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Abstract:
Mosquito-borne viruses can cause severe inflammatory diseases, and there are limited therapeutic solutions targeted specifically at virus-induced inflammation. Chikungunya virus, a re-emerging alphavirus responsible for several outbreaks worldwide in the past decade, causes debilitating joint inflammation and severe pain. Here, we show that CHIKV infection activates the NLRP3 inflammasome in humans and mice. PBMCs isolated from CHIKV-infected patients showed elevated NLRP3, caspase-1 and IL-18 mRNA expression, and using a mouse model of CHIKV infection, we found that high NLRP3 expression was associated with peak inflammatory symptoms. Inhibition of NLRP3 activation using the small-molecule inhibitor MCC950 resulted in reduced CHIKV-induced inflammation and abrogated osteoclastogenic bone loss and myositis, but did not affect in vivo viral replication. Mice treated with MCC950 displayed lower expression levels of cytokines IL-6, CCL2 and TNF in joint tissue. Interestingly, MCC950 treatment abrogated disease signs in mice infected with a related arthritogenic alphavirus, Ross River virus (RRV), but not with West Nile virus (WNV), a flavivirus. Here we demonstrate that NLRP3 inhibition in vivo can reduce inflammatory pathology using mouse models of alphavirus-induced musculoskeletal disease, and that further development of therapeutic solutions targeting inflammasome function could help treat arboviral diseases.	

Main text.
Pathogenic viruses can circumvent host immune defences, in particular innate immune mechanisms responsible for the detection of viral genetic material1-3. Inflammasomes are activated via multimer assembly following the sensing of microbial material via pathogen recognition receptors (PRRs) 1,3; in the case of viral infection, this mechanism amplifies the sensing of viral RNA or DNA. Several studies indicate that inflammasome activation following viral infection is a major contributor to disease pathogenesis, as has been shown for Hepatitis C virus (HCV), influenza A virus (IAV), Herpes Simplex-1 (HSV-1) and Japanese Encephalitis virus (JEV) where high levels of IL-1 and/or IL-18 have been associated with inflammation and pathogenesis4-10.

Alphaviruses are mosquito-borne RNA viruses, some of which cause a range of disease manifestations, including fevers, joint and muscle pain, lethargy and rashes 11-13. Symptoms are generally self-limiting, but the progressive spread of mosquito vectors through broader geographical areas has forced public health authorities to consider alphavirus epidemics as a serious emerging threat 1-3,14-17. Among them, chikungunya virus (CHIKV) has been responsible for millions of cases over the last decade, with locally confined epidemics striking the Indian Ocean island of La Reunion in 2006, India in 2008 and the Caribbean in 20151,3,16,18, and Ross River virus, an arthritogenic alphavirus endemic to Australia and the South Pacific, and which causes similar manifestations affecting approximately 5000 people yearly. 

While one study identified a potential role for inflammasome signaling in the early events of CHIKV infection using an in vitro human dermal fibroblast infection model4-10,  it is not known whether the NLRP3 inflammasome and its pathway components, namely IL-18 and IL-1, are directly involved in severe CHIKV disease: in this study, we investigated the role of the NLRP3 inflammasome in patients infected with CHIKV at both acute and early convalescent phases of the disease. Herein, we examined the kinetics of NLRP3-associated effector cytokine expression in CHIKV-infected patients, and compared this to a mouse model of CHIKV inflammation. Biologicals and inhibitors have become increasingly relevant as a therapeutic option as large arboviral outbreaks generally require therapeutic, rather than prophylactic interventions. NLRP3 has been the object of several small molecule inhibitor studies, where compounds such as Bay11-708, -hydroxybutyrate and glyburide (reviewed in 1-3,16) and MCC9501,3,16,19, described herein,  have shown positive effects in in vivo inflammatory settings.

This is the first report establishing a link between severe alphaviral disease symptoms and the activation of NLRP3, which leads to potent IL-1 and IL-18 production. We also show for the first time that inhibition of NLRP3 using a small-molecule inhibitor can ameliorate rheumatic manifestations in a mouse model of alphavirus-induced inflammation. This constitutes a significant step in the characterisation of key pathways of disease, and a precursor to the development of targeted therapies in the light of recent significant arbovirus outbreaks. 

Results:
CHIKV-infected patients show high levels of NLRP3-driven cytokines at peak of disease
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK3][bookmark: OLE_LINK4]We isolated blood PBMCs from CHIKV-infected patients (n=20) following the onset of disease and analysed expression levels of NLRP3, IL-18 and IL-1by qRT-PCR in ‘acute’ and ‘early-convalescent’ (defined as 4 and 10 days post-onset, respectively) patients. PBMCs from healthy donors (n=10) were isolated and included as controls. NLRP3 mRNA expression levels were 100-fold higher in PBMC of CHIKV-infected patients, compared to those of healthy controls, but there were no significant differences in NLRP3 expression level between patients exhibiting either acute symptoms or early convalescent symptoms (Fig. 1a). Similarly, mRNA expression levels of IL-18 were 5-fold higher in the PBMC of infected patients compared to healthy controls, with no significant differences between acute and early convalescent cohorts. We further categorised patients based on high viral load (n=10) and low viral load (n =10) as described, and quantified mRNA expression levels of NLRP3 and IL-18 in PBMCs. Patients with severe acute symptoms in the high viral load (HVL, in blue) group showed significantly higher NLRP3 and IL-18 expression (Fig. 1b), compared to acute patients in the low viral load (LVL, in red) group. No significant differences in NLRP3 and IL-18 protein levels were found in early convalescent groups, regardless of viral load. Interestingly, IL-1 protein levels were significantly higher in the serum of patients showing acute signs of the disease, compared to those in the early convalescent phase (Fig. 1b).
Inflammasome pathway components ASC/CIAS and caspase-1 as well as MyD88 were also analysed in patient PBMCs. ASC and caspase-1 expression levels were 100-fold higher in PBMCs of CHIKV-infected patients compared to those from healthy controls, and MyD88 mRNA levels were 5-fold higher than in healthy controls (Fig. 1c). Expression of ASC, caspase-1 or MyD88 mRNA remained unchanged in acute vs. early convalescent PBMCs. However, mRNA levels of ASC, caspase-1 and MyD88 (Fig. 1d) were significantly higher in the high viral load group of patients exhibiting acute symptoms.

CHIKV induces inflammasome activation in the joint tissue of infected mice
We next used a mouse model of CHIKV-induced inflammation which replicates inflammatory infiltration into joint and bone tissue following subcutaneous inoculations into the foot, and mimics arthritic disease signs observed in humans










6-10,20,21. In this model, foot swelling after CHIKV infection ((LR2006-OPY1 strain) follows a bi-modal increase on days 3 and 7 post-infection (peak swelling). mRNA levels of NLRP3, NLRC4 and NLRP1, expressed as fold-change relative to uninfected mice, were significantly higher at 7 dpi, whereas NLRP6 and AIM2 mRNA levels peaked at 3 dpi (Fig. 2a). ASC mRNA expression in the joint tissue of virus-infected mice peaked at 3 dpi and was 10-fold higher compared to uninfected mice, while caspase-1 levels peaked at 7 dpi with a  50-fold increase (Fig. 2b). We performed microarray gene analysis on the feet of CHIKV-infected mice12,13,22 and found increased expression of NLRP3, caspase-1, IL-1 and IL-18 binding protein, IL-18 receptor and IL-18 receptor accessory protein, with peak expression coinciding with peak arthritic disease (Supplementary Fig. S1). An ingenuity upstream regulator14,15,17,22 analysis of genes up-regulated 7 days post- infection (dpi) also identified IL-1 and IL-18 as upstream regulators with activation Z scores of 7.6 (p=1.17x1-44) and 5.8 (p=1.17x1-44), respectively. The up-regulated genes, which predicted IL-1 and IL18 as upstream regulators, are shown in flower plots and include a number of key proinflammatory mediators (Supplementary Fig. S1). These data suggest IL-1 and IL-18 are involved in promoting alphaviral arthritic inflammation. 

Small-molecule NLRP3 inhibitor MCC950 reduces CHIKV-induced inflammation and osteoclast-mediated bone loss
In light of our observations suggesting that CHIKV infection induces NLRP3-dependent inflammatory responses in both humans and mice, the ability of MCC950 to inhibit NLRP3 activation in vivo was tested. We compared the potency of MCC950 with a caspase-1 inhibitor, Z-YVAD-FMK. Mice were treated with either PBS, MCC950 or Z-YVAD-FMK 2 hours prior to infection, and subsequently daily up to 7 dpi. Mice were infected with 105 pfu CHIKV, and mice treated with MCC950 and Z-YVAD-FMK displayed a substantial reduction in footpad swelling compared to non-treated controls (Fig. 3a, left). Likewise, we found that MCC950 was effective in reducing foot swelling when mice were infected with a higher titre of 106 pfu, though this difference was more evident in the first acute swelling peak at 2-3 dpi, which suggests that MCC950 efficacy may be dependent on infectious dose (Supplementary Fig. S4). Interestingly, we found no significant differences either in viral titres at 3 or 7 dpi (Fig. 3b) or viral RNA load (Supplementary Fig. S5) in the ankle and knee joints of CHIKV-infected mice treated with MCC950 and mice that had not received treatment. 
Our and other groups’ previous reports showed that arthritogenic alphaviruses cause joint inflammation, myositis and bone loss, with these contributing to the loss of mobility observed in affected patients 15,18,23,24. Using micro-computed tomography (CT) bone analysis, we found that the loss in bone density observed in untreated, CHIKV-infected mice was ameliorated in mice treated with either MCC950 or Z-YVAD-FMK at 3 dpi (Fig. 4a). The percentage of trabecular bone fraction volume to total bone volume (%BV/TV) - a quantification of structurally intact bone tissue - in treated mice was significantly higher than in untreated mice, consistent with an improved bone tissue structure. Changes in trabecular spacing (Tb.Sp), trabecular thickness (Tb.Th) and trabecular number (Tb.N), which are indicative of bone tissue integrity, were also consistent with reduced bone loss in both MCC950 and Z-YVAD-FMK-treated mice (Fig. 4b). We have shown that alphaviruses such as CHIKV and RRV were associated with osteoporotic pathology through enhanced osteoclastogenesis5,24. Osteoclastogenesis is the mechanism by which bone is reabsorbed, an activity primarily performed by osteoclasts (OC) that leads to a loss of bone density. We examined the expression levels of the bone homeostasis factors receptor activator NF-B ligand (RANKL), which binds OC differentiation receptor RANK, and osteoprotegerin (OPG), a decoy RANKL receptor25. Mice treated with MCC950 or Z-YVAD-FMK exhibited lower mRNA expression levels than infected, untreated mice at 3 dpi (Fig. 4c). The RANKL:OPG ratio was significantly lower in mice treated with either MCC950 or Z-YVAD-FMK than in infected mice treated with PBS alone (Fig. 4c). Treatment of CHIKV-infected mice with MCC950 or Z-YVAD-FMK resulted in a significant decrease in foot tissue mRNA levels of Runx2 (an osteoclast differentiation marker), Osx (a transcription factor required for osteoblast differentiation bone mineralisation) and Dkk1 (a negative regulator of bone homeostasis implicated in bone fragility in rheumatoid arthritis) at 3 dpi, compared to infected, untreated control mice (Fig. 4d) 26-28.
We further confirmed the effect of MCC950 and Z-YVAD-FMK on osteoclastogenic bone loss in CHIKV-infected mice by visualising osteoclasts in situ. We performed a TRAP assay to identify OC in paraffin-embedded bone sections of CHIKV-infected mice treated with either compounds24,25. As expected, CHIKV-infected mice treated with MCC950 showed fewer TRAP+ve OC clusters than untreated animals (Fig. 5a). Mice treated with Z-YVAD-FMK, likewise showed reduced OC clusters compared to their infected, untreated counterparts (Fig. 5b). Interestingly, bone tissue of mice treated with MCC950 exhibited marginally higher OC numbers than in Z-YVAD-FMK-treated mice. Further, we assessed muscle tissue inflammation in mice infected with CHIKV and treated with either MCC950 or vehicle. Using confocal microscopy, we observed a significant reduction in the number of infiltrating CD68+ macrophages in gastrocnemius muscle in MCC950-treated mice at 7 dpi with CHIKV, compared to untreated mice (Fig. 5c and 5d).  

Inhibition of NLRP3 and caspase-1 lead to lower transcriptional activity of NLRP-associated factors
Next, the link between (i) treatment with MCC950 and Z-YVAD-FMK, (ii) reduction in joint and bone disease manifestations in CHIKV-infected mice and (iii) expression of NLRP3, ASC and caspase-1 was investigated. In joint tissue at 3 dpi, NLRP3, NLRP1, NLRC4 and AIM-2 mRNA levels were significantly reduced in both MCC950 and Z-YVAD-FMK-treated mice infected with CHIKV, compared to those treated with PBS alone (Fig. 6a). As expected, levels of caspase-1 expression were significantly reduced in Z-YVAD-FMK-treated mice, but not in MCC950-treated mice. Expression levels of adaptor protein ASC were also significantly lower in MCC950 and Z-YVAD-FMK-treated mice at 3 dpi (Fig. 6b). We next examined mRNA expression levels of pro-inflammatory cytokines associated with inflammasome activation at 3 dpi: while MCC950 and Z-YVAD-FMK treatment of CHIKV-infected mice resulted in lower levels of pro-inflammatory IL-6, CCL2 and TNF, expression of NLRP3-driven cytokines, IL-18 and IL-12p40 mRNA levels were not significantly affected by either treatment (Fig. 6b). Interestingly, while IL-1 mRNA expression was not reduced in the joints of either MCC950- or Z-VAD-FMK-treated, CHIKV-infected mice, we found that IL-1 protein levels were significantly reduced in ankle joint lysate of MCC950-treated mice infected with CHIKV (Fig. 6c).

MCC950-driven amelioration of arboviral disease manifestations is observed in alphaviruses, but not West Nile virus infection. 
Several studies have drawn parallels between the mechanisms of inflammatory disease induced by various arboviruses, in particular between alphaviruses and flaviviruses, which include West Nile, dengue and Zika viruses 29. We sought to determine whether the effects observed following inhibition of NLRP3 in inflammation caused by CHIKV was applicable to disease models of RRV, an alphavirus, and WNV, a flavivirus. We used an established mouse model of RRV infection, characterised by muscle and joint inflammation, to investigate the role of NLRP3 in RRV disease. Disease progression was monitored in RRV-infected mice treated with MCC950; signs of arthritic disease, including weight loss, hind limb dysfunction, lethargy and loss of foot grip were significantly reduced (Supplementary Fig. S2). We investigated the extent of bone pathology between RRV-infected mice treated or untreated with MCC950, and observed that the trabecular bone fraction volume ((%BV/TV; as described earlier) was reduced in bone samples from MCC950-treated mice compared to untreated mice (Supplementary Fig. S2). The ratio of epiphyseal bone volume per total volume (TV) (% BV/TV) was significantly reduced in mice infected with RRV that had not received MCC950, compared to MCC950-treated, RRV-infected mice (Supplementary Fig. S2). Similarly, growth plate thickness was also significantly higher in in RRV-infected mice treated with MCC950 compared to untreated mice, further reinforcing the notion that RRV-induced bone loss is likely to be driven, at least in part, by NLRP3 activation. In addition, the effect of MCC950 on RRV-induced myositis – a hallmark of arthritogenic alphavirus infection - was investigated. Quadriceps muscle sections stained with Hematoxylin and Eosin revealed a substantially reduced infiltration of mononuclear cells within the interstitial space of myofibres and reduced muscle tissue damage. Taken together with our bone pathology data, these findings are consistent with the significant amelioration of RRV-induced pathology we observed.
Next, we employed a lethal Flavivirus encephalitis model of WNV infection in which mortality has previously been shown to directly correlate with intracranial infiltration of large numbers of Ly6Chi monocytes 30. Since monocytes and macrophages are major sources of IL-1β, with NLRs in turn playing an important role in the regulation of IL-1β production, the NLR mRNA expression profile was investigated in inflamed brain tissue of WNV-infected mice at 5, 6 and 7 dpi by qRT-PCR (Supplementary Fig. S3). While expression levels of NLRP1, NLRP3 and NLRC4 were low, mRNA levels of NLRP6 were significantly increased between 5 and 7 dpi (the acute phase of the disease) (Supplementary Fig. S3). IL-1β mRNA were also up-regulated, suggesting an alternative NLR-dependent activation pathway activated by WNV that results in local IL-1β production. In contrast, mRNA expression levels of NLRP3, caspase-1 and IL-18, all increased at the onset (5 dpi) and peak (7 dpi) of pathology. MCC950-treated mice were infected intranasally and monitored for signs of disease (change in weight loss and rate of recovery) and survival. MCC950 treatment did not show any improvement in weight loss, survival rate (Supplementary Fig. S3) or rate of recovery regardless of infection route (data not shown), suggesting that unlike observed outcomes in both our alphavirus infection models, NLRP3 inhibition may not have any therapeutic benefit in WNV-induced brain inflammation.

Discussion:
Arboviruses such as alphaviruses, which include chikungunya virus, and flaviviruses, which include dengue, West Nile and Zika viruses, have come to prominence in the wake of recent devastating outbreaks 31-33. Most arboviral epidemics were consistently associated with a substantial proportion of individuals experiencing debilitating musculoskeletal symptoms resulting in significant morbidity and loss of productivity – Given our limited understanding of arbovirus-induced disease and the absence of vaccines or specific treatments, addressing arboviruses such as CHIKV by understanding key mechanisms of disease is highly important. Herein, we investigated the role of the NLRP3 inflammasome in CHIKV-induced disease, and in a cohort of patients infected with CHIKV during the 2008 Singapore outbreak, show that NLRP3 mRNA expression levels, along with high serum IL-1 protein levels were highest in the PBMCs of CHIKV-infected patients with high viral load during the acute phase of the disease. A recent study showed that the induction of an NLRP3-IL-1 axis in human PBMCs contributes to severe pathogenesis in IAV infection 6. Our human cohort showed high levels of IL-18 and IL-1, but also elevated levels of ASC, caspase-1 and MyD88 mRNA expression in PBMC from infected patients, indicating that NLRP3 may act alongside other pathways.. 

In a mouse model of CHIKV-induced inflammation, mRNA expression levels of NLRP3, NLRP1 and NLRC4 inflammasomes in inflamed tissue were highly up-regulated from 3 to 7 dpi. High expression of NLRP3 mRNA correlated with peak disease signs, thus corroborating our observations in CHIKV-infected patients. To determine whether inhibiting NLRP3 could suppress CHIKV-induced inflammation, we tested MCC950, a small-molecule NLRP3 inhibitor, previously shown in experimental models of autoimmune inflammation19 to limit disease severity by downregulating IL-1 production. While CHIKV viral titres in the ankle and knee joint of infected mice were not affected by MCC950 treatment, foot swelling score was significantly reduced in MCC950-treated mice. Of note, we observed a lack of severe foot swelling in mice lacking recruited NLRP3 adaptor protein ASC, and downstream effector caspase-1, (Supplementary Fig. S6), further highlighting the key role of NLRP3-driven inflammatory processes in mediating CHIKV-induced inflammation. More importantly, osteoclastogenic bone loss, a key feature of alphaviral inflammatory disease 24,34,35, was also significantly reduced . Treatment with MCC950 (as well as caspase-1 inhibitor) substantially reduced the expression of OC maturation markers RANKL and OPG, as well as Dkk-1 (member of the Wnt family of proteins which promotes osteoclast formation27) and Runx2, which is required for osteoclastogenesis, and subsequently bone remodelling in a RANKL-dependent manner36. Our observations that MCC950 treatment contributes to a reduction of OC formation, bone loss and myositis indicate that blocking NLRP3 and, subsequently, downstream caspase-1 highlight the clear benefits in treating alphavirus-induced inflammation by targeting NLR function.
 
Of note, inhibition of NLRP3 or caspase-1 resulted in a marked reduction in mRNA levels of IL-6, CCL-2 and TNF in inflamed tissue of CHIKV-infected mice: these markers are essential in driving alphavirus-induced myoskeletal inflammation and leukocyte infiltration leading to arthritis and myositis 24,37-40. Thus, our findings point towards a broader immunomodulatory function of the inflammasome during viral infections (summarised in Supplementary Fig. S7). However, in contrast to caspase-1 inhibition, MCC950 treatment did not lead to a reduction in IL-18 and IL-1 mRNA expression levels, and despite finding a reduction in tissue IL-1 protein following NLRP3 inhibition, our observations indicate that NLRP3 may possibly be redundant in alphaviral inflammation, as other NLRs, possibly NLRP6, could rescue caspase-1 activation and subsequent pro-IL-1 and pro-IL-18 cleavage. This notion is further highlighted by the late increase in NLRP6 in WNV encephalitis, in contrast to CHIKV arthropathy, with increased IL-1 and caspase-1 concurrent with disease signs (likely originating from the concomitant influx of Ly6Chi monocytes), which show increased NLRP6 expression in other inflammatory models41. It therefore appears likely that NLRP6-induced IL-1 maintains the antiviral synergy with IFN initiated early by NLRP3-induced IL-142. Indeed, MCC950 treatment did not accelerate WNV disease, but nor did it improve survival, despite evidence that MCC950 is able to cross the blood-brain barrier (Supplementary Table 1). The lack of response to MCC950 is likely due to the temporal separation of NLRP3 expression and clinical disease, since clear signs of illness in this model do not occur until 6 dpi, when NLRP6 expression supersedes that of NLRP3. Thus, MCC950, which is specific for NLRP3, is unlikely to obviate the overbearing effect of increased NLRP6 expression.

Experimental models of joint and bone pathogenesis have shown close association between musculoskeletal disease and NLPR3-mediated inflammation43-46. There are no established links between inflammasome activation and CHIKV-induced disease, though a study recently showed infection of primary human dermal fibroblasts with CHIKV and WNV results in elevated IL-1 production5, while another reported elevated levels of NLRP3 in a small cohort of mild CHIKV cases










47. Our observations were corroborated in a mouse model of RRV infection, where MCC950 also reduced OC-mediated bone loss and myositis as well as overall clinical score, but not in a brain inflammation model of WNV infection. MCC950 has demonstrated significant potential in experimental EAE models, and as a promising candidate in developing treatment for Muckle-Wells syndrome, caused by a dysfunctional NLRP3 signaling pathway19. This data highlights the potential for MCC950 as a viable therapeutic approach to treat patients affected by inflammatory disorders where NLRP3 is shown to drive disease, as is the case for alphaviral arthritis and myositis. 

Herein we demonstrate the effectiveness of a small-molecule NLRP3 inhibitor in ameliorating the pathology of alphavirus-induced disease. Further studies examining host mechanisms driving arboviral diseases in general will facilitate the development of therapies to effectively treat individuals affected by arboviral infections worldwide. 

Materials and Methods:
Ethics statement. Animal experiments were approved by the Animal Ethics Committee of Griffith University (BDD/04/11/AEC and GLY/06/13/AEC). All procedures involving animals conformed to the National Health and Medical Research Council Australian code for the care and use of animals for scientific purposes. For human samples, PBMC specimens of 20 patients that were admitted to the Communicable Disease Centre at Tan Tock Seng Hospital during the 2008 Singapore CHIKV outbreak diagnosed with chikungunya fever (CHIKF) were collected at the acute phase (median of 4 days after illness onset) and early convalescent phase (median of 10 days after illness onset) of infection 48. Patients were classified into two distinct groups: (i) severe illness and (ii) mild illness. Based on disease severity, 10 patients with severe illness and 10 patients exhibiting mild illness were identified. Severe illness was defined as having a temperature of higher than 38.5 °C, pulse rate more than 100 bpm or platelet count lower than 100 × 109 cells/L. In addition, PBMC specimens isolated from 10 healthy volunteers were used as controls. All specimens were stored in -80°C until use. Written informed consent was obtained from all participants. The study was approved by the National Healthcare Group’s Domain-specific Ethics Review Board (DSRB Reference No. B/08/026).

Virus. Mice were infected with CHIKV (La Reunion isolate LR2006-OPY1; ICRES strain) strain. Ross River virus (RRV) clone T48 was used for RRV infections. The Sarafend strain of West Nile virus was used in WNV infection experiments.
Mice and Infections. C57BL/6 wild-type (WT), caspase1-/- and ASC-/- mice were obtained from the Animal Resource Centre (Perth, Australia) and bred and maintained within the animal facilities of Griffith University (Gold Coast, Australia). Caspase1-/- and ASC-/- mice were a kind gift from Dr. Seth Masters (Walter and Eliza Hall Institute, Parkville, Australia). 25 day-old male and female mice, of equal distribution, were inoculated subcutaneously (s.c.) in the ventral side of the foot with 105 pfu (plaque forming units) of CHIKV (La Reunion isolate LR2006-OPY1; ICRES strain) diluted in phosphate-buffered saline (PBS) to a volume of 20 l. Mock-infected mice were inoculated with PBS alone. NLRP3 inhibitor MCC950 was given to mice intraperitoneally, two hours before infection, then daily at 100 mg/kg of body weight in PBS (vehicle). Caspase-1 inhibitor Z-YVAD-FMK (Enzo Life Sciences, NY, USA) was administered intraperitoneally two hours before infection, then daily at 50mg/kg of body weight. Mice were monitored daily for diet and well-being. Mice were weighed, and CHIKV-induced footpad swelling was assessed by measuring the height (H) and width (W) of the perimetatarsal area of the hind foot using Kinchrome digital vernier calipers every 24h. Disease score was expressed as the increase of the ankle joint measurement relative to the measurement on day 0 post-infection (0dpi), calculated as {[H(xdpi) x W(xdpi)] - [H(0dpi) x W(0dpi)]}/[H(0dpi) x W(0dpi)]. For Ross River (RRV) infections, 21 day-old C57BL/6J male and female mice, of equal distribution, were infected subcutaneously with 104 pfu RRV T48 in a 50 L volume in sterile PBS, and were weighed and monitored for signs of hind limb dysfunction daily, as previously described4. For West Nile virus (WNV) infections, 6-8 week-old C57BL/6J female mice were infected intranasally with 6x104 pfu (LD100) or 6x103 pfu (LD50)WNV (Sarafend strain) in a 10 L volume in sterile PBS as described previously11.
CHIKV plaque assay. Ankle and knee joints were harvested from infected mice 1mL sterile PBS, weighed and homogenised using a TissueLyzer (QIAgen) according to manufacturer’s instructions. 10-fold serial dilutions of virus were prepared from tissue homogenates in serum-free DMEM, and seeded onto a monolayer of Vero cells in 24-well plates. Virus was allowed to adsorb for 1 hour at 37°C. An agarose overlay (1% agarose and DMEM+2% FCS with containing 100U Penicillin/Streptomycin) was added to the wells and plates were incubated at 37°C for 48 hours. The overlay was then aspirated and 0.5 mL of 0.1% crystal violet was added to each well and stained at room temperature for 10-15 minutes. Crystal violet was then aspirated and wells were washed with water to remove excess stain. Plates were dried, plaques were counted using a microscope and the number of plaque forming units per gram (pfu/g) of tissue was calculated.
ELISA. The concentration of IL-1 in human PBMC and in mouse ankle joint tissue lysate was determined using ELISA development kits according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA). Cytokine concentration relative to total protein concentration for each serum sample was expressed as pg/ml protein. 
Histology. Mice were sacrificed, and the hind limbs were collected, fixed in 4% paraformaldehyde (PFA), decalcified in 14% EDTA, and embedded in paraffin. 5m sections were dewaxed, rehydrated, and stained with hematoxylin and eosin (H&E), tartrate-resistant acid phosphatase (TRAP), or Toluidine Blue. Images were taken using a Nikon Eclipse TS100 inverted microscope. Epiphyseal bone density and growth plate thickness was analysed by histomorphometry using OsteoMeasure software (Osteometrics Inc, USA). Osteoclasts were identified as TRAP+ve multinucleated cells (more than 3 nuclei) and were counted in 8 different tibial sections per mouse at the distal epiphysis, distal primary spongiosa, and proximal epiphysis (tibial-talar joint) using ImageJ software (NIH). The nomenclature and units used in the analysis are as recommended by the Nomenclature Committee of the American Society for Bone and Mineral Research 49.
Immunofluorescent histology and confocal microscopy: Gastrocnemius muscle tissue was collected at 7 dpi from CHIKV-infected, MCC950- or vehicle-treated mice and mock-infected mice. Tissue was fixed in periodate-lysing-paraformaldehyde (PLP) buffer (0.2M NaH2PO4, 0.2M Na2HPO4, 0.2M L-Lysine and 0.1M Sodium Periodate with 4% paraformaldehyde) for 6 h, successively washed in 0.1M P-Buffer, and dehydrated in 30% sucrose (w/v in PBS). Tissue was cryoembedded in OCT (Sakura Finetek) and snap frozen. 14m–thick sections were cut on a Leica CM1850UV cryostat and rehydrated in PBS. Sections were permeabilised in ice-cold acetone, and blocked with 5% Bovine Serum Albumin (w/v in PBS) (Sigma). Sections were incubated with a monoclonal anti-CD68 antibody (Clone FA-11; Abacus ALS), followed by a secondary goat anti-rat Alexa Fluor 488 antibody (Life Technologies), and further stained with Phalloidin-Alexa Fluor 647 and 4’-6-diamidino-2-phenylindole (DAPI) (both from Life Technologies). Sections were washed and mounted using ProLong Gold Antifade (Life Technologies). Slides were visualised on a confocal laser scanning microscope (Nikon A1R+, Nikon) using a 20X (0.8 NA) objective, and 18 m z-stacks were acquired and processed using ImageJ software (National Institutes of Health, Bethesda, MA, USA) and quantitative analysis performed using Imaris 8.4.1 (Bitplane, USA). 
CT bone densitometry analysis. Microcomputed tomography (CT) analyses were performed on murine hind limbs using a Quantum FX high speed uCT scanner (PerkinElmer, Hopkinton, MA, USA). The X-ray source was set to a current of 160 μA, voltage of 90 kVp. The CT imaging was visualised via 3D Viewer module within the Quantum FX system software package. A field of view (FOV) of 5 mm x 5 mm, a voxel size of 10 μm, and a rotation of 1° across 180° was acquired. The FOV was selected from an initial larger FOV and then subsequently narrowed to optimise resolution. Trabecular bone volume fraction (bone volume per total volume [BV/TV]), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and trabecular number (Tb.N) were determined using Analyze Software package (AnalyzeDirect, Overland Park, KS, USA). Acquisition time was approximately 3 minutes/specimen. Regions of interest (ROI) were identified as follows: epiphyseal bone, including cortical and trabecular bone above the growth plate, was outlined across 1-mm ROI (anterior to posterior region of the joint). Greyscale thresholds for quantitation of structural parameters were determined for the experimental groups using the automated OtSU algorithm within CTAn. 3D models were generated from raw (unthresholded) data using CTVox (version 2.4.0) and pseudocolored according to greyscale intensity to reflect tissue mineralisation. 
Total RNA extraction and quantitative real-time PCR (qRT-PCR): Total RNA was prepared from homogenised knee or brain tissue samples in TRIzol from CHIKV- and WNV-infected mice, respectively (Life Technologies, Victoria, Australia) according to the manufacturer’s instructions, and as described previously. Eluted RNA was stored at -80°C. Quantification of total RNA was performed with a NanoDrop 1000 spectrophotometer (Thermo Scientific, Victoria, Australia). Extracted total RNA (20 ng/l) was reverse transcribed using an oligo(dT) primer and reverse transcriptase (Sigma-Aldrich, Sydney, Australia) according to the manufacturer’s instructions. SYBR green real- time PCR was performed using 10 ng of template cDNA on a CFX96 Touch real-time PCR system in 96-well plates, using QuantiTect primer assay kits (Qiagen, Hilden, Germany) with the following conditions: (i) PCR initial activation step of 95°C for 15 min, 1 cycle, and (ii) 3-step cycling of 94°C for 15 s, followed by 55°C for 30 s and 72°C for 30 s, 40 cycles. Amplification specificity was evaluated by a melting curve analysis of PCR products. The fold change in mRNA expression relative to the expression in mock-infected samples for each gene was calculated with the cycle threshold (CT) method, with normalisation to the level of the housekeeping gene GAPDH. Briefly, CTCT (CHIKV-infected) – CT (mock-infected), where CT CT(gene of interest) – CT(HPRT). The fold change for each gene was calculated as 2-CT. 
Statistical analysis. ELISA data for patients’ serum samples, ELISA/multiplex protein analysis of CHIKV-infected mouse knee joint homogenate, bone morphometric indices, viral titer analyses of mouse specimens, and TRAP+ve cell numbers were statistically analysed by Mann-Whitney U-test. For animal experiments, no animals were excluded from the analysis and animals were allocated to their respective groups randomly. Sample size was determined by power analysis. Male and female mice were used in equal distributions in each group, and mice were allocated to their respective groups prior to being weighed, to avoid a body mass-dependent bias when allocating groups. Scoring of disease signs following viral infection was performed by two researchers, one blinded, one non-blinded. For comparison between vehicle-, Z-YVAD-FMK- and MCC950-treated groups, the disease score was analysed by two-way ANOVA with a Bonferroni post-test. TRAP+ve cell numbers, bone morphometric indices, and the results of qRT-PCR of mouse specimens were analysed by one-way ANOVA with Tukey’s post-test. Longitudinal qRT-PCR analyses of mouse specimens were performed using one-way ANOVA with Dunnett’s post-test. All data were assessed for Gaussian distribution using the D’Agostino-Pearson normality test before analysis with these parametric tests. Statistical analyses were performed with GraphPad Prism 5.02. 
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Figure 1. NLRP3, IL-18 and IL-1 expressions are highly elevated in CHIKV-infected patients. a) Gene expression profile of NLRP3 and IL-18 in PBMCs of CHIKV-patients (n = 20) at the acute (~ 4 days post-illness) and early convalescent (~ 10 days post-illness) phase of the disease was analysed by qRT-PCR. a) Protein levels of IL-1 from CHIKV patient serum (n=14) was determined by ELISA. b) Relative expression of NLPR3 and IL-18 in the high viral load (HVL, n=10) and low viral load (LVL, n=10) groups. (***p<0.0006). c) Gene expression profiles of ASC, caspase-1 and MyD88 in PBMCs of CHIKV-infected patients (n = 20) at the acute and early convalescent phase of the disease. d) Relative expression of ASC, caspase-1 and MyD88 mRNA in the PBMCs of patients in high (HVL, n=10) and low viral load (LVL, n=10). *** p< 0.001, *p<0.05. P values by Mann-Whitney U test.
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Figure 2. CHIKV infection leads to rapid induction of inflammasomes in the ankle joint of mice. a) Time-course analysis of transcriptional profiles of inflammasomes NLRP1, NLRP3, NLRP6, NLRC4 and AIM2, and b) ASC and caspase-1 in ankle joints of C57BL/6J mice infected with CHIKV (LR2006-OPY1) or PBS (n = 4 per group) at 1, 3, 7 and 15 dpi, determined by qRT-PCR. *p < 0.05. One-way ANOVA, Dunnett’s post-test, compared to mock-infected group.
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Figure 3. Treatment with NLRP3 and caspase-1 inhibitor ameliorated CHIKV-induced footpad swelling. 25 day-old C57BL/6J mice (n=6 per group) were treated intraperitoneally with vehicle (PBS), 20mg/kg MCC950 or 10M Z-YVAD-FMK 2 hours before infection with 105 pfu CHIKV (LR2006-OPY1), then daily up to 7 dpi. a) Disease progression (left) was monitored and expressed as a footpad swelling score (described in Materials and Methods) and weight change (right) up to 7 dpi. *p<0.05 using two-way ANOVA with Bonferroni post-test, compared between CHIKV-infected and drug treated CHIKV-infected mice. b)  Plaque assay quantification of CHIKV viral replication in the ankle and knee joints of CHIKV-infected mice treated with MCC950 at 3 dpi (n=5 mice (ankle); n=4 mice (knee)) and 7 dpi (n=5 mice (ankle); n=3 mice (knee)). Representative of two independent experiments. (n.s., not significant; One-way ANOVA, Tukey’s post-test; N.D. no plaques detected.)
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Figure 4. Inhibition of inflammasome activation with MCC950 and Z-YVAD-FMK reduced pathological bone loss in CHIKV-infected mice. a) Volume-rendered 3D images of raw (unthresholded) data pseudo-colored according to grayscale intensity (colorimetric heat map is indicative of tissue mineralisation) of the hind limbs of vehicle (PBS)-, MCC950- or Z-YVAD-FMK-treated C57BL/6J mice infected with CHIKV (LR2006-OPY1). Mice were harvested at 3 dpi and tissue was processed for microcomputed tomography (CT) analysis. High mineralisation is represented in blue, low mineralisation in red. Images are representative of 5 mice per group. b) Trabecular bone volume per total volume (BV/TV), trabecular number (Tb.N), trabecular spacing (Tb.Sp) and trabecular thickness (Tb.Th) in the proximal tibial epiphysis of vehicle (PBS)-, MCC950- or Z-YVAD-FMK-treated C57BL/6J mice infected with CHIKV (n=5 mice per group) at day 3 post-infection. *p<0.05. One-way ANOVA, Tukey’s post-test c) RANKL:OPG ratio, RANKL and OPG and d) Runx2, Osx and DKK1 mRNA expression levels at day 3 post-infection in knee joints of vehicle (PBS)-, MCC950- or Z-YVAD-FMK-treated C57BL/6J mice infected with CHIKV were determined by qRT-PCR. *p<0.05. One-way ANOVA, Tukey’s post-test.
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Figure 5. MCC950 and Z-YVAD-FMK treatment suppresses CHIKV-induced osteoclastogenesis. a) Tartrate-resistant acid phosphatase (TRAP) staining of bone sections (proximal tibia) of vehicle (PBS)-, MCC950- or Z-YVAD-FMK-treated C57BL/6J mice infected with CHIKV at 7 dpi. Images are representative of 4 mice per group (20x magnification). b) The number of TRAP+ve multinucleated (> 3 nuclei) osteoclasts per bone perimeter (N.Oc/B.Pm) was quantified by histomorphometric analysis. *p<0.05. One-way ANOVA, Tukey’s post-test c) Confocal immunofluorescence microscopy of gastrocnemius muscle tissue at 7 dpi. Frozen sections were stained with an anti-CD68 antibody (green), Phalloidin (red) and DAPI (blue) and z-stacks were acquired by confocal microscopy. Representative of 3 mice per group, two independent experiments. Scale bar: 100𝜇m.






[image: ]
Figure 6. MCC950 and Z-YVAD-FMK treatment downregulates the expression of inflammasome components in CHIKV-infected mice. a) qRT-PCR analysis of NLRP1, NLRP3, NLRP6, NLRC4, AIM2, ASC and caspase-1 transcriptional profiles in the ankle joint of vehicle (PBS)-, MCC950- or Z-YVAD-FMK-treated C57BL/6J mock- and CHIKV-infected mice (n = 5 per group) at 3 dpi. b) Transcriptional profiles of IL-18, IL-1β, IL-6, CCL2, IL-12p40 and TNF in the ankle joint (n = 5 per group) at 3 dpi. *p<0.05. One-way ANOVA, Tukey’s post-test. c) IL-1 protein expression in ankle joints of CHIKV-infected mice at 3 dpi following treatment with MCC950. (n=4 per group). * p<0.05 by Mann-Whitney U-Test.
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Supplementary figure S1. Microarray analysis of up-regulated genes in arthritic feet in a mouse model of CHIKV infection. a) Microarray analysis of NLRP3, CASP1, IL-1, IL-18BP, IL-18R1 and IL-18RAP gene expression in the feet of CHIKV –infected mice at 7dpi. Their temporal expression patterns is shown using the pathway representation from Duprez et al. 2,50. b) Ingenuity Pathway Analysis (IPA) (using upstream regulators feature) of the 1,237 up-regulated genes at 7 dpi. Shown are genes considered to be up-regulated by IL-18 that were up-regulated following CHIKV infection with fold up-regulation indicated by the white to red scale (p-value = 4x10-27). c) As for b) but for IL-1-regulated genes (p-value = 1.2x10-44).


[image: ]Supplementary figure S2. Treatment with MCC950 significantly reduces RRV-induced bone loss and muscle inflammation in RRV-infected mice. a) Weight change relative to starting weight, and clinical disease score (b) of C57BL/6J mice infected with 104 pfu RRV T48 subcutaneously and treated with MCC950 daily (i.p). c) Toluidine blue stain of bone sections (20x magnification) at 10 dpi. d) Epiphyseal bone volume (BV) decrement (%BV/TV) (upper panel) and Growth plate thinning (in m) (lower panel) were measured by histomorphological analysis. e) Hematoxylin and Eosin-stained quadriceps muscle sections from RRV- or mock-infected mice treated with MCC950 at 10 dpi. Arrows show mononuclear cellular infiltrates within the muscle fibre (20x magnification). Data from 3 independent experiments (n=4 per group) was analysed in duplicates ± SEM. *p<0.05, **p<0.01 ***p<0.001. One-way ANOVA, Tukey’s post-test.
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Supplementary figure S3. MCC950 treatment of WNV-infected mice did not reduce brain inflammation or improve disease symptoms. a) Transcriptional profiles of NLRP1, NLRP3, NLRP6, NLRC4 (left panel) and AIM2, ASC, caspase-1, IL-18 and IL-1 (right panel) were determined by qRT-PCR in C57BL/6J mice infected intranasally (i.n.) with 6x104 pfu WNV (LD100) in brain tissue harvested at 5, 6 and 7 dpi. Data was normalised to GAPDH and shown as fold change in expression relative to mock-infected controls. * <0.05, **p<0.01 relative to naïve mice at equivalent time points; #p<0.05, ##p<0.01 relative to WNV-infected mice at different time points. One-way ANOVA, Dunnett’s post-test. b) Survival plot of C57BL/6J mice infected i.n. with 6x103 pfu WNV (LD50) and treated with vehicle (PBS; control) or MCC950. Data was amalgamated from two independent experiments, each experiments with 10 mice per treatment group. c) Percent weight change normalised to starting weight of mice infected i.n. with 6x103 pfu WNV (LD50) and treated with vehicle (PBS; control) or MCC950. Data shown was amalgamated from the experiments shown in b), showing the average weight of 4-6 mice per group (i.e., the expected 50% of the group that would lose weight and develop encephalitis without intervention after the LD50 dose).
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Supplementary figure S4: MCC950 treatment helps reduce inflammation in mice infected with a high dose of CHIKV.  25 day-old C57BL/6J mice (n=5 per group) were treated intraperitoneally with vehicle (PBS), 20mg/kg MCC950 2 hours before infection with 106 pfu CHIKV (LR2006-OPY1), then daily up to 7 dpi. Disease progression (left) was monitored and expressed as a footpad swelling score up to 7 dpi. *p<0.01 using two-way ANOVA with Bonferroni post-test, compared between CHIKV-infected and drug treated CHIKV-infected mice.
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Supplementary figure S5: MCC950 and Z-YVAD-FMK treatment do not affect viral RNA load in the joint tissue of CHIKV-infected mice. CHIKV RNA copy numbers were measured by qRT-PCR in the ankle and knee joints of mice (n=4 per group) infected with CHIKV and untreated (PBS), or treated with MCC950 or Z-YVAD-FMK. Tissues were harvested at a) 3 dpi  and b) 7 dpi, total RNA extracted and CHIKV RNA detected with specific probe and primers against CHIKV E1 RNA.  (n.s. not significant; One-way ANOVA, Tukey’s post-test).
[image: ]
Supplementary figure S6: CHIKV-induced foot swelling is reduced in mice deficient in caspase-1 and ASC. 25 day-old a) Caspase-1-/- or b) ASC-/-  mice (n=6 per CHIKV-infected ASC-/- or caspase-1-/- group; n=5 per WT (C57BL/6J) CHIKV-infected group; n=4 per caspase-1-/- or ASC-/- mock-infected group) were infected with 105 pfu CHIKV (LR2006-OPY1). Disease progression was monitored and expressed as a footpad swelling score up to 7 dpi. *p<0.01 using two-way ANOVA with Bonferroni post-test, compared between KO and WT CHIKV-infected mice.
 [image: ]                                         
Supplementary figure S7: Model of NLRP3-driven musculoskeletal inflammation and MCC950 treatment in alphavirus infection. A working hypothesis  of the  mechanisms by which NLRP3 drives musculoskeletal inflammation following CHIKV or RRV infection: alphaviruses can infect skeletal cells such as bone cells, or osteoblasts, and have been shown to infect muscle cells. NLRP3 is activated in skeletal cells following viral infection, resulting in a catalytic cascade that enables activated caspase-1 to cleave pro-IL1 (as well as pro-IL-18, not shown) into its bioactive form. IL1 can stimulate secretion of osteoprotegerin (OPG) and receptor activator of nuclear factor kappa B ligand (RANKL) by infected osteoblasts into the milieu, while inflammatory signals mediated by IL-6 and CCL2 contribute to the recruitment of monocytes. The latter, along with an increased RANKL:OPG ratio, further drive osteoclastogenesis, and bone resorption. CCL2 also acts on neighbouring muscle fibres to recruit monocytes and drive macrophage infiltration, resulting in myositis and myofibre damage. MCC950, a specific small-molecule inhibitor of NLRP3, can impair the activation of caspase-1 and downstream pro-IL1 proteolytic cleavage, while Z-YVAD-FMK, a caspase-1 inhibitor, blocks caspase-1 activation downstream of the inflammasome. This in turn helps dampen the subsequent activation of osteoblasts, while reducing chemokine-dependent myeloid cell recruitment and inflammatory osteoclastogenic mechanisms, resulting in reduced bone resorption and muscle damage.
	Plasma concentration
(µg/mL)
	Perfused brain concentration
(ng/g)
	MCC950 IC50
(in vitro NLRP3 activation)

	17.5 ± 3.2
	184.0 ± 42.4
	3 ng/mL



Supplementary Table 1: Plasma and perfused brain concentrations of MCC950 following oral administration. MCC950 was dissolved in sterile PBS and dosed by oral gavage at 20 mg/kg to three C57BL/6J mice. CNS penetration was measured in matched EDTA plasma and perfused brain homogenates 2 hours after dosing. Mice were transcardially perfused with PBS for 5 minutes and brain homogenates prepared in 4 parts (weight/volume) of deionized water. MCC950 levels were quantified using a sensitive LC-MS/MS method19 with blank EDTA plasma and blank brain homogenate used as the running matrix. The lower limit of quantification (LLOQ) was 3 ng/ml for plasma and 15 ng/g for brain tissue.  
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