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Abstract 

 

Arthritogenic alphaviruses such as Ross River virus (RRV) and Chikungunya virus (CHIKV) 

are mosquito-borne viruses that have been responsible for outbreaks of arthritic disease in 

Australia and worldwide, respectively. Characteristic disease of arthritogenic alphaviruses 

include the development of joint inflammation and arthritic disease which can last months to 

years after infections. Arthritic disease caused by RRV and CHIKV shares similar 

characteristics with rheumatoid arthritis (RA), such as the development of incapacitating, joint 

inflammation, as well as the upregulation of proinflammatory mediators. While most studies, 

using experimental animal models of viral infection, have shown a role played by innate 

immune cells in alphaviral inflammation, the involvement of adaptive immune cells remains 

poorly understood. Studies investigating RA mouse models and RA patients have identified 

distinct subsets of T lymphocytes as important contributors in joint inflammation and disease. 

In particular, CD4+ T cells that produce IL-17 act by upregulating proinflammatory cytokines 

promoting inflammatory cell recruitment to the joints. The role of IL-17-producing cells in 

alphavirus-induced arthritis has not been investigated, we therefore aimed to investigate the 

role of IL-17+ cell subsets in a mouse model of RRV-induced joint inflammation. Mice were 

infected with RRV and ankle joints were harvested at the peak of inflammation (10 days post-

infection). Flow cytometry analysis revealed the presence of IL-17A+ and IL-17F+ cell subsets 

produced by CD4+ and CD8+ T cells in the joints of infected mice. Further, gene expression 

analysis and protein analysis of joint tissue homogenates revealed elevated mRNA expression 

and protein levels of IL-17A at 10 days post-infection (dpi) in RRV-infected mice. In addition, 

RRV-infected joints showed a significant increase in pro-inflammatory cytokines such as IFN-

γ, TNF and IL-6. We next sought to determine whether in vivo neutralisation of IL-17 could 

reduce joint inflammation in RRV-infected mice. Using a monoclonal antibody targeting IL-

17A, we found that antibody-treated mice showed a reduction in disease severity from 8-10 

dpi, compared to untreated RRV-infected mice. Blocking IL-17A had no significant effect on 

cell subsets in joint infiltrates, and did not reduce RRV viral load in joint tissue. However, 

protein analysis showed a significant reduction in IFN-γ in antibody-treated mice compared to 

untreated mice. This indicates that although blockade of IL-17A did not have an effect on 

infiltrating cells or viral load, disease severity was substantially reduced. Finally, we also 

showed that targeting the IL-17A/F heterodimer using a specific anti-IL-17A/F antibody 
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reduced disease severity, indicating that both isoforms of IL-17 may play a role in RRVD 

pathogenesis.  

In this study, we characterise for the first time two distinct subsets of IL-17-producing cells in 

an animal model of alphavirus-induced joint inflammation. In addition, we show that inhibiting 

IL-17A, as well as IL-17A/F heterodimers in vivo prior to the onset of RRV disease can help 

alleviate joint inflammation in RRV-infected mice. Thus, we provide evidence that IL-17+ T 

cell subsets can contribute to joint inflammation in RRV infection, and that targeting IL-17 is 

likely to be a promising approach in the development of future therapies to treat alphaviral 

infections. 
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CHAPTER 1: Introduction 

 

1.1 Literature Review  

 

Alphaviruses are enveloped, single-stranded positive sense RNA viruses belonging to the 

Togaviridae family1. They are divided into two groups based on their geographical location; 

Old World and New World alphaviruses. Old World alphaviruses include Ross River virus 

(RRV), Chikungunya virus (CHIKV), Barmah Forest virus (BFV), O’nyong-nyong virus 

(ONNV), Mayaro virus (MAYV) and Sindbis virus (SINV) and usually induce arthritic 

disease2. New World alphaviruses include Venezuelan equine encephalitis virus (VEEV), 

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

typically induce encephalitic or neurological disease3. The Old World or arthritogenic 

alphaviruses are transmitted by the Culex sp. and Aedes sp. (A. aegypti and A. albopictus) 

mosquito2.  

Re-emerging Old-World alphaviruses such as RRV and CHIKV continue to be a global burden 

of disease, causing explosive global epidemics affecting millions of individuals in developing 

countries. Besides increases in vector distribution, a large contributor to this rise in cases, 

particularly in Australia is increased intercontinental travel4. Namely, tourists travelling to 

endemic areas subsequently get infected before returning to their home country5. In addition, 

increased urbanisation and deforestation has brought increasingly competent vectors closer to 

their human hosts’ dwelling areas. Further, RRV is the most commonly reported mosquito-

borne disease in Australia, presenting a large burden on public health with an estimated cost of 

A$4.3-4.9 million per year6, or approximately A$1,018 per patient7. This expenditure arises 

from the costs of diagnostic tests (56%), loss of patient ability to work (30%), medical care and 

treatments (13%) and patient travel (1%)7. In addition, prevention strategies such as mosquito 

control, as well as expenditure of RRV monitoring and research are estimated to cost 

A$200,000 to A$400,000 per year7.  

With infection rates of mosquito-borne alphaviruses on the rise in different regions of the 

world, investigating their mechanisms of infection and disease has become increasingly 

important as currently, there exists no commercially available antiviral treatment specific for 

RRV, leaving patients to rely solely on analgesics and anti-inflammatory agents1. 



11 

 

The characteristic clinical manifestations of arthritogenic alphavirus infections consist of 

myalgia and myositis, as well as arthralgia and arthritis which can affect one or several joints 

simultaneously, and can range from a slight restriction of movement to painful, incapacitating 

arthritic disease. This can greatly reduce the quality of life in patients as movement can be 

difficult and severe joint pain can arise from merely walking or grasping objects. The 

development of arthritic disease and potential for chronicity, as well as the level of disability 

experienced in alphavirus-induced arthritic disease has been compared to patients with 

osteoarthritis or rheumatoid arthritis (RA)7. This highlights the need for a better understanding 

of how alphaviruses cause such severe inflammation that can sometimes persist for months to 

years post-infection.  

 

1.2.1 Alphavirus-Induced Disease in Humans 

 

Generally, arthritogenic alphaviruses cause an acute disease with a very short viraemia period 

of 4-7 days8. Symptoms can vary in severity and duration, but usually occur 3-10 days post-

infection and typically include rash, fever, headache, fatigue, myalgia and myositis, and 

arthralgia and arthritis1. Joint inflammation mainly occurs in small joints such as the fingers or 

tarsus in the foot but can also progress to larger joints such as the knee; affecting one or several 

joints simultaneously (polyarthritis)4. Arthritis in joints can manifest to painful and debilitating 

disease that can last from several days to a persistent chronic stage of months or years post-

infection1. However, the mechanisms that cause alphavirus-induced arthritic disease to become 

chronic remain poorly understood.  

This study will investigate the cellular and immune mechanisms of joint inflammation caused 

by RRV, which is endemic to Australia, Papua New Guinea and Western Pacific Islands4. 

Like other alphaviruses such as CHIKV, RRV is capable of causing explosive epidemics such 

as the RRV outbreak that occurred in the late 1970s to early 1980s in the South Pacific, 

resulting in approximately 60,000 cases9. In Australia, RRV disease (RRVD) is the most 

common mosquito-borne disease with RRV notifications fluctuating over time and varying 

among different states and regions. Within the last five years, the highest total number of 

cases in Australia were reported in 2015 (6,193), but have since decreased from 2016-2017 

(to date) Table 1.1)10. Another surveillance report found Queensland to have the highest 
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number of reported cases (1, 397) and  the Northern Territory had the highest incidence rate 

in 2010-201111.  

 

Notifications of RRV Cases in Australia 

Annual 

number of 

RRV cases 

2017 

1,606 

2016 

1,626 

2015 

6,193 

2014 

2,344 

2013 

1,792 

2012 

1,951 

Table 1.1: Annual RRV case notifications in Australia 2012-2017. RRV case notifications 

in Australia fluctuate over time. The highest number of cases were reported in 2015, which 

have since decreased from 2016-2017 (to date)10.  

 

However, the reported number of notifications could be an underestimation due to insufficient 

surveillance and diagnostic analyses of alphavirus cases in most of the endemic regions12. In 

addition, since symptoms can vary in their severity, milder cases may go undiagnosed. 

Alphavirus infections are also often misdiagnosed due to their clinical similarities with DENV, 

which is often endemic in the same regions as alphaviruses4. Specifically, RRVD is usually 

mild or asymptomatic in children and is clinically very similar to other febrile illnesses1. Once 

a person is infected, RRVD onset occurs within 4-7 days after the host was inoculated with the 

virus through an infected mosquito8. Early signs of infection include rash, fatigue, headache 

and myalgia1. A characteristic of RRVD clinical manifestation is joint pain, which can affect 

one (arthralgia) or multiple joints (polyarthralgia) including the ankle joints, knees, wrists and 

fingers1. It is estimated that approximately one third of patients will subsequently develop 

inflammatory arthritis13, though symptoms have been shown to progressively resolve 3-6 

months post-infection14. However, around 40% of patients will develop chronic RRVD and 

persistent polyarthritis/polyarthralgia15. Although most patients affected by RRVD experience 

severe clinical disease during the acute phase, many will recover 3-6 months post-onset of 

disease7. Namely, a retrospective cohort study found only 7% of RRVD patients reported 

complete recovery, followed by 30% reporting symptomatic recovery after 3 months7. 
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However, 41% of patients did not completely recover within 12 months post-onset of disease, 

with >50% reporting persistent arthralgia, but only 13% experienced persistent arthritis7. 

 

1.2.2 Mouse Models of RRV-Induced Disease 

 

Successful mouse models of RRVD have been developed within the last 10 years that mimic 

the joint inflammation seen in humans. A mouse model showed that 17 to 21 day-old CBA/H 

mice inoculated with the wild-type (WT) T48 RRV strain (103 PFU) developed severe 

symptoms and disease pathology which included: dragging of hindlimbs, inflammation and 

tissue damage of skeletal muscle16, with peak clinical scores observed at 10 days post-infection 

(dpi). Fatality has been reported in newborn mice and mice up to 10 days-old inoculated with 

T48 RRV (103 PFU)16. Another study reported that 24-day-old C57BL/6J mice inoculated with 

the T48 RRV prototype in the footpad (103 PFU) developed severe inflammation in bone, joint 

and skeletal muscle tissues characterised by altered gait and loss of gripping ability in 

hindlimbs17, 18. Lack of weight gain was also observed, with weight lost between 7 and 12 dpi 

correlating with peak clinical scores18. 

Although most patients recover from self-limiting RRVD, recovery in mice has not been 

widely studied. One study where 24-day-old C57BL/6J mice were inoculated with RRV in the 

hind footpad (103 PFU) reported complete disease recovery by 30 dpi17, 19. However, another 

study found that histological analysis of quadriceps muscle tissue revealed that mice still 

displayed severe tissue damage at 20 dpi18. Of note, these studies investigate recovery of 

RRVD in mice infected subcutaneously in the hind footpad, very limited studies have published 

the effect of RRVD recovery in mice inoculated subcutaneously in the thorax.   

 

1.2.3 Alphavirus Dissemination and Pathogenesis 

 

The alphavirus life cycle involves vertebrates acting as reservoir hosts, before being transmitted 

to humans through inoculation by an infected mosquito1. Once inoculated into the host by 

mosquitoes, alphaviruses disseminate through the host via the skin (Fig. 1.1)8. From there, it is 

understood that the virus interacts with dermal microvasculature (arterioles, capillaries, 

venules) to enter the bloodstream and subsequently primary sites of viral replication such as 
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the lymph nodes (LNs) (both via skin-resident and recruited peripheral immune cells), spleen, 

liver and muscle20. Alphaviral dissemination from the skin to target tissues still remains poorly 

characterised. Alphaviruses infect dendritic cells (DCs) in vitro, it is therefore hypothesised 

that alphaviruses disseminate through the skin via DCs or other antigen-presenting cells in the 

skin (such as Langerhan cells), before migrating to skin-draining LNs21, 22. From there, the 

virus disseminates through the local skin microvasculature to the vascular system, where it is 

then able to spread to target tissues such as skeletal muscle, joint and bone tissues8. These target 

tissues are primary sites of viral replication, as viral antigen has been detected in ankle joints 

and quadriceps muscle tissue in RRV-infected mice17. Specifically, RRV has been shown to 

target cells in the myofibres of skeletal muscle, tendons and ligaments17. These experimental 

findings are supported by the detection of viral antigens in the joints of RRV-23 and CHIKV-

infected24 patients. In addition, it is believed that RRV can infect and persist in joint synovial 

tissue and surrounding tendons and ligaments, the periosteum lining surrounding bones and the 

perimysium lining in skeletal muscle, as high levels of RRV viral antigen have been detected 

in these tissues in mice16, 17.  

Upon RRV infection of target tissues, a local inflammatory response is initiated25. This leads 

to substantial cellular infiltration by macrophages, neutrophils, lymphocytes and natural killer 

(NK) cells17, 25. This infiltrate in turn leads to the upregulation of key proinflammatory 

mediators such as tumour necrosis factor (TNF)-α, IL-6, monocyte chemoattractant protein-1 

(MCP-1), IL-8, granulocyte macrophage colony-stimulating factor (GM-CSF; encoded by Csf2 

gene), IFN-γ, macrophage migration inhibitory factor (MIF), mannose binding lection (MBL)  

and the activation of complement component 3 (C3)26. This inflammatory cascade, and the 

resulting tissue inflammation and damage process, is associated with the development of 

arthritic disease. In some patients, this can develop into a persistent stage of inflammation, but 

the immunological mechanisms involved are still unclear. It has been hypothesised that chronic 

inflammation could arise from persistence of the viral antigen, or the products of inflammatory 

mediators that remain in the previously infected tissue8. Aside from the key contribution of 

autoantibodies in RA inflammation, alphavirus-induced arthritis shares several characteristics 

with RA such as upregulation of parallel proinflammatory mediators and clinical disease. It has 

been suggested that chronic alphavirus-induced arthritis could stem from an autoimmune 

mechanism similar to that seen in chronic RA-induced arthritic disease27, 28. However, these 

studies did not assess pre-existing autoimmune conditions in CHIKV-infected patients which 

could have led to this assumption.  Moreover, little evidence has been published supporting the 
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hypothesis that alphavirus-induced arthritic disease is caused by an autoimmune response29. It 

should be noted that there are some confounding variables that can affect the pathogenesis of 

alphavirus infections in animal models including host age, immune status and the virulence of 

the virus strain8. 

 

Figure 1.1: The Pathogenesis of Alphavirus-Induced Arthritis. Alphaviruses get 

transmitted to humans by the bite of an infected mosquito. From there, the virus disseminates 

through the skin and microvasculature into the bloodstream before moving to the primary sites 

of virus replication; LNs, liver, spleen and muscle. There, the inflammatory response is 

activated in the target tissues (eg. muscle) and infiltrated with lymphocytes, neutrophils, 

macrophages and NK cells. This triggers upregulation of proinflammatory mediators such as 

TNF-α and IL-6 which is associated with development of arthritis and arthralgia. However, it 

is still unknown what triggers inflammation persistence in target tissues. Adapted from 

Assunção-Miranda et al8. 
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1.2.4 Immune Response in Alphavirus Infections 

 

Cellular inflammatory infiltrates have been observed in the muscle and joints of RRV-infected 

mice, along with muscular and articular damage2. While these infiltrates mainly consist of 

macrophages, monocytes, CD4+ and CD8+ T cells and NK cells, the precise phenotype and 

functional heterogeneity of these subsets remain poorly understood25. In joint synovial tissue, 

RRV infection has been shown to cause severe inflammation resulting in cellular hyperplasia17. 

It has been suggested that alphavirus pathogenesis is the result of both direct and indirect 

mechanisms: RRV directly infects cells in the synovial and muscle tissue, causing 

inflammation and tissue damage, but also indirectly upregulates immune response activation 

in infected tissues, thus further exacerbating inflammation8, 17.  

Macrophages and macrophage-derived proinflammatory factors play a critical role in inducing 

muscle and joint damage seen in RRV-induced arthritic disease. Namely, macrophage-derived 

proinflammatory factors such as TNF-α and MCP-1 were significantly reduced in muscle and 

joint tissues19, as well as in mice treated with macrophage-toxic agents (eg. silica) prior to RRV 

infection compared to untreated mice16, along with reduced tissue damage. Although virus 

titres were not affected, this suggests that macrophages and their derived proinflammatory 

factors maintain a key function in RRV-induced arthritic disease. Mice deficient in C3 (C3-/-), 

a main component of the complement system in the innate immune response, developed less 

severe RRVD than WT RRV-infected mice18. In addition, C3 activation products were detected 

in ankle joint, quadriceps muscle tissue and serum in RRV-infected WT mice18, thereby 

implicating a critical role for the complement system in RRV-induced disease.  

Another innate immune response elicited by alphavirus infections is type I interferon (IFN). 

Type I IFN plays an essential role in host protection against many viral infections by generating 

antiviral effects and modulating other innate and adaptive immune responses, particularly in 

early stages of infection30. However, many viruses including alphaviruses are capable to evade 

type I IFN pathways by encoding type I IFN antagonists which inhibit type I IFN signalling31. 

This mechanism has been linked to persistence of pathogenesis in alphavirus infections31, 32. 

Studies have shown mice deficient in the receptor for IFN-α/β (IFN-α/β R-/-) are highly 

susceptible to CHIKV and RRV infections and develop severe disease31, 32, thus suggesting 

that inhibition of the type I IFN pathway leads to immune evasion and pathogenic persistence 

in alphaviral infections.  
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Many studies have extensively described the importance of innate immune responses in 

alphavirus infections. However, the adaptive immune response has also been found to play a 

critical role. T lymphocytes are an important component of the cellular infiltrate in 

inflammation and CD4+ and CD8+ T cells have been found to be significantly elevated in the 

synovial fluid of CHIKV- and RRV-infected patients33. Consistent with these findings, CD4+ 

and CD8+ T cells are significantly elevated in the cellular infiltrate of joint and muscle tissues 

in CHIKV- and RRV-infected mice25, 33, 34. However, the contribution of T lymphocytes in the 

immune response to alphavirus-induced disease has not been clearly defined.  

 

1.2.5 Prolonged Immune Response in Persistent RRVD 

 

The exact immune mechanisms responsible for persistence of alphaviral pathogenesis is not 

well understood. In the acute phase of disease (<30 days after disease onset), GM-CSF, IL-4, 

IL-7 and CXCL10 were elevated in serum of RRV-infected patients compared to healthy 

controls35. Serum from convalescent patients with symptomatic arthralgia (>30 days after 

disease onset) showed increased IL-1β, IL-4, IL-6, IL-8, IL-9, IL-13, IL-15, GM-CSF, IFN-γ 

and TNF-α compared to healthy controls35. Furthermore, serum cytokine levels were found to 

be more elevated in convalescent patients than acute phase patients. IL-6, TNF-α and IFN-γ 

were also elevated in the synovial fluid of an RRV mouse model and RRVD patients19. Of note, 

the above cytokines have also been found to be elevated in patients with clinically related 

alphaviruses CHIKV36, and Mayaro virus (MAYV)35, indicating strongly conserved clinical 

features among alphaviruses. It is thus suggested that the prolonged release of proinflammatory 

cytokines could be a key contributing factor in persistent alphavirus-induced disease. Persistent 

viral RNA has been detected in synovial fluid in RRV-infected patients 5 weeks after disease 

onset14. This suggests that viral replication, or the presence of immunoreactive viral material 

several weeks after disease onset could maintain a prolonged inflammatory response. It has 

been hypothesised that prolonged viral replication and release of proinflammatory cytokines in 

the joints is what contributes to acute RRVD becoming chronic14.  
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1.2.6 Treatment of Alphavirus-Induced Arthritic Disease 

 

Currently, there are no licensed treatments specific for RRVD, with majority of patients being 

simply prescribed rest, analgesics, and/or non-steroidal anti-inflammatory drugs (NSAIDs)37. 

However, NSAIDs have been shown to inhibit B lymphocytes cells responsible for antibody 

production, specifically IgM and IgG38. Thus, this suppresses antibody production and may 

lower host immune defence which can be detrimental to RRVD patients suffering from co-

infections, as well lowering vaccine effectiveness38. Therefore, development of other 

treatments targeting RRVD are vital to improve patient prognosis and recovery. A viable 

treatment has been bindarit– an inhibitor of MCP-1, MCP-2 and MCP-3, which resulted in 

alleviated disease in RRV-infected mice39. This suggests that inhibiting the proinflammatory 

mediators released during RRVD could aid in preventing joint inflammation and arthritis. 

Pentosan polysulfate (PPS)– an established treatment for inflammatory cystitis in humans and 

osteoarthritis in horses and dogs, alleviated RRV-induced joint pathology and reduced 

inflammatory infiltrates in mice, it has been briefly suggested this could be  due to its ability 

to inhibit IL-6 and MCP-140. Another potential treatment candidate was Etanercept, an anti-

tumour necrosis factor (TNF) antagonist that is currently used to treated RA, as well as other 

arthritic diseases41. However, Etanercept resulted in exacerbated disease and increased viral 

titres in mice and thus is not recommended to treat virus-induced arthritic disease42. 

CD4+ T cells are primary mediators in alphavirus-induced disease, but the exact mechanisms 

are still not clearly defined. Recently, a study found the use of Fingolimod– a T cell suppressor, 

in CHIKV-infected mice resulted in reduced joint inflammation, but had no effect on 

viraemia43. Fingolimod is an agonist of sphingosine 1-phosphate receptor, which acts by 

blocking T cell migration from lymphoid organs. 

 

1.2.7 The Role of T Lymphocytes in Alphavirus-Induced Arthritic Disease 

 

The absence of available treatments is partly due to the host immune response to alphaviral-

infections being poorly defined. Studies have shown that host innate immune responses, as well 

as the T and B lymphocytes as part of the adaptive immune response, play a large role in 

controlling and protecting against alphaviral infections16, 17. Namely, in addition to myeloid 

cells such as inflammatory macrophages and monocytes being the major component in the 
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cellular infiltrate in infected synovial tissue44, CD4+ and CD8+ T lymphocytes have also been 

identified as key cells in the cellular infiltrate found in infected skeletal muscle in mice17, 45, 

and RRVD patient synovial samples23. Specifically, increased levels of CD4+ and CD8+ T cells 

were detected by 7 dpi in RRV-infected C57BL/6J mice, which coincides with onset of 

disease17. However, RRV-infected RAG-1-/- mice, which lack functional T and B lymphocytes, 

still developed severe disease similar to immunologically-competent C57BL/6J mice17. This 

suggests that the immune response to RRVD does not solely rely on the adaptive immune 

response, but the exact contribution of T lymphocytes to alphaviral infections remain unclear.  

Another T cell subset besides CD4+ and CD8+ T cells that has been identified in arthritic disease 

is regulatory T cells (Tregs)46. In general, Tregs have been found to be elevated in the synovium 

of RA patients compared to healthy controls47, 48, 49. However, there have been conflicting 

studies showing that the proportion of circulating Tregs in peripheral blood was either reduced 

in RA patients50, 51, or similar to healthy controls52.  

 

1.2.8 T Helper Cells and Cell Differentiation 

 

In addition to Tregs, adaptive immune responses are also mediated by T helper (Th) cells which 

are divided into Th1, Th2 and Th17 cell subsets46, 53. After activation of naïve CD4+ T cells by 

antigen, cells polarise into either Th1 cells which regulate cell-mediated immunity, or Th2 cells 

which promote humoral immunity54. Specifically, Th1 cells mediate cellular responses to 

intracellular pathogens, whilst Th2 cells assist B cells with antibody production against 

extracellular pathogens55, 56. Th1 cells produce IFN-γ, IL-2 and lymphotoxin (LT) cytokines, 

whereas Th2 cells produce IL-4, IL-5, IL-9 and IL-1357, 58. The presence of certain cytokines 

during T cell activation dictates differentiation of naïve T cells into their specific subsets. 

Namely, IFN-γ and IL-12 promote Th1 differentiation, whilst IL-4 induces Th2 

differentiation54. Differentiation of Th1 cells requires T-box transcription factor expressed in 

T cells (T-bet), and is inhibited by IL-454, 59. Th2 differentiation requires GATA-binding 

protein 3 (GATA-3) transcription factor and is inhibited by IFN-γ54, 59. 

Naïve CD4+ T cells are also capable of differentiating into Th17 cells. Th17 cell differentiation 

requires several transcription factors including STAT3 and retinoic acid receptor related orphan 

receptor γt (ROR-γt; encoded by Rorc gene) (Fig. 1.2)60, 61. Upregulation of STAT3 and ROR-
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γt is triggered by naïve CD4+ T cells responding to IL-662, and transforming growth factor β 

(TGF-β)63, 64. Th17 differentiation is also closely regulated by other cytokines including IL-

1β65, IL-2166 and IL-23 which contribute to ROR-γt activation35. IL-6 also activates STAT333, 

which subsequently activates Rorc, Il17a, Il17f and Il23r genes which are specific for Th17 

cell lineage67. In addition, STAT3 inhibits TGF-β-induced forkhead box P3 (FOXP3) 

expression, thereby inhibiting differentiation of naïve CD4+ T cells into FOXP3+ Tregs40. 

Therefore, this study will examine the mRNA transcriptional profile of Th17-associated 

cytokines in RRV-infected tissues via qRT-PCR and protein expression analysis to assess Th17 

differentiation.  

Th17 cells mainly reside in the mucosa of the gastrointestinal (GI) tract, lungs and skin68, 

functioning as mediators of the immune response to extracellular bacterial and fungal 

infections, but have also been identified as key cells in autoimmune disorders, including RA46. 

The signature cytokines secreted by Th17 cells are IL-17A and IL-17F54, but they are also 

capable of producing TNF-α54, IL-669 and IL-2270. In addition, Th17 cells express the 

chemokine receptor CCR671, 72. CCR6+ Th17 cells have been detected in the synovium of RA 

patients73. Of note, IL-17A+CCR6+ Th17 cells that express relatively low amounts of IL-17A 

are still capable of producing pathogenic activity74. However, CCR6+ Th17 cells are considered 

phenotypically unstable and plasticity can occur with Th1 and Treg cells75. 

Studies have shown increased levels of IL-17 in the synovium of RA patients76, 77, 78, 79. Since 

RA and RRVD are clinically parallel and in addition to having similar inflammatory cellular 

infiltrates, we hypothesise that IL-17-producing T cells play an important role in RRVD. 
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Figure 1.2: Differentiation of CD4 T cells into individual subsets. Naïve T cells are 

differentiated into Th17 cells in response to IL-6 and TGF-β. Signalling via IL-6 activates the 

transcription factors STAT3 and ROR-γt which determine the lineage of Th17 cells. Adapted 

from Stockinger and Veldhoen60. 

 

1.2.9 IL-17-Producing Cell Subsets 

 

Besides Th17 cells, IL-17 is also secreted by CD8+ T cells, γδ T cells, natural killer (NKT) 

cells, neutrophils and innate lymphoid cells (ILCs)54. IL-17+ CD8+ T (Tc17) cells express 

similar phenotypic markers and produce parallel cytokines as Th17 cells, with the exception of 

IFN-γ80. Tc17 cells have been found to be elevated in the synovial fluid of psoriatic arthritis 

patients, but not in RA81. γδ T cells are innate-like T lymphocytes residing in peripheral tissues 

and have been associated with tissue repair and regeneration82, 83. Namely, a study found IL-

17A+ γδ T cells are upregulated proceeding bone injury and accelerate osteogenesis, thereby 

promoting bone regeneration84.  
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1.2.10 The Role of IL-17 in the Inflammatory Response 

 

IL-17 mediates its immune regulatory function by inducing the release of proinflammatory 

cytokines and chemokines in fibroblasts, osteoblasts, synoviocytes, macrophages, epithelial 

and endothelial cells85. These molecules then trigger the recruitment of innate immune cells 

such as macrophages and neutrophils to the site of infection to aid in clearing pathogens86, 87. 

IL-17 has a protective role in host defense against pathogenic infections in the epithelium and 

mucosal barrier87. Blockade of IL-17 using neutralising antibodies was associated with 

exacerbated disease in P. carinii infection88. IL-17 deficiency in mice has also been associated 

with reduced cell infiltrations, milder inflammation and reduced bone erosion and hyperplasia 

in a collagen-induced arthritis (CIA) mouse model89. Therefore, from previous studies, 

modulating the IL-17 pathway leads to a general reduction in disease pathology, and our study 

will examine this hypothesis in a RRVD mouse model.  

Although IL-17 has a protective role in certain pathogen infections, dysregulation of IL-17 

production results in excessive proinflammatory cytokine production and chronic 

inflammation90. Specifically, IL-17 has been linked to autoimmune diseases such as RA91, 

multiple sclerosis92 and psoriasis93.  

IL-17 has both a direct and indirect effect on inflammation. By indirectly amplifying the effects 

of proinflammatory mediators IL-1β and TNF-α released from macrophages, IL-17 can induce 

further expression of proinflammatory cytokines such as IL-6, IL-8 and GM-CSF and stimulate 

the release of lipid-based eicosanoids by monocytes and synoviocytes94. Eicosanoids, which 

are compounds derived from polyunsaturated fatty acids (eg. prostaglandins), aid in enhancing 

the damaging effects of other proinflammatory cytokines (such as TNF-α), thus contributing 

to inflammation and damage in bone and joints95, 96. However, the direct proinflammatory 

effects of IL-17 are quite minimal compared to its indirect effects on IL-1β and TNF-α76. 

Considering the key role played by pro-inflammatory cytokines such as IL-1β and TNF-α in 

RRVD17, IL-17 is likely to play an important role in alphavirus-induced inflammation by 

stimulating or enhancing the production of these potent effector cytokines. 
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1.2.11 IL-17A/F Interaction in Inflammatory Disease 

 

The interleukin 17 (IL-17) family consists of six different cytokines- IL-17A, IL-17B, IL-17C, 

IL-17D, IL-17E and IL-17F97. IL-17A has been associated with aiding in the clearance of 

extracellular bacteria (eg. S. aureus, K. pneumoniae) in the skin and lung98, 99. Specifically, IL-

17A has been shown to contribute to the production of proinflammatory cytokines during K. 

pneumoniae infection, as IL-17A-/- infected mice displayed significantly reduced levels of 

proinflammatory mediators100. The effects of IL-17A has been well described in arthritic 

disease such as RA, however the function of IL-17F still remains unclear. IL-17A and IL-17F 

are very similar and distinct from other IL-17 subsets in that they share almost 50% gene 

homology101. Both cytokines are stimulated by ROR-γt102, 103. Th17 cells express both IL-17A 

and IL-17F cytokines, however IL-17F is also expressed by CD8+ T cells (Tc17s)104, 105, mast 

cells, basophils, hepatocytes and cells located in the lung and ovaries106. Due to their shared 

characteristics, IL-17A and IL-17F may have similar effects in disease. A study found that IL-

17A and IL-17F were both detected in the synovium of RA patients and interestingly, IL-17F 

expression was more elevated than IL-17A107. This is consistent with studies demonstrating 

increased levels of IL-17F compared to IL-17A in stimulated CD4+ T cells103, 108. 

It has been suggested that IL-17A and IL-17F act in tandem, as well as individually, as they 

are capable of forming heterodimeric complexes and both upregulate proinflammatory 

cytokines either directly, or together with TNF-α, IL-1, G-CSF (encoded by Csf3) and matrix 

metalloproteases109. However, the relative potency of IL-17F effector function, compared to 

IL-17A is still unknown. Studies examining the effect of IL-17F are limited due to the lack of 

a neutralising antibody that only blocks IL-17F, and not IL-17A. For example, broad-spectrum 

IL-17 inhibitors, such as Brodalumab that inhibit the biological function of the IL-17 receptor 

(IL-17RA), and thereby blocking IL-17A and IL-17F, are currently being investigated as 

potential treatments for psoriasis and RA110, 111. Therefore, the specific contribution of IL-17F 

to inflammation remains to be thoroughly investigated. Of note, in the literature IL-17A can 

also be referred to as IL-17. Therefore, many studies can be unclear as to whether they 

investigated IL-17A, or the cytokine family of IL-17 which would include IL-17A and IL-17F. 

Hence, the distinction between IL-17A and IL-17F is crucial in examining the role of IL-17 in 

disease.  
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1.2.12 The IL-17/IL-23 Axis in Arthritis-Induced Disease 

 

In addition to IL-6 and TGF-β, IL-23 plays a vital role in regulating differentiation of Th17 

cells112. IL-23, a heterodimeric cytokine consists of a p19 chain, and a p40 chain that is shared 

with IL-12102. IL-23 promotes the maintenance of signature Th17 cytokines, Il17 and Rorc as 

well as upregulating effector cytokine genes: Il22, Ifng and Csf2113. IL-23 also upregulates 

Il23r expression, thereby amplifying its own signal113. These mechanisms allow IL-23 to 

enhance the pathogenicity of Th17 cells. Further, it downregulates Th17-inhibitory factors: IL-

2, IL-12 and IL-27113. Specifically, IL-23 stimulates suppression of IL-27, an activator of 

STAT1 which in turn inhibits STAT3, an essential transcription factor required for Th17 

differentiation114, 115. 

Although, IL-23-deficient mice are still capable of producing Th17 cells, which suggests that 

Th17 differentiation strongly depends on IL-6 and TGF-β, rather than IL-23109, 116. However, 

Th17 cells that are not exposed to IL-23 are incapable of Th17 clonal expansion, leading to 

reduced Th17 cell pathogenicity109. Namely, although some Th17 cells can still be detected in 

the absence of IL-23116, mice deficient in IL-23p19 exhibited reduced IL-17+ T cells which 

correlated with sufficient protection from CIA-associated disease development59. This 

indicates that IL-23 does not directly promote Th17 differentiation, but plays a critical role in 

the maturation and maintenance of the Th17 cell lineage116, 117. Of note, naïve T cells lack 

expression of IL-23 receptor (IL-23R), but IL-23R is expressed on activated Th17 cells54. IL-

23 promotes IL-17 secretion by not only upregulating Il17, but also by maintaining IL-17 

secretion by Th17 cells following antigen receptor stimulation117. 

In humans, IL-1β combined with either IL-6 or IL-23 is necessary for Th17 differentiation to 

occur65, 118. In addition, a study found that IL-21 and TGF-β are also required for Th17 

differentiation in humans119. Further, in the context of disease, IL-17 and IL-23 are 

significantly elevated in synovial fluid and serum of RA patients and undetectable in healthy 

joints, and are both positively correlated with disease severity120, 121, 122. 
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1.2.13 IL-17 in Arthritis-Induced Musculoskeletal Disease  

 

Many studies have reported significantly elevated IL-17 levels in the synovial fluids of RA 

patients76, 77, 78, 79. In addition, mouse models of RA have suggested that IL-17 plays a key role 

in RA disease progression89, 122, 123. IL-17 was found to be a prognostic factor for poorer disease 

outcomes and severity in RA patients122, 123. Interestingly, IL-17 signalling has also been shown 

to promote monocyte and neutrophil recruitment, resulting in the inflammatory pathology seen 

in RA, indicating that this “adaptive” cytokine may play a key role in bridging the innate and 

adaptive immune system in disease124.  

A study describing the blockade of IL-17 after onset of disease reported reduced bone and 

cartilage erosion, and reduced severity of clinical manifestations125. Similarly, an experimental 

vaccine using virus-like particles (VLP) conjugated with recombinant IL-17 lead to a reduction 

of disease progression, disease severity and incidence of disease in mice with CIA and 

autoimmune encephalomyelitis126. These studies highlight the importance of IL-17 and its role 

in RA pathology. RA shares common characteristics with RRVD and other alphaviral 

arthropathies, such as the sudden onset of arthritic musculoskeletal disease which can last for 

months to years127. Another link between RA and RRVD is the release of key proinflammatory 

mediators such as IL-6, IL-1β and MCP-1128. IL-17 has similar effects on tissue destruction as 

IL-1β, and has been found to work synergistically with IL-1β and TNF-α. With these parallels, 

it can be hypothesised that the prevalence of IL-17-producing cells, either alone or in concert 

with other IL-17-producing cell subsets, will be comparable in RRVD and RA pathogenesis. 

IL-17 also plays a role in RA-induced bone pathology in joints. IL-17 induced expression of 

receptor activator of nuclear factor-κB ligand (RANKL) by osteoblasts78, 129. RANKL 

promotes osteoclastogenesis and leads to bone damage, erosion and resorption seen in RA-

induced arthritic disease130. This suggests that IL-17 could also contribute to bone damage that 

occurs in joints in RRVD. 

 

1.3 Research Aims & Objectives 

 

The immune response elicited by alphaviral infections remain poorly understood, even more 

so the responses caused by T lymphocytes of the adaptive immune system. This lack of 

knowledge, in addition to the absence of RRVD-specific drug treatments, require additional 
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studies to define the mechanisms of alphaviral immunopathology. Therefore, the aims of the 

studies undertaken as part of this thesis include: 

 

Aim 1: To detect Th17 cells and stimulate Th17 cell differentiation ex vivo 

Prior to undertaking the characterisation of IL-17-producing cells using an animal model of 

RRVD, we aim to demonstrate that isolated CD4+ T cells are capable of differentiating into 

Th17 cells in an in vitro system under a specific set of stimulatory conditions. Cells will be 

harvested from naïve C57BL/6J mice and CD4+ T cells will be isolated using cell sorting. 

Cytokines such as TGF-β and IL-6 have been shown to induce Th17 differentiation, whereas 

IL-4 and IFN-γ inhibit polarisation of CD4+ T cells into Th17 cells. Therefore, to perform Th17 

differentiation and optimise intracellular staining of IL-17-producing cells, isolated CD4+ T 

cells will be cultured under different cell treatments consisting of combinations of rTGF-β, rIL-

6, anti-IL-4, anti-IFN-γ and IL-2.  Following culture under polarising conditions, cells will then 

be labelled using antibodies against surface CD4, intracellular ROR-γt and IL-17A and 

quantified using fluorescence-activated cell sorting (FACS). In addition, detection of IL-17+ 

cells in vitro using FACS will allow optimisation of Th17 and Tc17 quantification in vivo in 

Aim 2 and 3. 

 

Aim 2: To examine the role of IL-17+ cell responses in RRV-induced musculoskeletal 

disease in an established RRV mouse model 

IL-17+ cells have been reported to be significantly elevated in RA patients, compared to healthy 

controls, as well as in RA mouse models. Due to parallels between RA and RRVD, we 

hypothesise that these cells play a key role in RRVD, as has been seen in RA. To date, no 

studies have examined the role of IL-17-producing cells in RRVD. We hypothesise that IL-17+ 

cells play a role in RRVD, due to previous studies highlighting the importance of IL-17 in 

exacerbating inflammation in RA. We will use an established mouse model of RRV-induced 

joint inflammation to detect Th17 and Tc17 cells and their associated cytokines within joint 

tissue. C57BL/6J will be inoculated with T48 RRV and ankle joint tissue will be harvested at 

onset (7 dpi) and peak (10 dpi) disease. Cellular infiltrates will be isolated from inflamed joint 

tissue, and IL-17-producing T cells will be quantified and characterised using flow cytometry. 

In addition, tissue mRNA expression and protein concentrations of Th17-associated as well as 

inflammation-specific cytokines will be quantified using quantitative real-time-PCR (qRT-
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PCR) and cytometric bead array (CBA) assays, and levels compared between RRV-infected 

and mock-infected joint tissues. 

 

Aim 3:  To investigate the effect of IL-17 blockade and the effect on RRV-induced 

musculoskeletal disease 

Blockade of IL-17 has been shown to reduce onset and severity of RA disease in mice, as well 

as reduce bone and cartilage erosion. We hypothesise that blocking IL-17 will reduce disease 

severity in RRV-infected mice, as well as dampen inflammation by reducing proinflammatory 

mediators within the joint tissue. We aim to examine the effect of blocking IL-17 on RRVD 

disease progression. A monoclonal anti-IL-17A neutralising antibody will be used to treat 

RRV-infected mice daily, from shortly before disease onset (6 dpi) to shortly prior to peak 

disease (9 dpi) to observe the effect of specifically blocking IL-17A just prior to onset of 

disease. Mice will be monitored and joints harvested to quantify Th17 cell subsets and 

phenotypic markers using flow cytometry. Levels will be compared between treated RRV-

infected mice, untreated RRV-infected mice and mock-infected mice. qRT-PCR and CBA 

protein analysis will also be performed to observe the effect of blocking IL-17 on 

inflammation-specific and Th17-associated cytokines. In addition, RRV viral load in the joint 

tissue will be quantified to determine whether inhibition of IL-17, and dampening of 

inflammation can impair viral replication in tissues. 
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CHAPTER 2: Materials & Methods 

 

2.1 Virus 

 

The mouse-adapted prototype T48 strain of RRV was generated as described previously16. 

Virus stock aliquots were diluted in phosphate-buffered saline (PBS) and stored at -80°C. 

 

2.2 Mice and RRV infections 

 

Twenty-one day-old, C57BL/6J male and female mice of equal distribution were obtained from 

the Animal Resource Centre (Perth, Australia). Mice were inoculated subcutaneously into the 

thorax below the forelimb with a WT T48 strain of RRV (104 PFU) diluted in a 50µL volume 

of PBS. Mock-infected control mice were inoculated with 50µL of PBS. Mice were weighed 

and scored for disease daily as described previously131. Disease scoring was based on assessing 

hindlimb function including grip strength and gait, as well as general fatigue. The following 

clinical score scale was applied: 0, no disease signs; 1, ruffled fur; 2, very mild hindlimb 

weakness, some lethargy; 3, mild hindlimb weakness, increased lethargy, delicate walking; 4, 

moderate hindlimb weakness, limited gripping ability, dragging of hindlimbs; 5, severe 

hindlimb weakness, dragging of hindlimbs, very lethargic; 6, complete loss of hindlimb 

function, complete lethargy, signs of wastage; 7, moribund; 8, death. Humane end point was 

classified as >15% weight loss from day 0 starting weight or a clinical score of 7. Mice were 

euthanised using CO2 at either acute phase of disease (Day 7) or peak disease phase (Day 10). 

Some mice were culled at Day 15 to observe indication of a recovery phase. This was classified 

as recommencement of weight gain and improvement of clinical scores.  

 

2.3 Flow Cytometry 

 

RRV-infected and mock-infected mice were euthanised at 10 dpi, and tissues were perfused 

via intracardial injection with PBS and quadriceps muscle, ankle joint and popliteal LNs were 

harvested. The protocol for harvesting ankle joints consisted of using whole joints (foot, ankle 
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joint, adjacent tissues) and leaving half of the tibia bone attached, removing as much of the 

surrounding tissue as possible and then removing skin by de-gloving. Bone marrow cells were 

removed by flushing the tibia bone with PBS. Ankle joints were collected in RPMI (Sigma-

Aldrich) supplemented with 10% fetal calf serum (Sigma-Aldrich) (FCS; RP10) containing 

Collagenase Type IV (2mg/mL, Sigma-Aldrich) and DNase I (5µg/mL, Sigma-Aldrich). Ankle 

joints were disrupted using tweezers and incubated in a Thermomixer® C (Eppendorf) at 37°C 

for 45 minutes. Digested tissues were then successively filtered through a 70µm and a 30µm 

nylon mesh into cell media (IMDM + 10% FCS, Sigma-Aldrich) to obtain a single cell 

suspension.  

Cells were stimulated with phorbol myristate acetate (PMA) (50mg/mL) and ionomycin (1µM) 

at 37° for 30 min (diluted in IMDM + 10% FCS), prior to adding brefeldin A (BFA) and 

incubating for an additional 4 hrs. Cells were stained for surface markers using the following 

antibodies: IA/IE, MHC-II (clone M5/114; PeCy7, eBioscience), CD11b (clone M1/70;  

PeCy7, eBioscience), CD45 (clone  30F11; APC, Miltenyi Biotec), CD3 (clone 17A2; V450, 

BD Biosciences), CD4 (clone RM-4.5; PE-CF594, BD Biosciences), CD8 (clone 53-6.2; PE, 

BD Biosciences) and CCR6 (clone 140706; BV650, BD Biosciences). Dead cells were 

excluded using the LIVE/DEAD (Near Infrared; ThermoFisher) stain. 

Cells were then fixed using BD Cytofix/Cytoperm™ Kit, according to the manufacturer’s 

instructions (BD Biosciences). Briefly, cells were resuspended in FIX/PERM Buffer and 

incubated at 4°C for 45 min, then washed with PERM Buffer (1x), resuspended in blocking 

solution (normal rat and mouse serum, 1:100 dilution) and incubated at room temperature for 

15 minutes. Intracellular staining was performed using the following antibodies: IL-17A (clone 

TC11-18h10; PerCP-Cy5.5), ROR-γt (clone B2D; PE) and IL-17F (clone REA666; FITC) at 

room temperature for 45 min. Cells were washed with PERM buffer and resuspended in FACS 

buffer and stored at 4°C overnight before being analysed using an LSRFortessa™ cell analyser 

(BD Biosciences). Fluorescence Minus One (FMO) controls were included for PerCp-Cy5.5, 

PE and FITC to provide baseline fluorescence intensity for IL-17A, ROR-γt and IL-17F 

expression. Flow cytometric data was analysed using FlowJo software (Treestar, Inc.) as per 

gating strategy (Fig. 2.1). 
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Figure 2.1: Flow cytometry gating strategy. Joint infiltrates were quantified using flow 

cytometry. Lymphocytes were gated to exclude cell doublets using forward scatter gating, from 

which live cells (negative for LIVE/DEAD stain) were gated. Myeloid cells and natural killer 

cells were excluded from analysis by creating a negative gate (CD11b+ NK1.1+). CD45+ 

leukocytes were then gated, then CD3+ T cells. 
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2.4 Optimisation of Th17 Polarization ex vivo 

 

This study aimed to detect IL-17-producing T cells in a mouse model of RRVD. We first sought 

to optimise the detection of Th17 cells via intracellular cytokine staining (ICS) by polarising 

naïve CD4+ T cells to generate Th17 cells. Spleen and LN (pooled popliteal, inguinal, brachial, 

axillary, mesenteric and iliac) were harvested from non-infected, adult C57BL/6J mice. 

Harvested tissue was pooled and mechanically disrupted, before being filtered through 70µm 

and a 30µm nylon mesh into cell media (IMDM and 10% FCS) to obtain a single cell 

suspension (1.12x107 cells/mL). Cells were stained for extracellular markers using the 

following antibodies against: LIVE/DEAD (cell viability dye: APC-Cy7, Invitrogen™), B220 

(Clone: HIS24, PE, Invitrogen™), MHC II (Clone: M5/114.1132, PeCy7, eBioscience™), 

TCR-β (Clone: H57-597, PerCp-Cy5.5, Biolegend™), CD3 (Clone: 17A2, eF450, BD 

Bioscience™), CD4 (Clone: RM4-4, APC, Biolegend™) and CD8 (Clone: 53-6.7, FITC, 

Biolegend™) for 1 hr at 4°C. CD4+ T cells were separated using a BD FACSAria™ Fusion 

cell sorter. Post-sorting obtained a cell yield of 6.89x106 CD4+ T cells/mL.  

To activate isolated CD4+ T cells, a 96 well U-bottom tissue culture plate was coated with anti-

CD3 antibody (10µg/mL) and incubated at 37°C for 4 hrs. Cells were added to pre-coated wells 

(1.27x105 cells/well) and given four different treatments containing combinations of rTGF-β 

(5ng/mL), rIL-6 (20ng/mL), anti-IL-4 (0.1µg/mL), anti-IFN-γ (0.1µg/mL) and IL-2 (5ng/mL) 

to determine the optimal conditions to differentiate CD4+ T cells into Th17 cells. Note, anti-

IL-4 and anti-IFN-γ were used to prevent activated CD4+ T cells differentiating into Th1 and 

Th2 cells. Cells were incubated at 37°C for 4 days, with additional rTGF-β and rIL-6 being 

added every second day (Fig. 2.2). To stimulate CD4+ T cells to differentiate into Th17 cells, 

cells were stimulated with PMA (50ng/mL) and ionomycin (1µM) for 30 min at 37°C, and then 

with BFA (10µg/mL) for an additional 4 hrs at 37°C. Cells were stained for extracellular 

markers using the following antibodies: CD3 (eF450) and CD4 (APC) for 30 min at 4°C. Cells 

were then fixed using BD Cytofix/Cytoperm™ Kit, according to manufacturer’s instructions 

(BD Biosciences). Briefly, cells were resuspended in FIX/PERM Buffer and incubated at 4°C 

for 45 min, than washed with PERM Buffer (1x), resuspended in blocking solution (normal rat 

and mouse serum) and incubated at room temperature for 15 min. Cells were stained with 

intracellular anti-IL-17A and anti-ROR-γt antibodies at room temperature for 45 min. Cells 

were washed with PERM buffer and resuspended in FACS buffer and stored at 4°C overnight 

before being analysed using an LSRFortessa™ cell analyser (BD Biosciences). Unsorted cells 
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were included as a negative control. Flow cytometric data was analysed using FlowJo software 

(Treestar, Inc.) and IL-17A+ cells were quantified. Analysis of flow cytometry data showed 

cells treated with IL-6 and TGFb expressed IL-17A and RORyt, whereas unstimulated cells 

did not (Fig. 2.3). Further, quantification of these cells that were treated with IL-6 and TGF-β 

showed that cells with stimulated with IL-6 and TGF-β, in combination with anti-IL-4 and anti-

IFN-γ (Condition 2), had the highest expression of IL-17A, compared to IL-6 and TGF-β alone 

(Condition 1), or the addition of IL-2 (Condition 3) (Fig. 2.4). 
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Figure 2.2: Th17 differentiation cell treatment conditions of isolated CD4+ T cells.  Pooled 

spleens and LNs of C57BL/6J mice were mechanically disrupted to obtain a single cell 

suspension. Cells were stained with fluorescent-conjugated antibodies and sorted through a cell 

sorter to isolate CD4+ T cells from CD8+ T cells and other cell subsets. CD4+ T cells were 

given different treatment conditions to optimise stimulation of Th17 cell differentiation from 

CD4+ T cells.    
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Figure 2.3: Detection of IL-17A+ROR-γt+ CD4+ T cells in vitro. Flow cytometry analysis of 

CD4+ T cells stimulated under Th17 polarising conditions found that cells treated with IL-6 

and TGF-β had the highest number of IL-17A+ROR-γt+ cells. 

 

 

Figure 2.4: Quantification of IL-17A+ROR-γt+ CD4+ T cells following in vitro 

polarisation. Flow cytometry analysis of CD4+ T cells stimulated with rIL-6 and rTGF-β only 

(Condition 1), IL-6 and TGF-β with the addition of anti-IL-4 and anti-IFN-γ (Condition 2) and 

rIL-6 and rTGF-β with the addition of anti-IL-4 and anti-IFN-γ, and rIL-2 (Condition 3). Cells 

stimulated with Condition 2 had the highest expression of IL-17A. 
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2.5 Quantitative real-time PCR (qRT-PCR) and mRNA expression analysis 

 

RRV-infected and mock-infected mice were euthanised at designated time points by CO2 

asphyxiation, and tissues were harvested in TRIzol and homogenized using a TissueLyser II 

(Qiagen). Ankle joints were lysed for 3 min for 3 cycles. After lysis, tissue homogenates were 

centrifuged at 12,000 g for 10 min. The resulting supernatant was removed and stored at -80°C 

until required for RNA extraction. Total RNA extraction was performed according to TRIzol 

Reagent manufacturer’s instructions (Life technologies). Total RNA concentration was 

measured using a NanoDrop™ 2000c spectrophotometer (Thermo Fisher Scientific). Total 

RNA (1µg/µL) was reverse transcribed into cDNA using Reverse Transcriptase (Sigma-

Aldrich) and Oligo(dT)15 primer (Promega). Mouse primers specific for inflammation-specific 

cytokines included: IFN-γ, GM-CSF and M-CSF (primers Ifng, Csf2 and Csf1). Primers 

specific for Th17 cell-associated cytokines included: IL-17A, IL-17F, ROR-γt, IL-23 and IL-

21 (primers Il17a, Il17f, Rorc, Il23ap19 and Il21, refer to Appendix for primer sequences). 

qRT-PCR was performed on a Bio-Rad CFX96 Touch™ Real-Time PCR machine using 

SYBR® Green (Sigma-Aldrich). Samples were run in duplicate under the following 

conditions: 95°C for 15 min and 40 cycles of 94°C for 15 secs, 55°C for 30 secs and 72°C for 

30 secs. A melt curve was established from 72°C. Samples were analysed using CFX 

Manager™ software (Bio-Rad) and baseline threshold was set at 200. To quantify mRNA 

expression, samples were normalized against housekeeping gene (Gapdh) and expressed as 

relative fold-change in expression relative to Gapdh in RRV-infected and mock-infected tissue 

using the 2-ΔΔCt method132. 

To assess RRV viral load at 7 dpi and 10 dpi, cDNA was obtained from joint homogenates as 

described above, with the exception of using random nonamers (Sigma-Aldrich) in place of 

Oligo(dT)15 primer. qRT-PCR was performed using 1µg of cDNA and SsoAdvanced universal 

probes supermix (Bio-Rad). Viral load was assessed by detection of non-structural protein 3 

(NsP3) region primers and NsP3 RRV T48 probe. A standard curve was generated using serial 

dilutions of RRV T48 infectious plasmid ranging from 0 fg to 10 ng of known RRV copy 

numbers, which was then used to interpolate results and calculate number of RRV copies in 

treated and untreated RRV-infected and mock-infected joint homogenates (expressed in log).  
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2.6 Cytometric Bead Array (CBA) Protein Expression 

 

RRV-infected and mock-infected mice were sacrificed at 10 dpi by CO2 asphyxiation, and 

tissue was harvested in PBS and homogenised using a TissueLyser II (Qiagen). Ankle joints 

were lysed for 3min for 3 cycles to obtain tissue homogenates. After lysis, tissue homogenates 

were centrifuged at 10,000xg for 10 min and the resulting supernatant was stored at -80°C until 

required for CBA. IL-17A protein from mouse tissue was detected using a mouse IL-17A CBA 

assay kit (BD Biosciences), and IL-10, TNF, IFN-γ, IL-6, IL-4 and IL-2 were quantified using 

a mouse Th1/Th2/Th17 CBA assay kit (BD Biosciences). Undiluted ankle joint tissue 

homogenates from RRV-infected and mock-infected mice were assayed according to the CBA 

assay manufacturer’s instructions and analysed using an LSRFortessa™ cell analyser (BD 

Biosciences). Quantitative protein concentration (pg/mL) was obtained using FCAP Array v3.0 

software (BD Biosciences).  

 

2.7 In vivo Neutralisation of IL-17  

 

For in vivo neutralisation experiments, monoclonal anti-IL-17A antibody (Bio X Cell; Clone 

17F3) or rat anti-IL-17A/F antibody (R&D Systems, Clone 50104) were used. 14.54mg/kg of 

anti-IL-17A (diluted in PBS) was administered intraperitoneally in mice at days 4-8 and day 9 

post-infection. Alternatively, 3.47mg/kg of anti-IL-17A/F antibody (diluted in PBS) was 

administered intraperitoneally in mice at days 6, 7, 8 and 9 post-infection. Mice were monitored 

as described above and compared to untreated RRV-infected mice and mock-infected mice. 

RRV viral load and protein analysis of IL-17A and proinflammatory cytokines was analysed 

in anti-IL-17A treated and untreated RRV-infected mice and mock-infected mice using qRT-

PCR and CBA assay. 

 

2.8 Statistical Tests 

 

Analysis of protein levels, mRNA expression and flow cytometry data in RRV-infected and 

mock-infected mice, was performed using a Mann-Whitney U test. Clinical scores and weight 

change were analysed using a two-way ANOVA with Bonferroni post-test. Kruskal Wallis 
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with Dunn’s post-test was used to analyse statistical differences between treated, untreated and 

mock-infected mice. All statistical analyses were done using GraphPad Prism software (6.01). 

P values less than 0.05 were considered to be statistically significant (*= <0.05, **= <0.01, 

***= <0.001, ****= <0.0001). P values greater than 0.05 were considered non-significant (ns).  

 

2.9 Animal Ethics Statement 

 

All animal experiments were performed according to the animal ethics guidelines of the Animal 

Ethics Committee (AEC) of Griffith University (AEC GLY/14/16). 
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CHAPTER 3: Results 

 

3.1 Identifying IL-17+ Cell Populations in vivo in RRVD 

 

Twenty-one day-old C57BL/6J mice were infected with T48 prototype RRV (104 PFU) or 

mock-infected with PBS and monitored as described previously131. Mice were euthanised at 

onset (7 dpi), peak (10 dpi) and recovery phase (15 dpi) of disease. Mock-infected mice steadily 

gained weight, whereas RRV-infected mice showed impaired weight gain throughout the 

experiment (Fig. 3.1A). In addition, RRV-infected mice showed a progressive increase in 

disease score, with a score of 3 (mild hindlimb weakness, increased lethargy, delicate walking) 

at 7 dpi before reaching a maximum score of 5 (severe hindlimb weakness, dragging of 

hindlimbs, very lethargic) at 10 dpi (Fig. 3.1A). After 10 dpi, disease scores progressively 

decreased as mice resumed weight gain. Mock-infected mice did not develop any detectable 

signs of disease and maintained consistent weight gain throughout the experiment.  

At 10 dpi, ankle joints were harvested and macroscopic observation showed a distinct thinning 

and redness (a qualitative indicator of inflammation) of the peri-metatarsal joints of RRV-

infected mice, whereas the joints of mock-infected mice showed normal tissue integrity and 

remained pale in appearance (Fig. 3.1B). Ankle joints were processed and single cell 

suspensions were obtained following collagenase digestion. Isolated cells were stained with 

fluorochrome-conjugated antibodies, and flow cytometry analysis was performed to quantify 

phenotypic markers of IL-17-producing cell subsets (Fig. 2.1). From CD3+CD45+ cells, CD4+ 

and CD8+ T cells were gated. From there, IL-17A and IL-17F producing CD4+ and CD8+ T 

cells were gated and quantified (Fig. 3.3). At 10 dpi, the numbers of CD4+ were significantly 

elevated in RRV-infected tissue, compared to mock-infected (Fig. 3.3). The proportion of 

CD4+ T cells was higher in infected tissue when compared to CD8+ T cells. Of the different 

CD4+ IL-17 cell subsets, IL-17A+CCR6- CD4+ T cells were the most significantly elevated 

subsets in RRV-infected tissue. IL-17A-CCR6+ CD4+ T cells were also significantly elevated 

in infected tissue compared to mock. IL-17F+CCR6- and IL-17F-CCR6+ CD4+ T cells were 

also highly statistically significant in infected tissues compared to mock. Of note, IL-17A-

CCR6+ and IL-17F-CCR6+ CD4+ T cells were also significantly elevated in RRV-infected 

tissues, but less than IL-17A+CCR6- and IL-17F+CCR6- CD4+ T cells. There were no 

significant differences in the number of IL-17A+CCR6+ and IL-17F+CCR6+ CD4+ T cells 
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between infected and mock-infected tissues. Interestingly, of the CD8+ T cell subsets, IL-

17A+CCR6- CD8+ T cells were also the most elevated in infected tissue. IL-17A-CCR6+ CD8+ 

T cells were also significantly increased in infected tissue compared to mock. IL-17F+CCR6- 

CD8+ T cells were elevated in infected tissue compared to mock, but differences were not 

statistically significant. IL-17F- CCR6+ CD8+ T cells were slightly elevated in infected tissue 

compared to mock, but no statistically significant differences were found. In summary, flow 

cytometry analysis of infected joint infiltrates revealed the presence of CD4+ and CD8+ T cells 

that expressed either IL-17A or IL-17F.  
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Figure 3.1: Development of RRVD in RRV-infected C57BL/6J mice. (A) C57BL/6J mice 

(n = 4-5) were inoculated with T48 RRV (104 PFU) or mock-infected with PBS (n = 4). Mice 

were monitored as described in Methods Section 2.4 until 10 dpi. Disease score and weight 

change was observed and a two-way ANOVA, with Bonferroni post-test was performed. P 

values less than 0.05 were considered to be statistically significant. (B) Ankle joint tissues were 

harvested at 10 dpi and macroscopic observation indicated increased indicators of 

inflammation in infected joints, compared to mock-infected joints. 
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Figure 3.2: Detection of IL-17+ cell subsets in RRVD. Flow cytometry analysis was 

performed on cellular infiltrates obtained from joints of RRV-infected (n = 4-5) and mock-

infected (n = 4) mice at 10 dpi. Data was acquired using a LSRFortessa™ cell analyser and 

analysed using Flowjo software. 
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Figure 3.3: Quantification of IL-17+ cell subsets in joint infiltrates. Cellular infiltrates of 

joints from RRV-infected (n = 4-5) and mock-infected mice (n = 4) at 10 dpi were obtained 

and analysed using flow cytometry. Data was acquired using a LSRFortessa™ cell analyser 

and analysed using Flowjo software. A Mann-Whitney U test was performed and P values 

<0.05 were considered to be statistically significant.  
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3.2 Analysis of tissue mRNA transcriptional profile: pro-inflammatory cytokines in 

RRVD  

 

To investigate the contribution of inflammatory-specific cytokines in RRV-induced joint 

inflammation, qRT-PCR was performed on joint tissue homogenates collected from RRV- and 

mock-infected mice at 7 and 10 dpi. At 7 dpi, Ifng mRNA expression was downregulated (2-

fold-change), though not significantly, in RRV-infected joints compared to mock-infected 

joints (Fig. 3.4A). However, at 10 dpi, Ifng mRNA expression was upregulated 20-fold in 

infected joints compared to mock but was not statistically significant (Fig. 3.4B). Both Csf1 

and Csf2 mRNA expression were slightly elevated at 7 dpi and 10 dpi, but were not statistically 

significant (Fig. 3.4A, B). Csf1 mRNA expression was slightly more elevated in infected joints 

at 10 dpi than at 7 dpi, however there were no differences in fold-change in Csf2 mRNA 

expression in infected joints at 7 dpi and 10 dpi (Fig. 3.4A, B).  
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Figure 3.4: mRNA expression of inflammation-specific cytokines at 7 and 10 dpi. qRT-

PCR was performed on homogenised RRV-infected (n = 5) and mock-infected (n = 2) joint 

tissues at 7 and 10 dpi. mRNA expression levels were expressed as the fold change in mRNA 

expression, relative to mock-infected. Samples were run in duplicate and a Mann-Whitney U 

test was performed to assess statistical significance. P values <0.05 were considered to be 

statistically significant. (A) At 7 dpi, mRNA expression levels of Ifng, Csf1 and Csf2 in RRV-

infected and mock-infected joints were assessed. (B) At 10 dpi, mRNA expression of Ifng, Csf1 

and Csf2 were quantified.  
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3.3 Analysis of tissue mRNA transcriptional profile: Th17-related cytokines in RRVD  

 

Next, we sought to characterise the transcriptional profile of cytokines and transcription factors 

commonly associated with Th17 responses at the onset and peak phases of RRVD. At 7 dpi, 

there were no significant differences in Il17a and Rorc mRNA expression between infected 

and mock-infected tissue, however levels of Il17f were elevated by 2-fold in infected tissue 

compared to mock, but not significantly (Fig. 3.5A). Interestingly, at 7 dpi, Il21 mRNA levels 

were downregulated in infected joints compared to mock-infected joints (2-fold-change), but 

were not statistically significant. In contrast, during the peak phase of RRVD at 10 dpi, Il17a 

and mRNA expression increased 4-fold in the joint tissue of RRV-infected mice compared to 

that of mock-infected mice, but differences were not statistically significant (Fig. 3.5B). At 10 

dpi, expression levels of Il17f were also increased in infected tissue, but not significantly. There 

was an approximate 20-fold increase in Il23 mRNA expression in infected joints at 10 dpi, 

compared to mock-infected joints, but differences were not statistically significant. At 10 dpi, 

there were no differences in Rorc mRNA expression between infected and mock-infected joint 

tissue.  
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Figure 3.5: mRNA expression levels of Th17-associated cytokines in RRV-infected and 

mock-infected joint at 7 and 10 dpi. qRT-PCR was performed on homogenised RRV-infected 

(n = 5) and mock-infected (n = 2) joint tissues at 7 and 10 dpi. mRNA expression levels were 

expressed as the fold change in mRNA expression, relative to mock-infected. Samples were 

run in duplicate and a Mann-Whitney U test was performed to assess statistical significance. P 

values <0.05 were considered to be statistically significant. (A) At 7 dpi, mRNA expression 

levels of Il17a, Rorc, Il17f, Il23 and Il21 in RRV-infected and mock-infected joints were 

assessed. (B) At 10 dpi, mRNA expression of Il17a, Rorc, Il17f and Il23 were quantified.  
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3.4 Quantification of Th17-associated protein in RRV-infected tissues 

 

To further understand the nature of the inflammatory milieu in joint tissue in the acute phase 

of RRV-induced inflammation, we next quantified protein levels using a cytometric bead array 

(CBA) assay to measure endogenous levels of IL-17A protein and several pro-inflammatory 

cytokines (IFN-γ, TNF, IL-6 and IL-10) in 10 dpi joint tissue homogenates. At 10 dpi, IFN-γ, 

TNF and IL-6 protein levels were significantly upregulated in infected joints compared to 

mock-infected (Fig. 3.6). Although IL-10 protein concentration was slightly elevated in 

infected tissue compared to mock, differences were not statistically significant. Interestingly, 

there were no statistically significant differences in IL-17A protein levels between infected and 

mock-infected tissue.  
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Figure 3.6: Protein quantification of IL-17A and inflammatory cytokines in joint tissues 

at 10 dpi. Protein levels at 10 dpi in RRV- and mock-infected joint tissues (n = 5 and 3, 

respectively) were quantified using an IL-17A and Th1/Th2/Th17 CBA assay. IL-17A, IFN-γ, 

TNF, IL-6 and IL-10 protein levels were quantified and a Mann-Whitney U test was performed 

to assess statistical significance. P values <0.05 were considered to be statistically significant.  
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3.5 In vivo blockade of IL-17A in RRV-infected mice 

 

Next, we asked whether in vivo neutralisation of IL-17A prior to the onset of RRVD would 

alter disease outcome, and help reduce joint inflammation. C57BL/6J mice were infected with 

T48 RRV (104 PFU) and inoculated intraperitoneally with anti-IL-17A antibody from 4 dpi for 

6 consecutive days, and sacrificed at peak disease (10 dpi). Although there were no differences 

in weight gain between untreated RRV-infected and antibody-treated RRV-infected mice, 

treated mice showed a progressive reduction in disease score from 8 dpi until 10 dpi, compared 

to untreated RRV-infected mice. By peak disease, a score difference of 1 was observed between 

treated and untreated RRV-infected groups, with treated mice peaking at a maximum of ~3 and 

untreated RRV-infected mice peaking at ~4 (Fig 3.7A). Mock-infected mice did not develop 

any detectable signs of disease and maintained consistent weight gain throughout the 

experiment. At 10 dpi, ankle joints were harvested and macroscopic observation showed a 

distinct thinning and redness (a qualitative indicator of inflammation) of the peri-metatarsal 

joints of treated and untreated RRV-infected mice, whereas the joints of mock-infected mice 

showed normal tissue integrity and remained pale in appearance (Fig. 3.7B). 

Ankle joints were processed and single cell suspensions were obtained following collagenase 

digestion. Isolated cells were stained with fluorochrome-conjugated antibodies, and flow 

cytometry analysis was performed to quantify phenotypic markers of IL-17-producing cell 

subsets (Fig. 2.1). CD4+ and CD8+ T cells were gated from CD3+CD45+ cells, and IL-17A and 

IL-17F producing CD4+ and CD8+ T cells were gated and quantified (Fig. 3.8). At 10 dpi, the 

numbers of CD4+ T cells were significantly elevated in anti-IL-17A-treated and untreated 

RRV-infected tissue, compared to mock-infected (Fig. 3.9). The proportion of CD4+ T cells 

was higher in infected tissue when compared to CD8+ T cells, which were also elevated in 

infected tissue but not significantly. Of the different CD4+ IL-17+ cell subsets, IL-17A+CCR6- 

CD4+ T cells were the most significantly elevated subsets in treated and untreated RRV-

infected tissue. IL-17A-CCR6+ CD4+ T cells were slightly elevated in treated and untreated 

infected tissue compared to mock, but were not statistically significant. IL-17F+CCR6- CD4+ 

T cells were also highly statistically significant in treated and untreated infected tissues 

compared to mock. IL-17F+CCR6+ CD4+ T cells were elevated in infected tissue compared to 

mock-infected, but differences were not significant. Overall, there were no differences in cell 

populations between anti-IL-17A treated- and untreated RRV-infected mice. However, IL-17F-
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CCR6+ CD4+ T cells were slightly increased in treated, infected tissue compared to untreated, 

infected tissue, but results were not significant.  

Of the IL-17A+ CD8+ T cell subsets, IL-17A+CCR6- CD8+ T cells were the most elevated in 

treated and untreated infected tissue. There were no significant differences in IL-17A+CCR6+ 

and IL-17A-CCR6+ CD8+ T cells between all 3 groups. IL-17F+CCR6- CD8+ T cells were 

significantly elevated in infected tissue compared to mock, with more cells detected in treated 

infected tissue compared to untreated (differences between treated and untreated not 

significant). There were no significant differences found in IL-17F+CCR6+ and IL-17F-CCR6+ 

CD8+ T cells between all 3 groups.  
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Figure 3.7: Development of RRVD in anti-IL-17A treated and untreated RRV-infected 

mice. (A) C57BL/6J mice (n = 4) were inoculated with T48 RRV (104 PFU) or mock-infected 

with PBS (n = 3). RRV-infected mice were inoculated intraperitoneally daily with an anti-IL-

17A neutralising antibody from 4 to 9 dpi (n = 4). Mice were monitored as described in 

Methods section 2.4 until 10 dpi. Disease score and weight change was observed and a two-

way ANOVA, with Bonferroni post-test was performed. P values less than 0.05 were 

considered to be statistically significant. (B) Ankle joint tissues were harvested at 10 dpi and 

macroscopic observation in treated and untreated infected joints and mock-infected joints were 

compared.  
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Figure 3.8: Detection of IL-17+ cell subsets in anti-IL-17A treated and untreated RRV-

infected mice.  At 10 dpi, flow cytometry analysis was performed on joint infiltrates of anti-

IL-17A treated RRV-infected mice (n = 4), untreated RRV-infected mice (n = 4) and mock-

infected mice (n = 4). Data was acquired using a LSRFortessa™ cell analyser and analysed 

using Flowjo software. 
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Figure 3.9: Quantification of IL-17+ cell subsets in joint infiltrates of anti-IL-17A treated 

and untreated RRV-infected mice. At 10 dpi, cellular infiltrates of joints were obtained from 

treated RRV-infected mice (n = 4), untreated RRV-infected mice (n = 4) and mock-infected 

mice (n = 3) and analysed using flow cytometry. Data was acquired using a LSRFortessa™ 

cell analyser and analysed using Flowjo software. Kruskal Wallis, with Dunn’s post-test was 

performed and P values <0.05 were considered to be statistically significant. 
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3.6 Analysis of RRV viral load in anti-IL-17A treated RRV-infected mice 

 

To examine whether blockade of IL-17A has any effect on RRV viral load, qRT-PCR was 

performed on joints of anti-IL-17A treated- and untreated RRV-infected mice, and mock-

infected mice. Joints were harvested at 7 and 10 dpi and joint tissue homogenates were 

obtained. 1µg of total RNA was reverse transcribed into cDNA and T48 RRV viral load (log) 

was quantified by detecting mRNA expression of NsP3 region RNA. There were no significant 

differences in RRV viral load at 7 dpi and 10 dpi between treated and untreated mice (Fig. 

3.10A, B respectively). RRV viral load was not detectable in mock-infected mice.  
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Figure 3.10: Quantification of T48 RRV viral load in anti-IL-17A treated and untreated 

RRV-infected mice. (A) At 7 dpi, joint tissue was harvested of anti-IL-17A treated and 

untreated RRV-infected mice (n = 4 per group), and mock-infected mice (n = 3) and qPCR was 

performed in tissue homogenates. T48 RRV viral load was quantified by detecting mRNA 

expression of NsP3 region RNA. RRV viral load was not detectable in mock-infected mice. 

(B) At 10 dpi, RRV viral load was also quantified. Kruskal Wallis test, with Dunn’s post-test 

was performed and P values <0.05 were considered to be significant.  
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3.7 Quantification of IL-17 and inflammation associated protein secretion in anti-IL-

17A treated and untreated RRV-infected mice  

 

To further characterise the effect of blocking IL-17A on RRVD-induced joint inflammation, 

we quantified protein levels using a cytometric bead array (CBA) assay to measure endogenous 

levels of IL-17A protein and other pro-inflammatory cytokines (IFN-γ, TNF and IL-6) in 10 

dpi joint tissue homogenates. Interestingly, at 10 dpi IFN-γ protein levels were significantly 

higher in untreated RRV-infected joints, compared to treated (p= <0.01) (Fig. 3.11). TNF and 

IL-6 protein levels were more elevated in untreated tissue, compared to treated tissue but 

differences were not significant. However, there were no significant differences in IL-17A 

protein levels between treated and untreated RRV-infected tissues, and RRV-infected and 

mock-infected tissue. IL-10 protein levels were not detectable (data not shown.).  
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Figure 3.11: Protein quantification of IL-17A and inflammatory cytokines in anti-IL-17A 

treated and untreated joint tissues at 10 dpi. Protein levels at 10 dpi in treated-and untreated- 

RRV-infected mice (n = 4 per group) and mock-infected joint tissues (n = 3) were quantified 

using an IL-17A and Th1/Th2/Th17 CBA assay. IL-17A, TNF, IFN-γ and IL-6 protein levels 

were quantified and a Kruskal Wallis test and Dunn’s post-test was performed to assess 

statistical significance. P values <0.05 were considered to be statistically significant.  
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3.8 In vivo blockade of IL-17A/F in RRV-infected mice 

 

In addition to an increase in Il17a mRNA expression at peak disease, a substantial upregulation 

of Il17f mRNA expression was also seen (Fig. 3.5B). Therefore, we asked whether in vivo 

neutralisation of IL-17 using a monoclonal antibody which recognises the IL-17A/IL-17-F 

heterodimer would alter disease outcome. C57BL/6J mice were infected with T48 RRV (104 

PFU) and inoculated intraperitoneally with anti-IL-17A/F antibody from 6 dpi for 4 

consecutive days, and sacrificed at peak disease (10 dpi). Although there were no differences 

in weight gain between untreated RRV-infected and antibody-treated RRV-infected mice, 

antibody-treated mice showed a progressive reduction in disease score from 7 dpi until 10 dpi, 

compared to untreated RRV-infected mice (Fig. 3.12).  By peak disease, an approximate score 

difference of 1 was observed between treated and untreated RRV-infected groups, with treated 

mice peaking at a maximum of 3.75 and untreated RRV-infected mice peaking at 4.69. Mock-

infected mice did not develop any detectable signs of disease and maintained consistent weight 

gain throughout the experiment. 
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Figure 3.12: Qualitative assessment of IL-17A/F blockade in RRV-infected mice. 

C57BL/6J mice (n = 4) were inoculated with T48 RRV (104 PFU) or mock-infected with PBS 

(n = 3). RRV-infected mice were inoculated intraperitoneally daily with an anti-IL-17A/F 

neutralising antibody from 6 to 9 dpi (n = 4). Mice were monitored as described in Methods 

section 2.4. Disease score and weight change was observed and a two-way ANOVA, with 

Bonferroni post-test was performed. P values <0.05 were considered to be statistically 

significant. 
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CHAPTER 4: Discussion 

 

Arthritogenic alphaviruses continue to be major burdens of disease, with global epidemics 

affecting millions worldwide. This thesis investigated RRV, which is endemic to Papua New 

Guinea, Western Pacific Islands, and is the most prevalent mosquito-borne disease in Australia, 

causing 3,855 cases in 2012-20134, 11. RRVD usually manifests as an acute disease that occurs 

4 to 7 days after infection, causing rashes, fever, headache, fatigue, arthritis, arthralgia and 

myalgia1.  RRVD is characterised by development of painful, incapacitating arthritic disease 

which can last from several days to months-years post-infection, and thus greatly reducing 

patient quality of life. Approximately 40% of patients have been reported to develop chronic, 

persistent RRV-induced arthritic disease15. However, the mechanisms of infection and joint 

pathology which can develop into chronic disease, remain poorly understood. Currently, there 

are no specific treatments against disease caused by alphaviral infections, with patients 

resorting to analgesics, NSAIDs and supportive care. 

The development RRVD mouse models that closely mimic disease seen in humans has helped 

unravel some of the key disease mechanisms, and paved the way for the development of 

potential treatments. Together with analysis of patient samples, mouse models have revealed 

that RRV directly targets synovial and muscle tissue, but also causes an upregulation of 

proinflammatory mediators such as TNF-α and IL-6 in cellular infiltrates, which leads to an 

exacerbated inflammatory response and tissue damage8, 17. In addition to key infiltrating 

immune cells such as macrophages, monocytes and NK cells, CD4+ and CD8+ T cells have 

been suspected of playing a vital role in RRV-induced joint inflammation in mice25, 45. 

However, the function and phenotype of these T lymphocytes, and their role in RRVD 

pathogenesis has not been clearly defined. RRVD shares several characteristics with RA, such 

as the onset of painful, arthritic disease in joints which can become chronic, as well as the 

upregulation of similar proinflammatory cytokines in cellular infiltrates1, 7. Therefore, it can be 

hypothesised that elements of the immune response that lead to the development of RA may 

also be at play in the development of RRVD.  

One immune mechanism found to play an important role in RA is the IL-17/Th17 pathway. IL-

17 is a key effector cytokine produced by Th17 cells – albeit not exclusively – and has been 

reported to be significantly elevated in the synovial fluid of RA patients76, 77, 78, 79, and its role 

has been extensively characterised in RA mouse models89, 122, 123. However, no studies to date 
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have investigated the role of IL-17-producing cells in alphavirus-induced arthritic disease. 

More importantly, previous studies investigating the inflammatory response in alphavirus-

induced disease have only performed quantitative immunological analysis of cellular infiltrates 

in inflamed muscle tissue, rather than joint tissue. Here, we have developed a novel method 

that enables the quantitative and functional analysis of cellular infiltrates in joint tissue of RRV-

infected mice, and used this method to examine the role of the IL-17/Th17 pathway in a mouse 

model of RRVD. 

We first sought to optimise Th17 cell detection ex vivo by stimulating naïve CD4+ T cells and 

incubating under different Th17 polarising conditions by using an established protocol of in 

vitro polarisation (Fig. 2.2). Following stimulation of CD4+ T cells with rIL-6 and TGF-β, and 

with the addition of anti-IL-4 and anti-IFN-γ, flow cytometry analysis of cultured cells revealed 

the formation of IL-17A+ROR-γt+ CD4+ T cells (Th17 cells) (Fig. 2.3, 2.4). This is particularly 

relevant to our studies, as IL-6 has been identified as a key pro-inflammatory cytokine and is 

elevated in the inflammatory infiltrate of synovial fluid in a RRV mouse model26, and in acute 

and convalescent RRVD patients35. Further, in addition to Th17 cells being able to secrete IL-

669, IL-6 activates STAT3 transcription factor, which in subsequently activates Th17 cell 

lineage-specific genes (Rorc, Il17 and Il23r)67. This observation indicates that Th17 cells, or 

IL-17-producing cells may be important given the importance of IL-6 in RRVD.  

Next, we sought to detect and characterise IL-17-producing cells in the inflamed joints of RRV-

infected mice. Mice were inoculated with RRV as described previously131, and RRV-infected 

mice showed impared weight gain throughout the experiment, whereas mock-infected mice 

steadily gained weight (Fig. 3.1A). Disease progression followed previously reported kinetics, 

from the onset of disease (7 dpi) where RRV-infected mice developed mild hind limb 

dysfunction, to the peak of disease (10 dpi) where hind limb function was strongly impaired. 

This was followed by resolution in the recovery phase (10-15 dpi). At 10 dpi, macroscopic 

observation showed qualitative indicators of inflammation in infected ankle joint, compared to 

mock (Fig. 3.1B).  Flow cytometry analysis of joint tissue showed, for the first time, significant 

CD4+ and CD8+ T cell infiltration in joints of RRV-infected mice compared to mock-infected 

mice. Interestingly, we were able to detect IL-17-producing CD4+ T cells, as well as CD8+ IL-

17+ T cells. Despite our initial focus on Th17 cells as potential drivers of RRVD, IL-17 is known 

to be produced by cells other than Th17 cells, such as γδT cells, Type 3 innate lymphoid cells 

(ILCs) and CD8+ T cells54. The latter cell subset, commonly referred to as Tc17 cells, can 
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secrete effector cytokines similar to those seen with CD4+ Th17 cells and have been reported 

to play a role in other arthritic diseases such as psoriatic arthritis, but not in RA80, 81. 

The IL-17 cytokine family consists of six different cytokines: (IL-17A to F), with IL-17A being 

the most well described97. Th17 cells express both IL-17A and IL-17F cytokines, however the 

role of IL-17F still remains unclear. We sought to detect the presence of IL-17A+ and IL-17F+ 

cells in RRVD to gain a better understanding of how both isoforms may be involved in 

pathogenesis. Of particular relevance to pathogenesis, the chemokine receptor CCR6 is known 

to be upregulated during Th17 differentiation by STAT3 and ROR-γt, and has been identified 

as a marker of pathogenic T cell subsets71, 72, 133. We therefore performed a phenotypic subset 

analysis of T cells in the joint of RRV-infected mice based on their expression of IL-17A, IL-

17F and CCR6. Here, we found that at 10 dpi, IL-17A+CCR6- CD4+ T cells were the most 

significantly elevated IL-17+ subsets in RRV-infected tissue, compared to mock, followed by 

IL-17A-CCR6+ CD4+ T cells (Fig. 3.3). In addition, IL-17F+CCR6- CD4+ T cells were also 

significantly elevated in infected tissues compared to mock. While studies have shown CCR6+ 

Th17 cells are elevated in the synovium of RA patients73, our findings suggest that this may 

not be the case with RRVD, since CCR6+ cells that do not express IL-17, or IL-17+ cells that 

do not express CCR6, seem to be the main infiltrating subset in RRVD. Interestingly, IL-17A-

CCR6+ and IL-17F-CCR6+ CD4+ T cells were significantly elevated in RRV-infected tissues, 

compared to mock. A previous study found that CCR6+ Th17 cells that express low amounts 

of IL-17A, are still capable of producing pathogenic cell activity in autoimmune disease74. We 

did not find significant differences in the number of IL-17A+CCR6+ and IL-17F+CCR6+ CD4+ 

T cells between infected and mock-infected tissues. Interestingly, IL-17A+CCR6- and IL-17A-

CCR6+ CD8+ T cells were also the most elevated in infected tissue compared to mock. 

Similarly, IL-17F+CCR6-  and IL-17F- CCR6+ CD8+ T cells were elevated in infected tissue 

compared to mock, but differences were not statistically significant. However, it should be 

noted that it has been reported that the phenotype of CCR6+ cells is unstable, and a degree of 

plasticity has been observed amongst CCR6+ Th17 cells, Th1 cells and Treg cells75. The 

presence of both IL-17A+ and IL-17F+ CD4+ and CD8+ T lymphocytes align with studies that 

have suggested that IL-17A and IL-17F work in tandem by forming heterodimer complexes to 

upregulate proinflammatory cytokines109. Due to their 50% gene homology and shared 

characteristics101, it is hypothesised that IL-17F may have a similar role in inflammation to IL-

17A. Together with our findings, this suggests that both IL-17A and IL-17F could play an 

important role in RRVD. 
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To investigate the contribution of inflammatory-specific and Th17-associated cytokines, we 

examined the mRNA transcriptional profile and protein concentration in inflamed joints at 

onset and peak disease. At peak disease, IFN-γ protein levels were significantly elevated in 

infected joints (Fig. 3.6). Ifng mRNA expression levels were also upregulated at 10 dpi in 

infected joints, but not significantly (Fig. 3.4B). Of note, IL-17A+CCR6+ cells are capable of 

producing significant levels of IFN-γ, unlike Th17 cells which produce limited IFN-γ71. GM-

CSF is a proinflammatory cytokine that has been detected in the serum of RRV-infected 

patients during acute disease35. Our results show that Csf2 mRNA expression levels were 

elevated in infected tissue, but not significantly (Fig. 3.4 A, B). In addition, Csf1 mRNA levels 

were elevated in infected tissue, but also not significantly. M-CSF, which is upregulated by IL-

1754, promotes breakdown of bone tissue and subsequent damage134. At 10 dpi, mRNA levels 

of Il17a were elevated in infected joints (not statistically significant) (Fig. 3.5B), which 

supports our findings of significantly increased IL-17A+ cell subsets (Fig. 3.3) and protein 

concentration (Fig. 3.6). Our findings support previous studies which report IL-17A is a key 

effector cytokine in RA. Both Il21 and Il23 mRNA levels were upregulated in infected joints 

(not statistically significant), which is supported by previous studies which have reported IL-

2166, and IL-2345 to be upregulated during Th17 differentiation, and IL-23 promotes the 

maintenance of signature Th17 cytokines, Il17 and Rorc113, thus suggesting that both of these 

cytokines contribute to the IL-17/Th17 pathway in RRVD. 

Due to the re-emergence of alphaviral infections, and a lack of therapeutic interventions, 

particular focus has been directed towards immunomodulatory agents and their potential for 

preventing or alleviating disease. In particular, blockade of IL-17A using chimeric antibodies 

such as ixekizumab and secukinumab has been tested in RA with results showing reduced bone 

damage and reduced disease severity125. Thus, we asked whether in vivo blockade of IL-17 in 

RRVD could help reduce arthritic disease scores. RRV-infected mice were inoculated with a 

monoclonal anti-IL-17A antibody at 4 dpi, for 6 consecutive days. Although no differences in 

weight gain were observed between treated RRV-infected and untreated RRV-infected mice, 

treated mice showed a progressive reduction in disease score from 8 dpi until 10 dpi compared 

to untreated mice (Fig. 3.7A). This aligns with previous studies that show neutralising IL-17A 

reduced disease severity in an RA mouse model125. In addition, at 10 dpi, harvested ankle joints 

showed distinct indicators of inflammation (tissue thinning and redness) of the peri-metatarsal 

joints in both treated and untreated RRV-infected mice, compared to mock-infected mice (Fig. 

3.7B).  Flow cytometry analysis of joint infiltrates revealed no significant differences between 
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treated and untreated mice (Fig. 3.9). Overall, we found no difference between treated and 

untreated mice in levels of IL-17A+CCR6- and IL-17F+CCR6- CD4+ and CD8+ T cells in joint 

infiltrates. However, both groups showed increased IL-17+ subsets compared to mock-infected 

mice. Therefore, our findings indicate that inhibiting IL-17A in RRVD reduces disease 

severity, but does not have a significant impact on the frequency of infiltrating IL-17A+ and 

IL-17+ cell subsets. In addition, treatment with anti-IL-17A had no effect on RRV viral load at 

7 dpi or 10 dpi (Fig. 3.10A, B, respectively). Of note, a study found treatment of CHIKV-

infected mice with a suppressor of CD4+ T cells (Fingolimod) led to reduced disease severity, 

but had no effect on viraemia. Taken together with our findings, this could suggest that 

treatments targeting CD4+ T cells in alphavirus-induced disease, are effective in reducing 

disease, but have no effect on reducing viraemia. Interestingly, protein analysis at 10 dpi 

revealed a significant decrease in IFN-γ in treated RRV-infected mice, compared to untreated 

RRV-infected mice (Fig. 3.11). This indicates that an underlying mechanism responsible for 

reduction in disease severity during IL-17 blockade could be the suppression of IFN-γ 

pathways, but further investigations are required.  

The targeting of IL-17A to limit joint inflammation has been well described in RA, but 

blockade of IL-17F has not been clearly investigated. Since our studies identified the presence 

of IL-17F-producing cells, we asked whether targeting IL-17F could affect RRVD 

pathogenesis. We used a monoclonal neutralising antibody that recognises the IL-17A/F 

heterodimer, and administered it to RRV-infected mice at 6 dpi for 4 consecutive days. RRV-

infected mice treated with the anti-IL-17A/F antibody showed reduction in disease score from 

7 dpi until 10 dpi, compared to untreated RRV-infected mice (Fig. 3.12). This is particularly 

interesting as it should be noted that the anti-IL-17A/F antibody treatment was administered 

later in disease (administered from 6 dpi), compared to anti-IL-17A treatment (administered 

from 4 dpi). In addition, the amount of anti-IL-17A/F antibody was significantly lower 

(3.47mg/kg), compared to that of the anti-IL-17A antibody (14.54mg/kg). Mice treated with 

the anti-IL-17A/F antibody showed a similar reduction in disease score compared to mice 

treated with anti-IL-17A antibody despite a later injection onset, shorter treatment duration and 

a lower dosage. Both IL-17A and IL-17F have been detected in the synovium of RA patients, 

and it was reported that levels of IL-17F were more significantly elevated than those of IL-

17A107. This is supported by findings showing increased IL-17F levels compared to IL-17A in 

vitro in CD4+ T cells103, 108. This suggests that IL-17A/F heterodimer complexes could play a 

broader role in RRVD compared to IL-17A alone. Further, mice treated with anti-IL-17A/F 



65 

 

antibody showed reduction in disease score a mere day following treatment. In contrast, mice 

treated with anti-IL-17A antibody were initially treated from 4 dpi and only showed reduction 

in disease from 8 dpi onwards. Considering that RRVD patients generally present for medical 

intervention when they are already suffering from severe arthritic disease, our findings suggest 

that treatments targeting IL-17A/F might be effective in reducing disease severity. Currently, 

there are no monoclonal antibodies targeting IL-17F alone, therefore our understanding of IL-

17F function and contribution of IL-17A/F heterodimer complexes in inflammatory disease 

remains limited. However, anti- IL-17 antibodies such as Brodalumab that target IL-17A and 

IL-17F are currently being investigated as promising treatments for psoriasis and RA110, 111. 

In conclusion, arthritogenic alphaviruses such as RRV cause painful, incapacitating disease 

that continues to be a global burden of disease with the re-emergence of global outbreaks. 

Currently, the immune mechanisms that contribute to the severe joint pathology remain poorly 

understood and the lack of specific treatment warrants further investigations. Studies 

investigating the effect of immunomodulatory treatments such as anti-IL-17 monoclonal 

antibody as a therapeutic intervention have shown promising results in autoimmune arthritic 

disease, such as RA. Using an established mouse model of alphaviral arthritis, our findings 

show a novel role of IL-17A+ and IL-17F+ T cell subsets in inflamed joint of mice infected 

with RRV. In addition, we show for the first time that in vivo blockade of either IL-17A or the 

IL-17A/F heterodimer complexes helped reduce disease severity in RRV-infected mice. Future 

studies investigating the role of IL-17A, IL-17F and IL-17A/F heterodimer are warranted to 

better understand the interaction of these cytokines and their function in alphavirus-induced 

arthritic disease. In addition, the role of other IL-17-producing cell subsets such as ILCs, γδ T 

cells and Tc17 cells in alphaviral-induced arthritic disease is yet to be defined.  

Future experiments will include the use of IL-17A knock-out (KO) mouse strains to investigate 

how the absence of IL-17A signalling affects RRVD disease progression. With regards to the 

role of IL-17F, only three groups have described an IL-17F KO mouse strain, and we will 

attempt to obtain these mice to further characterise the role of IL-17F on disease progression  

135, 136, 137. In addition, we will perform anti-IL-17A/F treatment experiments in RRV-infected 

mice by administering neutralising antibody at an earlier phase of disease, and using a higher 

antibody concentration. This will enable us to draw more accurate comparisons with our 

findings using anti-IL-17A antibody neutralising antibody - which was used at a higher dose – 

and will further our understanding of the relative contribution of different IL-17 isoforms in 

alphavirus-induced arthritic disease. Finally, our flow cytometry analysis of joint infiltrates 
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revealed the presence of IL-17-producing CD8+ T cells (Tc17), the role of which has never 

been studied in the context of alphaviral arthritis. We aim to further characterise the kinetics 

and function of these cells in alphavirus-induced joint inflammation. This study showed for the 

first time that treating RRV-infected mice with anti-IL-17A/F resulted in decreased protein 

levels of IFN-γ in the joint tissue at peak disease compared to untreated mice. This finding 

warrants further examination into the role of IFN-γ in alphavirus-induced arthritic disease and 

its interaction with the IL-17 pathway. Finally, our findings investigating the role IL-17A and 

IL-17F in RRVD could be extended further to other mosquito-borne virus infection models, 

such as Chikungunya, Dengue, and Zika virus mouse models of disease, thereby providing 

potentially novel therapeutic avenues for treatment. 
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CHAPTER 6: Appendix 
 

Primer Sequences used in qRT-PCR 

 

Il17a (Sigma-Aldrich) 

Mus musculus interleukin 17A (NC_000067.6) 

Forward primer: 5’-CAGCAGCFATCATCCCTCAAA-3’ 

Reverse primer: 5’-CAGGACCAGGATCTCTTGCTG-3’ 

 

Rorc (Sigma-Aldrich) 

Mus musculus RAR-related orphan receptor gamma (NC_000069.6) 

Forward primer: 5’-ACCTCCACTGCCAGCTGTGTG-3’ 

Reverse primer: 5’-TCATTTCTGCACTTCTGCATG-3’ 

 

Il17f (Sigma-Aldrich) 

Mus musculus interleukin 17F (NM_145856.2) 

Forward primer: 5’-CTGTTGATGTTGGGACTTGCC-3’ 

Reverse primer: 5’-TCACAGTGTTATCCTCCAGG-3’ 

 

Il23 (Il23a p19) (Sigma-Aldrich) 

Mus musculus interleukin 23, alpha subunit p19 (NM_031252.2) 

Forward primer: 5’-TGTGCCCCGTATCCAGTGT-3’ 

Reverse primer: 5’-CGGATCCTTTGCAAGCAGAA-3’ 
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Il21 (Il21, transcript variant 2) (Sigma-Aldrich) 

Mus musculus interleukin 21, transcript variant 2 (NM_021782.3) 

Forward primer: 5’-CGCCTCCTGATTAGACTTCG-3’ 

Reverse primer: 5’-TGTTTCTTTCCTCCCCTCCT-3’ 

 

Csf2 (Sigma-Aldrich) 

Forward primer: 5’-CCAGCTCTGAATCCAGCTTCTC-3’ 

Reverse primer: 5’-TCTCTCGTTTGTCTTCCGCTGT-3’ 

 

Csf1 (Sigma-Aldrich) 

Forward primer: 5’-GATGTGGTGACCAAGCCTGA-3’ 

Reverse primer: 5’-AATCATCCCAAGCCAAGCCA-3’ 

 

Ifng (Mm_Ifng_SG, QIAGEN) 

Mm_IFNg_SG QuantiTect® Primer Assay 

Catalogue #: QT01038821 

 

RRV NsP3 (Sigma-Aldrich) 

Forward primer: 5’-CCGTGGCGGGTATTTATCAAT-3’ 

Reverse primer: 5’-AACACTCCCGTCGACAACAGA-3’ 

 

RRV NsP3 Probe (Sigma-Aldrich) 

Primer sequence: 5’-(6FAM)ATTAAGAGTGAGC-3’ 

 

 




