4/80/CD11c)+ macrophages at day 9. E) Quadriceps muscles were collected at 

days 0, 6, 9, 12 and 15 and analyzed by real time PCR. Classical M1/M2 associated genes 

SEM) are representative of 2 independent experiments. *p < 0.05, one-way ANOVA Dunnett’s 

post-test. F, G) RRV or vehicle-infected C57BL/6 mice in groups of 5 received CL or L 

treatment at days 7 and 9 of infection. F) Clinical scores were recorded daily for 19 days. G) 

Survival rates were recorded for 25 days. *p < 0.05, log rank test. 

 

Figure 4. IL-10 is the principle type II cytokine that surges along with pro-inflammatory 

factors in RRV myositis. C57BL/6 mice in groups of 5-7 were infected with 104 pfu RRV. 

Quadriceps muscles were collected at days 0, 6, 9, 12 and 15. Real time PCR was performed 

to evaluate gene regulation of key mediators in inflammation. A) The heat map overview of 

representative gene expression kinetics of quadriceps from two mice shows the degree of 

specific gene upregulation from the low and high levels in normalized value, depicted by red 

and green, respectively, during the RRV disease. B-G) Expression kinetics for individual genes 

including (B) anti-viral type I IFNs, (C) proinflammatory IL-1β, IL-6 and TNF-α, (D) myeloid 

chemoattractants KC, MIP1α, MIP2, MCP1 and MCP3, (E) NK activation cytokines IL-15 and 

IL-18, (F) IFNƔ and associated IP-10, (G) IL-4 and TGFβ, and (H) IL-10 and anti-

inflammatory mediators PDL1 and PDL2 were evaluated as fold of change at each time-point 

relative to day 0. Data (mean± SEM) are representative of 2 independent experiments. *p < 

0.05, one way ANOVA Dunnett’s multiple comparison test. 

 

Figure 5. IL-10 is primarily produced by recruited, systematically preprimed NK cells 

and muscle resident cells, but not monocytes. MacGreen mice in groups of 6 were infected 
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with 104 pfu RRV. Quadriceps muscles were collected at days 0, 6, 9, 12 and 15. The blood 

was collected from infected mice at day 6. A) The cytokine ELISA was performed after muscle 

homogenization to determine IFNƔ and IL-10 concentrations at each time-point. B, C, D, E) 

Muscle samples collected at day 6 of infection were digested and single cell suspensions were 

generated. Cells were stained with antibodies targeting specific surface proteins. IFNƔ and IL-

10 expression was further detected by performing the intracellular staining. Myeloid cells, 

lymphoid cells and muscle resident cells were determined by GFP and CD45 expression. 

Within the lymphoid population, NK cells were further determined by NK1.1. F, G, H) Blood 

samples at day 6 were analyzed for systemic expression of IFNƔ and IL-10. Myeloid cells 

including neutrophils and monocytes and lymphoid cells were determined by GFP and CD45 

expression, whereas eosinophils by high side scatter. NK1.1 was used to distinguish NK cells 

in the dot plots. IFNƔ and IL-10 expression was determined in different leukocyte populations. 

The percentage of IFNƔ or IL-10 expressing cells within specific population was compared 

from infected mice. Data (mean± SEM) are representative of 2 independent experiments. 

 

Figure 6. Endothelial cells, FAPs and myoblasts produce IL-10 in muscle during early 

RRV myositis. Quadriceps muscles were collected at day 6 from RRV-infected MacGreen 

mice. Following tissue digestion, cells were stained to distinguish CD45–CD31+ endothelial 

cells, Sca1+CD34+ FAPs and Sca1–CD34+ myoblasts. IFNƔ and IL-10 expression was 

determined by intracellular cytokine staining, as described in Materials and Methods. C)  

Quadriceps muscles were collected from C57BL/6 mice. Following tissue digestion, cells were 

stained to distinguish CD45+CD31– leukocytes. IL-10 expression was determined by 

intracellular cytokine staining as described.  
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Figure 7. IL-10 neutralization perturbs the iNOS and Arg1 balance and  dampens 

myogenesis in RRV myositis. C57BL/6 mice in groups of 4 were infected with 104 pfu RRV. 

A, B) Quadriceps muscles were collected at day 6 of RRV infection. Mock or RRV-infected 

Samples were incubated with the anti-IL-10 or isotype rat IgG1 antibody at 50 µg/ml in the 

complete RPMI for 72 hours. A) The real time PCR was performed to determine mRNA levels 

of iNOS and Arg1 and the fold of change in the selected group relative to mock-infected, 

isotype antibody-treated mice was determined. B) The arbitrary ratio was calculated by 

dividing the fold of change of Arg1 over that of iNOS. C, D) RRV-infected mice were treated 

with the anti-IL-10 or isotype rat IgG1 antibody daily from day 6 of infection. At day 9, 

quadriceps muscles were collected and analyzed for Arg1, iNOS, MyoD and myogenin 

expression by real time PCR. C) The arbitrary ratio of Arg1 over iNOS was calculated and 

compared. D) The levels of MyoD and myogenin mRNA were compared following 

determination of the fold of change relative to the mock-infected, isotype antibody-treated mice. 

Data (mean± SEM) are representative of 2 independent experiments. *p < 0.05, student’s t test. 

 

Supplementary information 

Fig S1. Gating strategy of myeloid cells in blood during RRV infection. Blood samples 

were collected from RRV-infected MacGreen mice at days 0, 6, 9, 12 and 15. Following RBC 

lysis, cells were stained with antibodies specific for Ly6C, F4/80 and CD11c and analyzed by 

flow cytometry. Percentages of neutrophils and monocytes within the CD45+GFP+ myeloid 

leukocyte population were determined during RRV myositis. 
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Figure 1 

Figure 1. Kinetics of leukocyte infiltration and myeloid cell transition during RRV myositis. 
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Figure 2 

Figure 2. Monocyte/macrophage recruitment and localization in RRV-induced myopathy. 
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Figure 3 

Figure 3. Monocytes/macrophages mediate muscle recovery along with an iNOS/Arg1 switch 

followed by early myogenesis.   
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Figure  4 

Figure 4. IL-10 is the principle type II cytokine that surges along with pro-inflammatory factors 

in RRV myositis. 
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Figure 5 

Figure 5. IL-10 is primarily produced by recruited, systematically preprimed NK cells and muscle 

resident cells, but not monocytes. 
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Figure 6 

Figure 6. Endothelial cells, FAPs and myoblasts produce IL-10 in muscle during early RRV 

myositis. 
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Figure 7  

Figure 7. IL-10 neutralization perturbs the iNOS and Arg1 balance and  dampens myogenesis in 

RRV myositis. 
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Supplementary information 

Figure S1 

S1 Figure. Gating strategy of myeloid cells in blood during RRV infection. 
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3.2 Preamble 

As shown in the previous chapter, myeloid cells such as monocytes/macrophages are 

key immune cells that modulate the outcome of alphaviral disease. These immune cells are 

capable of expressing a wide array of immune mediators which can further contribute to the 

host immune responses against alphavirus infection. Previous studies on alphaviruses have 

demonstrated pathogenic roles of macrophage-derived factors such as complement and 

mannose binding lectin (MBL). Mouse models deficient in complement receptor 3 (CR3; 

CD11b) resulted in ameliorated disease and tissue damage (178). In a separate study, RRV-

infected mice deficient of MBL exhibited reduced disease and tissue damage compared to wild-

type (WT) controls, despite no significant difference in viral burden and cellular recruitment 

profiles observed (172). These studies demonstrated the impact of macrophage-derived factors 

and complement cascade in determining the outcome of disease. 

In this chapter, investigation on macrophage-derived acute phase immune protein 

pentraxin 3 (PTX3), was performed. PTX3 is a pattern recognition molecule (PRM) which is 

involved in the activation of the complement cascade. Protective effects of PTX3 have been 

reported during several virus infections, such as murine cytomegalovirus (96), influenza virus 

(179) and coronavirus murine hepatitis virus (180). Herein, extensive studies using in vitro, in 

vivo and ex vivo experimental approaches were performed to evaluate the role of PTX3 in 

alphaviral disease. The results revealed PTX3 to be pivotal immunomodulatory protein 

associated with the pathogenic characteristics of alphaviral infections thereby, suggesting 

PTX3 may be a diagnostic marker for identifying acute infection in alphaviral diseases. 

Additionally, these results further discovered alphavirus can hijack and exploit the innate 

immune system by binding to PTX3 to gain entry and promote viral replication in host cell. 

The dual role of PTX3 may give rise to protective or pathogenic effects during different 
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inflammatory conditions. Hence caution should be warranted when considering the use of 

PTX3 treatment as a therapeutic option for inflammatory diseases.  
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Figure 1. PTX3 expression is elevated in CHIKF and RRVD patients. 
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Figure 2. PTX3 expression is up-regulated following RRV infection in murine model.  
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Figure 3. PTX3 modulates RRV replication and disease onset in mice. 
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Figure 4. PTX3 modulates expression kinetics of pro-inflammatory mediators during RRV 

infection in mice.  
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Figure 5. PTX3 delays cellular infiltration kinetics during RRV infection in mice.  
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Figure 6. PTX3 enhances RRV replication and viral entry.   
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Figure 7. PTX3 promotes early viral replication in PTX3-expressing HEK 293T cells co-

transfected with RRV.  
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Figure 8. PTX3 enhances RRV replication in murine primary fibroblasts.  
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Figure 9. PTX3 binds to RRV and colocalizes in the cytoplasm during infection.  
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Figure 10. N-terminal of PTX3 is essential for binding to RRV and facilitates viral entry.  
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Figure 11. Acute phase protein MBL binds to RRV but does not affect viral infectivity.   
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S1 Figure 

S1 Figure. PTX3 deficiency leads to reduced viral load in ankle joints. 
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S2 Figure 

S2 Figure. CCL2 and MIF are up-regulated during early RRV infection in mice. 
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S3 Figure 

S3 Figure. PTX3 expression in HEK 293T cells. 
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S4 Figure 

S4 Figure. PTX3-expressing HEK293T cells exhibit higher viral load during early h infection. 
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S5 Figure 

S5 Figure. Flow cytometry analysis of RRV-positive HEK 293T cells co-expressing PTX3. 
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S6 Figure 

S6 Figure. PTX3 binds to CHIKV and enhances viral entry and replication. 
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S7 Figure 

S7 Figure.  HeLa cells express PTX3, which colocalizes with RRV in the cytoplasm during 

infection. 
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4.2 Preamble 

The remarkable ability of macrophages to exhibit functional and phenotypic 

heterogeneity in response to different stimuli makes macrophages an indispensable member of 

the innate immune system. The cellular recruitment of immune cells, particularly monocytes 

and macrophages during acute alphaviral infections has been associated with both beneficial 

and detrimental impacts. Previous studies demonstrated the detrimental role of macrophages 

in contributing to the onset of disease in RRV-infected mice and extensive myositis (70, 181). 

The depletion of macrophages with clodronate prior to infection protected mice from the onset 

of disease signs (70). Interestingly the earlier chapter of this thesis highlighted the beneficial 

role of M2-like macrophages in promoting disease recovery and muscle regeneration. 

Clodronate-depletion of macrophages during peak disease had led to more pronounced disease 

and decrease survival rate of RRV-infected mice. These studies clearly demonstrated the 

importance of timely control of the recruitment of monocytes and macrophages during an 

alphaviral infection.  

The chemokine system plays a pivotal role in the timely recruitment and activation of 

monocytes and macrophages. In this chapter, we looked into the involvement of several 

chemokines in alphavirus-induced monocytic cells recruitment. Herein, MCPs were identified 

as the key chemokines involved in rapid recruitment of CSF1R+ myeloid cells which were 

crucial in shaping the alphaviral disease outcome. With the use of bindarit, an efficacious 

inhibitor of MCPs, significant amelioration of CHIKV-induced bone pathology was exhibited, 

corresponding to a dampened recruitment of CSF1R+ myeloid cells. In summary, this study 

demonstrated the therapeutic potential of inhibiting host innate immune proteins in the 

treatment of alphaviral-induced pathogenesis. Therefore, it is essential that more studies, which 

look into characterisation of the roles of other host innate immune factors, should be undertaken 

for therapeutic advancement.  
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Figure 1. CHIKV infection perturbs bone homeostasis through an upregulated 

RANKL/OPG ratio in humans.  

 

Figure 2. CHIKV infection rapidly and transiently increases the RANKL/OPG ratio.   
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Figure 3. CHIKV replicates in bones of murine model.  

 

Figure 4. CHIKV infection induces bone pathology in the mouse model.   
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Figure 5. CCL2 is involved in cellular infiltration during CHIKV infection.   
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Figure 6. CCL2, CCL7, and CCL8 mRNA transcripts are highly expressed at CHIKV peak 

disease.  

 

Figure 7. Inhibition of MCPs with bindarit suppresses CHIKV-induced chemotactic responses 

and reduces disease. 
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Figure 8. Bindarit treatment reduced cellular infiltration during CHIKV infection.   
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Figure 9. Bindarit treatment differentially modulates CHIKV-induced proinflammatory 

responses.  
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igure 10. Bindarit treatment suppresses CHIKV-induced disruption of RANKL/OPG ratio and 

osteoclastogenesis.   
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Figure 11. Bindarit treatment ameliorates CHIKV-induced bone pathology.  
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5.1 Overall discussion 1 

Arthropod-borne alphaviruses have been associated with large epidemics worldwide, 2 

causing widespread distribution of alphaviral-induced arthritis. The rising prevalence of 3 

alphavirus infections and critically, the lack of therapeutic treatment, warrant urgent attention 4 

to elucidate the innate immune responses elicited. Ironically, the activation of robust innate 5 

immune responses has been associated with both protective and pathogenic outcomes (50, 58, 6 

59, 182).  7 

In this thesis, extensive studies were performed to evaluate the role of the host innate 8 

immune system in modulating alphaviral disease. The kinetic profiles of cellular responses 9 

against acute alphaviral infection were determined in Chapter 2. This study identified 10 

inflammatory monocytes/macrophages as key player in modulating RRV-induced myositis. 11 

Alphavirus-induced IL-10 expression led to the phenotypic switch of inflammatory 12 

monocytes/macrophages into M2-like anti-inflammatory macrophages. The significance of 13 

macrophage-derived factors demonstrated in this study led to further investigation on the 14 

significance of macrophage-derived factor, PTX3, a poorly characterised acute phase innate 15 

immune protein, as discussed in Chapter 3. Extensive studies conducted identified PTX3 as a 16 

prominent immune-regulator during alphaviral disease, shaping the disease progression at 17 

different stages of infection, through the regulation of monocytic cells recruited to the site of 18 

inflammation. Finally, the chemotactic responses essential for the recuitment of monocytic 19 

cells during alphavirus infection were investigated in Chapter 4. MCPs were determined to be 20 

the key chemokines involved in the recruitment of monocytic OC precursor cells into the bone 21 

marrow during acute alphaviral infection, and the role of these chemokines was exemplified 22 

through treatment with MCPs inhibitor – bindarit, revealing the significance of OC precursor 23 

cells recruitment in contributing to acute alphaviral-induced bone pathologies.   24 
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 Clinical manifestations of RRV and CHIKV infections are typically self-limiting, 1 

however approximately 40 % of the patients experience persistent arthralgia or arthritis that 2 

can last for months to years post infection (22, refer to Appendix 6.1). A recent CHIKV 3 

outbreak in the Americas has led to 1,011,548 suspected and 20,209 confirmed autochthonous 4 

transmission cases of infection, with 155 deaths reported mainly in Latin America and the 5 

Caribbean region (183). Despite intensive efforts put in to unravel the mechanism underlying 6 

the persistency of arthralgias, little is known. Our recent work identified a previously 7 

undescribed systemic pathological bone loss as a new characteristic of arthritogenic alphaviral-8 

induced disease, using the RRVD mouse model (50). Primary OBs cultures were productively 9 

infected with RRV, which led to the robust expression of pro-inflammatory cytokines and 10 

perturbed the RANKL/OPG ratio. The disruption of bone homeostasis through the upregulation 11 

of RANKL/OPG ratio was also observed in RRVD and CHIKV mouse models, leading to 12 

increase osteoclastogenesis and bone loss (50). The involvement of systemic bone 13 

inflammation and pathogenesis is likely to contribute to the persistency of alphaviral-induced 14 

arthralgia. Nevertheless, more clinical evidence is necessary to identify the exact correlation 15 

between alphaviral-induced bone pathology and persistency of joint pain.  16 

As previously mentioned, type I IFN signalling pathways serve as the first line of 17 

defense in innate immunity and are indispensable to protect the host against viral invasion (66, 18 

184), particularly during alphavirus infections (60, 185). In a previous study, viperin – a 19 

multifunctional IFN-stimulated gene (ISG) was found to be highly expressed during an acute 20 

CHIKV infection, aiding in the suppression of viral replication and the extent of disease 21 

manifestation within the infected host (182). In addition, we have recently demonstrated that 22 

delayed type I IFN responses can lead to enhanced susceptibility of primary human OBs to 23 

RRV infection (186).  24 
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Despite the clear protective role of innate immunity, pathological evidence of the innate 1 

immunity has been emerging. The occurrence of pathological bone loss in RRV mouse model 2 

was found to be facilitated by the robust production of pro-inflammatory cytokines including 3 

IL-6 (50) and MCP-1 (59, refer to Chapter 4) which was accompanied with an influx of 4 

CSF1R+ monocytic cells within the bone marrow of the ankle joints and tibial epiphysis. These 5 

CSF1R+ cells not only serve as cellular targets for alphavirus infection, but are also precursor 6 

cells to bone resorbing OCs (59). The presence of monocytic OC precursor cells and RANKL 7 

at bone sites facilitated the differentiation of these cells into bone-resorbing OCs, hence leading 8 

to rapid bone loss observed in bone RRV and CHIKV mouse models. Together, this evidence 9 

demonstrated the crucial role of innate immune system in modulating alphavirus disease 10 

progression. Potential therapeutic strategies, which look into the modulation of specific 11 

alphavirus-induced innate immune proteins, might be a possible avenue of exploration. The 12 

targeting of IL-6 and MCPs expressions had led to interesting disease outcomes in the 13 

alphavirus mouse models. The neutralisation of IL-6 during acute RRV infection protected the 14 

bone architecture from RRV-induced bone destruction (50). Similarly, the treatment of 15 

CHIKV-infected mice with bindarit, an efficient MCPs inhibitor, successfully reduced the 16 

influx of CSF1R+ monocytic cells. In addition, suppressed espression of IL-6 and CHIKV-17 

induced RANKL/OPG dysregulation resulted in ameliorated bone pathology (59, refer to 18 

Chapter 4). These studies identified anti-IL-6 neutralising antibodies and bindarit as likely drug 19 

candidates for the treatment of alphaviral-induced arthritis, or even other inflammatory bone 20 

conditions such as osteoarthritis. In general, the immune pathways activated by alphaviruses 21 

are highly complex, largely due to the multifunctional roles of immune mediators express 22 

during infection. Despite the clear therapeutic efficiency of these drugs in the mouse models, 23 

more studies of the clinical context are required to validate the drug efficacy and possible side 24 

effects when administered to human subjects. 25 
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Monocytes/macrophages are a key component of the cellular arm of the innate immune 1 

system, playing crucial roles in mediating critical host defense mechanisms, which include 2 

homeostatic roles in the removal of cellular debris as well as activating a sophisticated network 3 

of immune responses (109). Several studies conducted on alphaviruses have demonstrated 4 

extensive recruitment of monocytes/macrophages into muscles tissues during acute infection. 5 

Moreover, susceptibility of monocytes/macrophages to RRV (130) and CHIKV infection (46, 6 

68), and the persistence of virus within macrophages (49), identified the indispensable 7 

involvement of these immune cells during alphaviral infection. It has been shown that depletion 8 

of macrophages in an acute RRVD mouse model leads to an ameliorated disease outcome with 9 

reduced muscle inflammation and damage (70). Despite extensive research, the exact roles of 10 

macrophages in alphaviral disease remained a paradox partly due to the functional and 11 

phenotypic plasticity of macrophages. A recent study conducted on mice specifically deleted 12 

of Arginase-1 (Arg-1) in the neutrophils and macrophages suggested varying roles of 13 

macrophage subsets during alphaviral infection. Absence of M2-like macrophage during RRV 14 

infection resulted in reduced viral loads and improved musculoskeletal pathogenesis at the late 15 

stage of infection (187). In this thesis, investigation into the role of macrophages during 16 

alphaviral infection was extended into the macrophage subsets, using the RRVD mouse model. 17 

We discovered that the timely recruitment of monocytes and differentiation into various 18 

macrophage subsets determined the progression of the disease. Monocytes and macrophages 19 

are the cellular reservoirs of a vast array of immune factors. In this study, through studying the 20 

expressions of a panel of M1- and M2-associated immune mediators, we observed the presence 21 

of M1- and M2-like macrophages at the onset of and at peak disease, respectively. More 22 

interestingly, the depletion of monocytic cells with clodronate at peak disease decreased the 23 

survival rate and prolonged the disease manifestation of RRV-infected mice. This phenomenon 24 

was driven by overt IL-10 expression, increasing the Arg-1/iNOS ratio which favours the 25 
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phenotypic switch of pro-inflammatory M1 macrophage into tissue-repairing M2 phenotype. 1 

Fundamentally, the neutralisation of IL-10 prevented the phenotypic switch of M1 2 

macrophages into M2, and impeded the muscle regeneration process in RRVD mouse model. 3 

Hence, this study identified the involvement of macrophage subsets at different stages of RRV 4 

infection, which helps to shape the disease progression - from disease onset to recovery. The 5 

role of IL-10 in promoting muscle regeneration suggests IL-10 treatment as a possible 6 

therapeutic strategy for other muscle disorders such as Duchenne muscular dystrophy. A study 7 

performed earlier by Villalta et al. demonstrated that IL-10 is crucial for facilitating a 8 

phenotypic switch of macrophages to M2 phenotype, which promoted muscle regeneration in 9 

the mdx mouse model of Duchenne muscular dystrophy (188).  10 

The significance of monocytes/macrophages in contributing to the pathology of 11 

alphaviral disease has been highlighted in results chapters 2, 3 and 4, further emphasising the 12 

biological importance of macrophage-derived factors. Several macrophage-derived factors 13 

have been associated with alphavirus disease pathogenesis, which includes C3 (74), MBL (172) 14 

and MIF (173, 189). A previous study conducted on MBL demonstrated its pathogenicity in 15 

causing RRV disease through the activation of the complement cascade (172). Herein, we 16 

looked into the role of another acute phase innate immune protein, PTX3, which reportedly is 17 

involved in all three pathways of the complement cascade (190). PTX3 was overtly expressed 18 

by neutrophils and inflammatory monocytes during acute phase of alphaviral infection. The 19 

binding of PTX3 to alphaviruses promoted enhanced viral entry and replication events. This 20 

study identified PTX3 as an indispensable immunoregulatory protein, modulating the kinetic 21 

profiles of pro-inflammatory cytokines and cellular infiltration in response to alphavirus 22 

infection, which affects the progression of alphaviral disease (Figure 5.1). Apart from 23 

interacting with microbial moieties, PTX3 is also capable of binding components of the 24 

complement cascade, which includes C1q of the classical pathway (191), Ficolin-2 (192) of 25 
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the lectin pathway, and Factor H of the alternative pathway (193).  A recent structural study 1 

conducted on MBL demonstrated a binding interaction and the formation of heterocomplexes 2 

with PTX3, giving rise to the cross-activation of the complement pathways (194). Therefore, 3 

it is worth investigating the potential interaction between the two pathogenic innate immune 4 

proteins – PTX3 and MBL, during an alphavirus infection and the downstream effects of this 5 

interaction. 6 

 7 

Figure 5.1. Proposed model for PTX3 as an immunoregulatory protein during acute alphaviral 8 
infection.  9 
Following an infectious bite, RRV infects fibroblasts, triggering the expression of PTX3. PTX3 binds 10 
to RRV. The presence of RRV triggers recruitment of immune cells, including neutrophils and 11 
monocytes to the site of infection. Activated neutrophils express PTX3, which binds to P-selectin, 12 
dampening recruitment of neutrophils and monocytes. Recruited monocytes differentiate into dendritic 13 
cells and macrophages, which phagocytose RRV and migrate back to the blood. RRV replication occurs 14 
in infected dendritic cells (DC) and macrophages, releasing new virions that can complex with PTX3 15 
to form PTX3-RRV complexes. PTX3-RRV complexes are recognised by the putative PTX3 receptor, 16 
enhancing viral entry through receptor-mediated endocytosis, and subsequently enhanced viral 17 
replication. RRV RNA released in the cytoplasm can be detected by pathogen receptors, triggering the 18 
activation of NF-KB pathway, inducing pro-inflammatory immune responses. In the absence of PTX3, 19 
RRV infection triggers abundant recruitment of immune cells due to unbound P-selectin. RRV particles 20 
gain entry into the cell through clathrin-mediated endocytosis, leading to reduced viral entry and 21 
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replication. The presence of fewer virions, gives rise to delayed inflammatory responses. Figure is 1 
illustrated by Foo SS. 2 
 3 

Following an infectious bite from an alphavirus-infected mosquito, virus replication 4 

triggers leukocyte infiltration, which requires cell adhesion and activation. P-selectin, is a cell 5 

adhesion molecule (CAM) involved in cell adhesion expressed by activated endothelial cells 6 

and platelets (195). Recent work done on PTX3 has identified its interaction with P-selectin 7 

which dampens neutrophils recruitment through a negative feedback regulation of the P-8 

selectin-inflammation pathway (196). Moreover, neutropenia has been associated with some 9 

cases of CHIKV infection (197, 198). In this thesis, the role of PTX3 in dampening early 10 

neutrophils and inflammatory monocytes were clearly evident following RRV infection. 11 

Neutrophils are short-lived granulocytes, which undergo rapid spontaneous apoptosis. PTX3 12 

has been shown to be expressed on cell surface of apoptotic neutrophils and assist in the 13 

formation of neutrophils extracellular traps (NETs) – where pathogens are trapped and 14 

peppered with anti-microbial peptides, facilitating the their engulfment by macrophages (199, 15 

200). Therefore, it is possible to hypothesise that membrane PTX3 expressed on apoptotic 16 

neutrophils may recognise and bind to circulating alphavirus antigens in the blood stream. The 17 

subsequent phagocytosis of RRV-bound apoptotic neutrophils, may also assist in viral 18 

clearance. Based on these reported findings, the following events can be postulated: after an 19 

alphavirus infection, endothelial cells express high levels of PTX3 and P-selectin, which bind 20 

specifically to each other. This leads to an inhibition of the P-selectin-dependent inflammation 21 

pathway, which may explain the neutropenia phenomenon observed in CHIKF patients.  22 

 23 

5.2 Concluding remarks 24 

The innate immune system functions through a delicate balancing of the cellular and 25 

humoral components. The sophisticated network of signalling pathways facilitated by 26 
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macrophage plasticity contribute to the innate complexity of the immune system. Despite 1 

intensive research efforts, our understanding of the innate immune system and how it responds 2 

to alphavirus challenge is still poorly understood. Further studies that examine the crosstalk 3 

between host-elicited immune responses and alphavirus determinants will provide new insights 4 

for future development of therapeutic strategies against alphaviruses. 5 

 6 

5.3 Future directions 7 

This thesis has provided new insights to the host innate immune responses elicited 8 

during alphavirus infection and demonstrated the functional diversity of macrophage subsets 9 

in response to the virus infection. Future work involving in vitro and in vivo studies that further 10 

dissect the biological and functional role of individual macrophage subsets will provide 11 

valuable insights to our understanding on alphaviral-induced host immune responses.  12 

Primary mouse macrophage subsets cultures can be differentiated from bone marrow cells. In 13 

vitro infection of primary mouse macrophage subsets cultures will enable specific evaluation 14 

of the immune responses elicited by each subset in response to alphaviruses. In addition, a 15 

recent study had identified the use of negatively-charged immune modifying microparticles 16 

(IMPs) in efficiently sequestering the recruitment of inflammatory monocytes in several 17 

inflammatory disease mouse models (201). Therefore, future studies using IMP-depletion of 18 

inflammatory monocytes in alphavirus mouse models will enable the confirmation of its role 19 

in facilitating phenotypic switch of macrophages and disease pathogenesis. 20 

The pathogenic role of PTX3 through the interaction with alphavirus has been outline 21 

in this thesis. The results identified the structural importance of PTX3 in contributing to its 22 

biological functionality. It will be interesting to perform studies that examine the N- and C-23 

terminal domains of PTX3, including computational modelling using meta-method. In addition, 24 

experiments that include solvent accessibility prediction, site-directed mutagenesis and 25 
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crosslinking using homo-bifunctional crosslinking reagents, can directly determine the specific 1 

residues interacting between the RRV E1-E2 heterodimer and PTX3. These studies will 2 

provide important insights into the poorly characterised structural conformation of PTX3, and 3 

allow for a clear understanding of the exact binding sites between PTX3 and alphavirus 4 

glycoproteins. 5 

The possibility of PTX3-MBL interaction in facilitating lectin-mediated pathway 6 

during alphaviral infection requires investigation. Mechanistic studies that determine the 7 

binding interaction between RRV, MBL and PTX3 can be performed using competitive 8 

microtitre plate binding assays. The effects of any possible complex formation between RRV, 9 

PTX3 and MBL on facilitating phagocytic uptake should be further evaluated using in vitro 10 

experimental set-up in macrophage cells. If RRV-PTX3-MBL complex formation occurs, the 11 

administration of this complex into alphavirus mouse models will enable us to understand the 12 

role of the virus-protein complex in regulating host immune responses during alphavirus 13 

disease progression.  14 

In summary, the work outlined in this thesis serves as a foundation for future research 15 

to investigate alphavirus-elicited innate immune response. These studies also serve as a 16 

preclinical basis for designing possible effective therapeutic strategies against arthritogenic 17 

alphavirus disease. 18 
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Figure 1. The structural and genomic features of alphaviruses.   
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Figure 2. Replication cycle of alphaviruses.   
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Figure 3. Host innate immune response elicited upon alphavirus infection.   
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Figure 4. Alphavirus vector systems.   



Chapter 6: Appendix 6.1 — The genetics of alphaviruses 

 

 

161 

 



Chapter 6: Appendix 6.1 — The genetics of alphaviruses 

 

 

162 

 



Chapter 6: Appendix 6.1 — The genetics of alphaviruses 

 

 

163 

 

  



Chapter 6: Appendix 6.1 — The genetics of alphaviruses 

 

 

164 

 



   Chapter 7: References 

165 

 

 



   Chapter 7: References 

166 

 

Figure 1. Comparative joint pathology in rheumatoid arthritis (RA) and alphavirus-induced 

arthritis. 
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Figure 2. Schematic representation of immune and skeletal responses during alphaviral infection.   
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Figure 3. Comparative diagram of immune responses regulated during alphavirus-induced and 

RA bone loss.   
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