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ABSTRACT

Global microplastic (MP) contamination and the effects on the environment are well described.
However, the potential for MP consumption to affect human health remains controversial. Mice
consuming ~80 pg/kg/day of 1 um polystyrene MPsviatheir drinking water for a month showed
no weight loss, nor were MPs detected in organs. The microbiome was also unchanged. MP
consumption did lead to small transcriptional changes in the colon suggesting plasma membrane
perturbations and mild inflammation. Mice were challenged with the arthritogenic chikungunya
virus, with MP consumption leading to a significantly prolonged arthritic foot swelling that was
associated with elevated Thl, NK cell and neutrophil signatures. Immunohistochemistry also
showed a significant increase in the ratio of neutrophils to monocyte/macrophages. The picture
that emerges is reminiscent of enteropathic arthritis, whereby perturbations in the colon are
thought to activate innate lymphoid cells that can inter alia migrate to joint tissues to promote
inflammation.

KEYWORDS
Microplastics, chikungunya virus; enteropathic arthritis, microbiome, innate lymphoid cells,
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INTRODUCTION

Global plastic production has increased exponentially and was ~259 million metric tonsin 2018
(Hirt and Body-Malapel, 2020). When polluted into the environment, these plastics fragment
and degrade into microplastics (MPs) (WHO, 2019)(Dawson et a., 2018). MPs are now
extremely widespread in our environment (Lau et al., 2020) spanning multiple biomes from the
ocean floor (Amaral-Zettler et al., 2020) to near the top of Mt Everest (Napper et al., 2020), with
our epoch being referred to as the age of plastics, the Plasticene (Campanale et al., 2020). We
now even have the plastisphere, with a unigque biotope associated with plastic pollution (Amaral-
Zettler et a., 2020). The extensive presence of MPsin our environment means the opportunities
for consumption by humans is widespread (Cox et al., 2019), with MPs readily detectablein
human colons and feces (Ibrahim et al., 2021; Schwabl et al., 2019). Some beverage items have
high levels of MPs, for instance, plastic tea bags (Hernandez et a., 2019), disposable plastic-
lined paper cups (Ranjan et al., 2021), some bottled water (Jin et al., 2021b; Wong et al., 2021),
and infant formula prepared in polypropylene feeding bottles (Li et al., 2020b). Many foods are
contaminated with MPs (Jin et al., 2021b) including bivalves (Garrido Gamarro et al., 2020),
table salt (Zhang et al., 2020) and instant rice products (Dessi et al., 2021). MPs are also found
in the air and are breathed in (Akanyange et al., 2021) and after mucociliary clearance would be
swallowed (Vethaak and Legler, 2021). Even the smple act of opening plastic containersis
associated with MP exposure (Sobhani et al., 2020).

The question of whether and how M Ps might affect human health remains controversial, with
considerable speculation and a shortage of compelling data (Lim, 2021; Vethaak and Legler,
2021). Although difficult to determine, human M P consumption has been estimated to be =175
Mg - 9 mg/kg/day (de Wit and Bigaud, 2019; Senathirgjah et al., 2021). Studies on the effects of
MPsin vivo, primarily in mice have not produced compelling data (Béhmert et al., 2019;
Braeuning, 2019; Deng and Zhang, 2019), with a range of often contradictory results reported
(Hirt and Body-Malapel, 2020; van Raamsdonk et al., 2020). Mice are generally fed polystyrene
(occasionally polyethylene) MP beads ranging in size from 0.5-1 um (Deng et al., 2018; Luo et
a., 2019a; Stock et al., 2019) to 150 um (Li et a., 20204). The approximate M P doses
(converted to weight/kg/day), range from =15 pg/kg/day (Jin et al., 2019; Lu et al., 2018; Luo et
al., 2019a; Luo et al., 2019b) to ~20 mg/kg/day (Deng et al., 2017; Li et al., 2020a; Stock et al.,
2019; Yang et a., 2019), and reach as high as 100 mg/kg/day (Deng et al., 2020). In some
studies MPs are found in visceral organs (Deng et a., 2017; Jin et a., 2019), whereas others find
no uptake into the body, even at high doses (Stock et al., 2019). Some studies reported weight
loss in mice after MP consumption (Jin et a., 2021a; Lu et al., 2018; Xieet al., 2020), whereas
others did not (Deng et al., 2017; Deng et al., 2018; Hou et al., 2021; Luo et al., 2019a; Luo et
al., 2019b; Stock et al., 2019; Wang et al., 2021b). Reported adverse effects of MP consumption
include disturbance of lipid/energy metabolism (Deng et al., 2017; Deng et a., 2018; Jn et al.,
2019; Lu et a., 2018; Luo et a., 2019a; Luo et al., 2019b; Zheng et al., 2021), oxidative stress
(Anetal., 2021; Deng et a., 2017; Xieet al., 2020), microbiota dysbiosis (Jin et al., 2019; Li et
al., 2020a; Lu et al., 2018), reproductive toxicity (Jin et al., 2021a; Luo et al., 2019a; Luo et al.,
2019Db; Park et al., 2020; Xieet a., 2020), overt intestinal perturbations (Jin et al., 2019; Li et a.,
2020a; Luo et al., 2019b; Zheng et al., 2021) and inflammation (Li et al., 2020a; Wang €t al.,
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88  2021b; Zheng et al., 2021). In contrast, others found no inflammation, oxidative stress or other
89  adverse health effects (Stock et a., 2019). Although difficult to unravel, some key sources of
90 artefactual results might include (i) avoidance by mice of MP-containing water because it tastes
91  or smellstainted (Janssens et al., 1995; Villberg et al., 2004; Villberg et al., 1997) leading to
92  dehydration and weight loss, (i) trauma caused by repeated oral gavage (Kinder et al., 2014),
93 (i) cage effects leading to artificial microbiome heterogeneity (Basson et al., 2020), (iv)
94  unredlistically high MP doses that might cause fecal impaction (Issac and Kandasubramanian,
95  2021) or other gut damage (Yong et a., 2020) and/or (v) the presence of sodium azide in most
96 commercial sources of plastic beads, with this compound known to be toxic to mammals and
97  causeoxidative stress (Tat et a., 2021).
98 We and others have previously described in detail awild-type mouse model of infection and
99  disease caused by the arthritogenic alphavirus, chikungunyavirus (CHIKV) (Suhrbier, 2019).
100 Mouseinfections result in areproducible robust transient viraemia, joint infection and an overt
101  self-resolving arthritic foot swelling associated with a prodigious, predominantly mononuclear
102  inflammatory infiltrate (Gardner et al., 2010; Prow et al., 2019; Prow et al., 2017; Wilson et al.,
103  2017). CHIKYV arthritic inflammation is predominantly driven by Th1 CD4 T cellsand to a
104  lesser extent NK cells (Nakaya et al., 2012; Suhrbier, 2019; Teo et al., 2015), with increased
105  neutrophils associated with promation of arthritisin various settings (Poo et a., 2014a; Prow et
106  a., 2019). Monocytes/macrophages have arole both in promoting viral arthritides and in
107  resolution of inflammation (Felipe et al., 2020; Labadie et al., 2010; Poo et a., 2014a; Prow et
108  al., 2019). We chose to challenge mice that had consumed MPs with CHIKV because this
109 infection resultsin widespread transcriptional changes (Wilson et al., 2017), providing potential
110 ingghtsinto the effects of MPs on inter alia the prodigious anti-viral responses and the
111 multifactorial, self-resolving, arthritic immunopathology (Suhrbier, 2019).
112 Herein we have addressed the aforementioned potential sources of artifactsin mouse MP
113  studies, and use RNA-Seq to show that MP consumption leads to a mild proinflammatory
114  signaturein colon, which was associated with exacerbation of aviral arthritic immunopathology.
115  Overall the study supports the notion that M P consumption can exacerbate immunopathology
116
117 Results
118
119 1 uM MPsindrinking water do not enter mouse tissues
120 Inorder to provide a detailed insight into the effects of MP consumption in mammalsin vivo,
121 C57BL/6J mice were given MPsin their drinking water. The MPs compromised 1 uM Sephadex
122 beadsinternally loaded with a fluorescent dye, with 10° MP/ml (0.526 pg/ml) added to the
123 drinking water. The beads were purchased sodium azide-free and were washed prior to use.
124  MP-supplementation did not affect water consumption, water preference, food consumption or
125  weight gain (Supplementary Fig. 1a-d). Over a month, mice consumed on average 3.85 + SD
126  0.31 ml water per day per mouse, and 3.84 + SD 0.095 ml of water plus MP per day per mouse
127  (Supplementary Fig. 1a). MP consumption was thus estimated to be 3.84 x10° M P/day/mouse or
128  2.02 pg/day/mouse, which converts to a MP dose of ~80 pg/kg/day (Fig. 18). The human
129  consumption of MP has been estimated to be 0.1 - 5 g per week (de Wit and Bigaud, 2019;
130  Senathirgah et al., 2021), which converts to adose of =175 ug - 9 mg/kg/day. The oral mouse
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131  MPdose used herein is thus comparable with the lower end of the estimated MP consumption in
132 humans, athough clearly 1 uM Sephadex beads do not recapitul ate the large size range or

133 diversity in chemical composition of M Ps consumed by humans (Banerjee and Shelver, 2021;
134  Campanaleet a., 2020). Our dose of ~80 pg/kg/day is similar to doses used in some previous
135  rodent studies (Jinet al., 2019; Lu et al., 2018; Luo et a., 2019a; Luo et a., 2019b), but is

136  considerably lower than, for instance, the >20 mg/kg/day doses used in other studies (Deng et al.,
137 2020; Deng et d., 2017; Li et a., 2020a; Stock et al., 2019; Yang et al., 2019).

138 Whether ingested M Ps can, under physiological conditions, traverse the gut lining and enter
139  thebody to any significant degree remains a matter of some speculation (Braeuning, 2019;

140 Campanale et al., 2020) and may be dose dependent (Stock et al., 2019). Digests of fecal pellets
141 from mice drinking M P-supplemented water indicated that there were ~1200 MP/mg of feces
142 (Fig. 1b). Asmice produce ~100-240 fecal pellets per day (de Lucia and Ostanello, 2020;

143 Hoibian et al., 2018), this coverts to ~2.9-6.7 x10° MP excreted per day and ~3 x10° MP per

144  pellet (mean 24 mg/pellet) (Fig. 1a). This calculation argues that of the ~3.8x10° M P consumed
145  per day, most if not all are excreted, perhaps arguing against the concept of bioaccumulation

146  (Mohamed Nor et al., 2021). Consistent with this observation, we were unable to detect any 1
147  uM fluorescent MPs in digests of major internal organs and draining lymph nodes after 8 weeks
148  of drinking MP-supplemented water (Fig. 1b). Some MP were found in digests of washed

149  intestines (Fig. 1b), although whether this was due to <100% effective washing or MP having
150  entered intestinal tissues cannot be determined using thisassay. A previous mouse study

151  administering ~500 pg/kg/day of 1 uM MPs by oral gavage, similarly found no MPin mgjor

152 internal organs (Stock et al., 2019).

153 Frozen sections of colon from mice that had been drinking M P-supplemented drinking water
154  for 8 weeks were viewed by florescent microscopy. Although MP could readily be seen in feces,
155  no MPwere seen in intestinal tissues (Supplementary Fig. 2). Most common bacteria are

156  approximately 1-2 uM in diameter and also do not ordinarily cross the intestinal epithelium (Fine
157 et al., 2020). Taken together with datain Fig. 1b, these results argue that any adverse effects

158  associated with MP consumption identified herein are unlikely due to MPswithin intestinal

159  tissuesor other organs.

160

161  RNA-Seq analysis shows transcriptional changesin the colon after M P consumption

162  Previous studiesin mice have reported gene expression and histological changesin colons of

163  micefed MPs, although MP doses were often considerably higher than those used herein (Jin et
164 a., 2019; Li et al., 2020a; Lu et al., 2018). To determine whether more physiologically relevant
165  doses of MPs effect the colon in vivo, mice were provided with (+MP) and without MPs (-MP) in
166  their drinking water (Fig. 1a) for 33 days. Mice were then euthanized and colons removed and
167  analyzed by RNA-Seq (Supplemental Fig. 1a). Thefull genelist is provided in Supplementary
168  Table 1a, with a PCA plot showing a clear segregation of +MP and —M P groups (Supplementary
169 Fig. 3). Differentially expressed genes (DEGs) are provided in Supplementary Table 1b (n=281,
170  ¢<0.05), with a heat map shown in Fig. 2a.

171 The MP consumption described herein thus caused significant transcriptional changesin the
172 colon, athough overall fold changes were low (log, fold change ranged from 1.14 to -1.99). The
173 exact mechanism whereby MPs cause such changes remains unclear, although interaction
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174  between the MPs and the lumen side of the colonic epithelium may be involved as (i) MPs were
175  not found in the colonic tissues or in the body (Fig. 1b-c), (ii) MPs can effect human colorectal
176  adenocarcinoma cell line (Caco-2) cultures, with these cells providing an in vitro moddl of the
177  intestina epithelium (Banerjee and Shelver, 2021; Huang et al., 2021; Stock et al., 2019) and (iii)
178  previous mouse studies have suggested MP consumption can affect the mucosal epithelium and
179  itsbarrier function (Jin et al., 2019).

180

181  MP consumption resultsin a mild inflammatory signaturein the colon

182  Ingenuity Pathway Analyses (IPA) of the aforementioned 281 DEGs identified RICTOR as

183  highly significantly down-regulated Up-Stream Regulator (USR) in the +MP group (Fig. 2b,

184  light pink shading; Supplementary Table 1c). RICTOR isakey component of the mammalian
185  Target Of Rapamycin Complex 2 (MTORC?2), with active mTORC?2 associated with the plasma
186  membrane and mitochondria (Fu and Hall, 2020). The factorsthat regulate mTORC2 are not
187  well understood (Fu and Hall, 2020; Riggi et al., 2020). However, in yeast hyperosmotic shock,
188  compressive membrane stress and loss of plasma membrane tension can inhibit TORC2 (Le

189  Roux et al., 2019; Morigasaki et a., 2019), suggesting MP interaction with the plasma membrane
190  of the mucosal epitheliumisinvolved. PTEN may play arole (Fig. 2b, mTORC2) as PTEN

191  generates PI(4,5)P2 from PI(3,4,5)P2 (Naderali et al., 2018) and local accumulation of PI(4,5)P2
192  inhibits TORC2 (Riggi et a., 2020). PI(4,5)P2 also binds N-WASP providing a focus for actin
193  polymerization (Katan and Cockcroft, 2020; Li et al., 2020c) (for actin signatures see below).
194 mTORC1 and mTORC2 counter-regulate each other (Fu and Hall, 2020), with a number of

195  pathway annotations suggesting mTORCL activity isincreased (Fig. 2b, TORC1). Pathway

196  annotations for the drug, sirolimus (an analogue of rapamycin), and for tuberous sclerosis

197  complex 2 (TCS2) have negative z-scores and both specifically inhibit mTORC1 (Huang and
198  Manning, 2008). The Sirtuin Signaling Pathway was significantly down-regulated (Fig. 2b,

199 TORC1), with sirtuin 1 (SIRT1) also an inhibitor of TORC1 (Chen et al., 2018; Ghosh et al.,
200 2010). Gene Set Enrichment Analyses (GSEAS) using gene sets from the Molecular Signatures
201  Database (MSigDB) (Subramanian et al., 2005) also indicated up-regulation of ribosome and
202  trandational activity in the +MP group (Supplementary Table 1€), with mTORCL1 akey positive
203  regulator of ribosome biogenesis and activity (de la Cruz Lopez et al., 2019; Petibon et al., 2021)
204  (Fig. 2b, green text).

205 The most significant Canonical pathway identified by IPA was up-regulation of Oxidative
206  Phosphorylation (Fig. 2b, Mitochondria, light pink shading; Supplementary Table 1d).

207 PPARGCIA, the master regulator of mitochondrial biogenesis, was also up-regulated (Fig. 2b,
208  Mitochondria; Supplementary Table 1c). Up-regulation of mitochondrial activity was supported
209 by Cytoscape analysis (Supplementary Table 1f), as well as GSEAs using gene sets from

210 MSigDB (Supplementary Table 1g) and Blood Transcription Modules (BTMs) (Li et al., 2014)
211 (Supplementary Table 1h). Increased mitochondrial activity has been associated with down-

212 regulation of MTORC2/TORC2 activity in awide range of settings (Colombi et al., 2011;

213 Heimbucher et al., 2020; Oh et a., 2017; Riggi et al., 2020; Watson et a., 2019), with mTORC1
214  awell-known positive regulator of mitochondrial biogenesis and functions (de la Cruz Lopez et
215  al., 2019). Increased mitochondrial activity increases production of reactive oxygen species

216 (ROYS), with several signatures indicating that MP consumption increased the levels of ROS (Fig.

6
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217 2b, ROS). NRF1 and NRF2 sense oxidative stress and activate anti-oxidant defenses (Schultz et
218 al., 2014; Zhu et d., 2019). In epithelial tissues ROS also activate FOXOL1, leading to induction
219  of anti-oxidant and repair activities (Graves and Milovanova, 2019).

220 Inflammation signatures were evident in colons of mice consuming MPs (Fig. 2b,

221 Inflammation). Some of these can be associated with elevated levels of ROS (Fig. 2b,

222 Inflammation, top box). HMGB1 requires oxidation for secretion and is a central pro-

223 inflammatory mediator that is also involved in tissue healing and regeneration (Chen et al., 2016;
224  Kwak et al., 2020; Li et a., 2013; Son et al., 2020). TGFB1 isabundantly expressed in the

225  intestine and is up-regulated in inflammatory bowel disease (Iharaet al., 2017), and its activity is
226  positively regulated by ROS (Liu and Desai, 2015; Zhang et al., 2019). A CD3 signature

227  suggested activation of T cellsand or NKT cells (Brailey et al., 2020), with ROS well known to
228  stimulate arange of proinflammatory activitiesincluding T cell activation (Franchinaet al.,

229  2018; Murphy and Siegel, 2013; Yarosz and Chang, 2018). Other inflammation signatures (Fig.
230  2Db, Inflammation, bottom box) included DDX5, which was recently shown to promote intestinal
231 inflammation (Abbas et al., 2020). IL-8 isakey neutrophil attractant in IBD (Kessdl et al.,

232 2021; Singer and Sansonetti, 2004) and N-Formylmethionine-leucyl-phenylalanine (fMLP)

233 mimicsthe neutrophil chemoattractant and activating activity of a bacterialy-derived family of
234  formylated peptides that are believed to promote inflammatory bowel diseases (Somasundaram et
235 al., 2013; Tsa et al., 2016). CXCR4 (the receptor for CXCL12) isinvolved in tissue repair, with
236 the heterocomplex CXCL12:HMGB1 more active than CXCL12 alone (Bianchi and Mezzapelle,
237  2020).

238 A number of IPA pathway annotations indicated that M P consumption promoted actin

239  reorganization (Fig. 2, Actin reorganization). mTORC2 has been shown to be akey regulator of
240  actin organization and remodeling in awide range of settings including perturbations in the

241 plasmamembrane, with this activity involving Rho GTPases such as RhoA and Rac (Diz-Munoz
242  etal., 2016; Li et al., 2020c; Sato et al., 2016; Wu et al., 2016; Xieet al., 2018; Yasudaet al.,
243  2015). GSEAsusing BTM gene sets also indicated down-regulation of genes associated with
244  integrin interactions and the extracellular matrix (Fig. 2, Blue text), with integrins and the actin
245  network closely linked in a series of cellular activities (Romero et al., 2020).

246

247  CHIKYV infection, weight, viremia and RNA-Seq of colon

248  Micedrinking water supplemented with (+MP) or without MP (-MP) for 28 days were infected
249  with CHIKV. Micefrom both +MP+CHIKV and -MP+CHIKV groups lost a small amount of
250  body weight (=3%) by day 2 post infection, with micein the +MP+CHIKV group recovering
251  their weight significantly faster than micein the -MP+CHIKV group (Supplementary Fig. 4a).
252 The +MP+CHIKV and -MP+CHIKV groups showed similar levels of viremia; this was true both
253 for the mice from which colons were harvested for RNA-Seq analyses (Fig. 2c) and (ii) for two
254  additional independent repeat experiments (Supplementary Fig. 4b).

255 RNA-Seq analysis for day 5 colons (+MP+CHIKV vs -MP+CHIKV) (Supplementary Fig. 4c
256  Supplementary Table 2a) provided only 7 DEGs (Supplementary Table 2b). GSEAsusing BTM
257  gene setsidentified multiple dominant signatures associated with T, B, antigen presenting cells
258  (APCs) and NK cdlls (Fig. 2d; Supplementary Table 2c). GSEAsusing MSigDB gene sets

259  contained related signatures, but also identified (as the signature with the lowest NES score) a
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260  gene set associated with proliferating (Ki67") enterocyte progenitors (Gao et al., 2018) (Fig. 2d,
261  Supplementary Table 2d). Five days after CHIKV infection, MP consumption thus appears to
262  have promoted a mild increase in lymphocyte infiltrates in the colon. The mild reduction in

263  enterocyte renewal also suggests M P consumption was somehow protective, reducing the need
264  for tissue repair.

265

266  Low viral loadsin the colon and a CHIKV-induced goblet cell response

267  The CHIKYV levelsin the colon on day 5 post infection (as measured by gRT PCR and viral

268 titrations) were quite variable, with many samples showing no detectable virus (Supplementary
269  Fig. 4c,d). Thisvariability may have contributed to the inability to identify many DEGsin colon
270  for the RNA-Seq analysis of +MP+CHIKV vs—-MP+CHIKV. Viral loads were perhaps

271 marginaly lower for the +MP+CHIKV group; however, thiswas not significant (Supplementary
272 Fg. 4c,d).

273 A goblet cell signature was identified with a negative z-score (using MSigDB gene sets) for
274  day 5 colon +MP+CHIKV vs -MP+CHIKV (Supplementary Table 2d), with reduced colon

275  goblet cdl staining previously reported after MP consumption (Lu et a., 2018). However,

276  AB/PAS staining and Aperio pixel count image analysis, showed no significant effect of MP

277  consumption on goblet cell staining (Supplementary Fig. 5). In contrast, CHIKV infection (i.e. -
278  MP+CHIKV vs +MP, and +MP+CHIKV vs-MP) did show a significant change in AB/PAS

279  staining indicating hyperplasia of goblet cells (Supplementary Fig. 5), which can often be seen
280  after enteric infections (Kim and Khan, 2013).

281

282  Prodigious CHIKYV infection signaturesin the colon despite low infection levels

283  RNA-Seg analyses of both +MP+CHIKV vs +MP and -MP+CHIKV vs +MP, showed a series of
284  prodigious CHIKV-induced responses (Supplementary Table 3). These responses may

285  overwhelm (by magnitude and variability) any mild effects associated with MP consumption,
286  perhaps again contributing to the low number of DEGs for +MP+CHIKV vs-MP+CHIKV (n=7).
287 The CHIKYV responses in the colon showed highly significant correlations with responses
288  previous reported for CHIKV-infected feet (Wilson et al., 2017) (Supplementary Fig. 6). When
289  day 5 colon RNA-Seq reads were mapped to the CHIKV genome, 0 to 0.0005% of reads mapped
290 totheviral genome. Thisisrepresentsarelatively low level of infection when compared with
291  feet, where up to 8% of reads mapped to the CHIKV genome (Wilson et a., 2017). The high
292  level of correlation (Supplementary Fig. 6) despite the low viral loads in the colon, may (at least
293  inpart) be explained by responses arising from the circulating proinflammatory cytokines

294  induced by this systemic infection (Gardner et al., 2010).

295

296  Mild inflammation and leukocytosis signaturesin ML N after MP consumption

297 RNA-Seq analysis of mesenteric lymph nodes (MLN) for +MP vs-MP provided only one DEG
298  (Supplementary Fig. 7a; Supplementary Table 4a). MLNs from mice taken 33 and 41 days after
299 initiation of MP consumption were combined in asingle analysis (Supplementary Fig. 7a).

300 GSEAsusing BTM and MSigDB gene sets suggested the +M P group had signatures associated
301  withincreased inflammation and increased leukocytes (Fig. 3a; Supplementary Table 4b, ¢);

302  findings consistent with the increased inflammation and leukocyte migration signatures identified

8


https://doi.org/10.1101/2021.08.24.456180
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.24.456180; this version posted August 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

303 incolon (Fig. 2b).

304

305  MP consumption promoted lymphocytosisin MLNs 9 days after CHIKV infection

306  After 28 days +MP and -MP groups were infected with CHIKV, with RNA-Seq analysis of

307 MLNsday 5 after CHIKV infection providing no compelling DEGs (Supplementary Table 4d).
308 Incontrast, on day 9 post infection 282 DEGs for +MP+CHIKV vs -MP+CHIKV were

309 identified, although fold changes were low, ranging from log, 0.87 to -0.71 (Supplementary Fig.
310  7b, Supplementary Table 4ef). IPA anaysis of the 282 DEGs provided a series of annotations
311  indicating that the +tMP+CHIKV MLNs had significantly more lymphocytesand T cells (Fig. 3b,
312  Lymphocytes/leukocytes). In support of thisfinding, GSEAs using BTMsidentified T cell and
313  NK signaturesin this group with significant positive NES scores (Fig. 3b; Supplementary Table
314  4i). Curiously, IPA USR analysis argued that T cell stimulation was decreased, with a highly
315  significant negative z-score for MY C (Fig. 3b, T cell stimulation). MY C isamaster regulator of
316  metabolic programming in activated T cells (Shyer et a., 2020). TCR and CD28 (T cell

317  costimulation) signatures also showed negative z-scores (Fig. 3b, T cdl stimulation). The

318  dominant feature of the DEG list was that 51 of the 124 down-regulated genes represented

319  mRNAsencoding ribosomal proteins (Supplementary Table 4f) (Fig. 3b. Ribosome mRNAS).
320  Although many factors can regulate ribosome biogenesis (Petibon et al., 2021), a dominant

321  feature of antigen-specific T cell activation is stimulation of ribosome biogenesis (Galloway et
322  al., 2021). These results may suggest that, although there were more T cells in the MLN of the
323 +MP+CHIKYV group, overall they were less activated (Tan et al., 2017), with the

324  lymphocytosis/leukocytosis perhaps diluting antigen-specific T cells.

325 As the down-regulated DEGs may be due (at least in part) to dilution effects, the up-regulated
326 DEGs (n=158) were analyzed separately by IPA. This analysis thus reveals the processes that
327  arebeing promoted, despite any dilution effects. OSM, a biomarker for inflammatory bowel

328  disease (Verstockt et al., 2021), was returned as a significant USR (Fig. 3b, Inflammation;

329  Supplementary Table 4g, column AC). OSM can also drive intestinal inflammation in mice

330 (West et al., 2017) and can promote Thl responses (Jung et al., 2010). Although overall fold
331 changes were low, only one ribosomal protein was up-regulated, Rps6ka3 (RSK?2)

332 (Supplementary Table 4f), a protein associated with promoting Th17 responsesin mice (Takada
333 etal., 2016). Alerted CD4 T cell polarization were also suggested in the +MP+CHIKV group by
334 GSEAsusing MSigDB data sets (Supplementary Table 4j).

335 The IPA Diseases or Functions analysis returned a number of virus infection annotations with
336  positive z scores, suggesting increased virusinfection in day 9 MLNs from the +MP+CHIKV
337  group, when compared with the -MP+CHIKYV group (Supplementary Table 4h). These

338  annotations are hard to reconcile with (i) the lack of differencesin viremia (Fig. 2c,

339  Supplementary Fig. 4a), (ii) although not significant, the lower viral loads in the colons of the
340 +MP+CHIKYV group (Supplementary Fig. 4d, €), and (iii) the lack of any viral readsin RNA-Seq
341 datafor day 9 MLN (Supplementary Fig. 7c). In addition, the up-regulated DEGs that gaverise
342  tothevirusinfection annotations (Supplementary Fig. 7d) were all associated with negative

343  regulation of metabolic processes when analyzed by Gene Ontology (Supplementary Fig. 7e).
344  Thisresult isclearly not consistent with viral signatures, but is consistent with the

345  aforementioned down-regulation/dilution of T cell activation signaturesin +MP+CHIKV MLNSs.
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346 In summary, on day 9 post CHIKV infection, M P consumption was associated with a small
347  changein thetranscriptional profile in the MLNs that suggested alymphocytosis/leukocytosis,
348  withindications of increased inflammation and changesin T cell polarization.

349

350 CHIKYV arthritic foot swelling is significantly prolonged after MP consumption

351 After 28 days of drinking water supplemented with MP (+MP) or without MP (-MP), mice were
352 infected with CHIKV. The food and water consumption was not significantly different for the
353  +MP+CHIKV vs—-MP+CHIKYV groups after CHIKV infection (Supplementary Fig. 1a,c). The
354  viremiawas also not significantly different for these groups (Fig. 2c, Supplementary Fig 4b).
355 Overt CHIKV arthritic foot swelling in C57BL/6J mice usually peaks on day 6-7 post

356 infection and then resolves (Gardner et al., 2010; Prow et al., 2019). Although the increased

357  peak foot swelling between +MP+CHIKYV and -MP+CHIKYV groups did not reach significance,
358  significantly greater foot swelling was seen on several days after the peak of foot swelling (Fig.
359  4a). Thesameresult was seen in arepeat experiment, with significantly prolonged foot swelling
360 again observed in the +tMP+CHIKYV group (Supplemental Fig. 8a). Feet from mice (n=4 feet
361  from 4 mice per group) were taken day 9 post infection for RNA-Seq analysis (Fig. 4a, blue

362  arrow), with these mice representing a subset of the mice shown in Fig. 4a. The swelling in these
363 4 feet per group was also significantly different for the +MP+CHIKV vs -MP+CHIKV groups
364  (Supplemental Fig. 8b).

365 The prolonged foot swelling was not associated with increased viral loads in the feet as neither
366  tissuetitersonday 5, or CHIKV reads from RNA-Seq analysis of feet on day 9 post infection,
367  showed any significant differences (Fig. 4b).

368

369  MP consumption increases Ly6G/F4/80 ratiosin arthritic feet after CHIKV infection

370 A prodigiousinflammatory infiltrate is well described for CHIKV arthritisin this model

371 (Gardner et al., 2010; Nguyen et al., 2020; Poo et al., 2014b; Wilson et al., 2017) and for

372 alphavira athritides generally (Lin et al., 2020; Suhrbier, 2019; Suhrbier et a., 2012). Although
373  CHIKV infection (i.e. +MP+CHIKV vs +MP and -MP+CHIKV vs +MP) did show the expected
374  dignificant increases, no significant differencesin the level or density of leukocyte infiltrates was
375  observed between +MP+CHIKV and -MP+CHIKYV groups (Supplementary Fig. 8c,d). This
376  arguesthat the increased foot swelling for the +tMP+CHIKV vs MP+CHIKYV group, was not

377  predominantly due to increased levels of edema.

378 To investigate whether the composition of the inflammatory infiltrates were changed by MP
379  consumption, immunohistochemistry (IHC) was undertaken on feet day 9 post infection

380  (Supplementary Fig. 9) and staining quantitated by Aperio pixel count (Fig. 4c-g). F4/80is

381  generaly considered to be amarker for tissue-residing monocytes (generally F4/80 low) and

382  macrophages (F4/80 positive). A prodigious monocyte/macrophage infiltrate is well described
383  for CHIKYV arthritis and alphaviral athritides generally (Gardner et al., 2010; Lin et al., 2020;
384  Suhrbier, 2019; Suhrbier et al., 2012). Thus as expected, IHC using a F4/80 showed significantly
385 devated staining after CHIKV infection. However, no significant difference (p=0.2, t test)

386  between +MP+CHIKV and -MP+CHIKYV groups was observed (Fig. 4c). Increased numbers of
387 infiltrating neutrophils have been associated with exacerbation of arthritisin this model (Poo et
388  d., 2014a; Prow et al., 2019) and other CHIKV mouse models (Cook et al., 2019). IHC using

10


https://doi.org/10.1101/2021.08.24.456180
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.24.456180; this version posted August 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

389  theneutrophil marker, Ly6G, showed significant increases associated with CHIKV infection

390 (Fig. 4d), but comparison between +MP+CHIKV versus -MP+CHIKYV did not reach significance
391  (p=0.082, t test). However, when the Ly6G/F4/80 ratio was calculated for each foot, the

392 +MP+CHIKYV group showed a significant increase in thisratio (Fig. 4e). Anincreaseinthis

393  ratio has been associated with a proinflammatory phenotype in a number of settings (Huang et
394  a., 1999; Malerbaet al., 2006; Martinez Gomez et al., 2013; Pawlaczyk et a., 2008).

395 T cells, and to alesser extent NK cells, are known to promote arthritis in this model (Suhrbier,
396  2019; Teo et a., 2015). However, there were no significant differencein CD3 (T cell) staining
397  between +MP+CHIKV and -MP+CHIKYV groups, athough as expected (Gardner et a., 2010),
398  CHIKV infection induced asignificant increase in CD3 staining (Fig. 4f). NK staining (NKp46)
399  showed similar resultsto CD3 staining (Fig. 4g). Eosinophils were recently linked to skeletal
400  muscle wound healing (Hazlewood et al., 2021) and may have an anti-inflammatory rolein this
401  CHIKYV arthritis mouse model (Poo et al., 2014a). However, no significant differencesin

402  eosinophil staining was apparent between +MP+CHIKV and -MP+CHIKYV groups (Fig. 4h;

403  Supplementary Fig. 9).

404

405  MP consumption has no discer nable effect on the transcriptional profilein feet

406  Micedrinking M P-supplemented drinking water for 37 days (28 + 9 days) (no CHIKV infection)
407  were analyzed by RNA-Seq (Supplemental Fig. 10a). Only one DEG, a putative gene, was

408  identified for the +MP vs—MP comparison in feet before CHIKV infection (Supplementary

409 Table5a). Theresultisconsstent with the lack of adiscernable difference in foot measurements
410  (Supplementa Fig. 10b) and IHC (Fig. 4c-h) for the +MP vs —MP groups in the absence of

411 CHIKV infection.

412

413  MP consumption prolongs Thl responsesin CHIKV arthritis

414  Micedrinking water with and without MP for 28 days were infected with CHIKV and on day 9
415  post infection feet were harvested for RNA-Seq. PCA plots showed a clear separation of the two
416  groups (Supplementary Fig. 10c), with 1202 DEGs identified when a g<0.05 filter was applied
417  (Supplementary Table 5b). Asalarge number of these DEGs had low fold changes, and in order
418  tofocus bioinformatic treatments on the more significant transcriptional changes, we increased
419  the significance stringency to g<0.01, which provided 460 DEGs (Supplementary Table 5c).

420 Analyses of the 460 DEGs using a IPA, Cytoscape, and GSEAs with MSigDB and BTMss,

421  provided multiple annotations associated with increased inflammation and immune activation for
422  +MP+CHIKV vs-MP+CHIKV (Supplementary Table 5d-i), cons stent with the increase foot
423 swelling in the +MP+CHIKYV group (Fig. 4a). Thl1 CD4 T cells are thought to be the major

424  driversof CHIKV arthropathy (Suhrbier, 2019), with multiple signatures indicating increased
425  Thlbiasin the arthritic feet of the +MP+CHIKV group (Fig. 5, Thl; Supplementary Table

426  5d,eh). NK cellsalso contributeto arthritisin this model (Suhrbier, 2019; Teo et a., 2015), with
427  thetop IPA Canonical Pathway annotations indicating increased NK cell activity in

428 +MP+CHIKYV feet (Fig. 5, NK activity; Supplementary Table 5d). Some NK annotations were
429  alsoseenin IPA Diseases or Functions (Fig. 5, NK activity; Supplementary Table 5f), and in

430 GSEAsusing BTMs (Supplementary Table 5i).

431 Cytoscape analysis of the down-regulated DEGs was dominated by skeletal muscle

432  annotations (Fig. 5, Skeletal Muscle; Supplemental Table 5g), indicating increased muscle cell
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433  damagein the +MP+CHIKV group. Myositis and muscle damage iswell described in this

434  mouse model (Gardner et al., 2010; Nakaya et a., 2012; Prow et al., 2019) and was clearly

435  evident by H& E staining of feet taken day 9 post infection (Supplementary Fig 10d).

436 The BTM GSEAS suggested an increase in monocytes (Fig. 5, Monocytes; Supplementary
437  Table 5h), perhaps consistent with the Thl bias (De Koker et al., 2017; lijimaet al., 2011).

438  Macrophage annotations were ranked relatively lower, and suggested mild up-regulation of

439  activity in the +tMP+CHIKV group (Supplementary Table 5d,f,h). Although macrophages

440  contribute to the pathogenesis of alphaviral arthritides, they are also important for disease

441  resolution, which would be expected to be underway by day 9 (Prow et al., 2019). A transgtion
442  from inflammatory macrophages to resolution phase macrophages (Schroder et al., 2019) is

443  associated with removal of neutrophils, and represents a common theme for returning to

444  hemostasis after tissue damage (Soehnlein and Lindbom, 2010). Using GSEA and a macrophage
445  resolution signature described previously (Prow et al., 2019), a highly significant positive

446  enrichment occurred in the +MP+CHIKYV group, suggesting that increased inflammation led to
447  increased resolution phase activity, and that prolonged foot swelling was not associated with a
448  loss of resolution phase activity (Supplementary Fig. 10e).

449 Although relatively less dominant than the Thl signatures, a series of neutrophil-associated
450  annotations were evident in the +MP+CHIKYV group (Fig. 5, Neutrophils; Supplementary Table
451  5d,f,h,i), consistent with the increased Ly6G/F4/80 staining ratios (Fig. 4€). Increased

452  neutrophils have previously been associated with promotion of arthritis and foot swelling in this
453  modd (Poo et al., 2014a; Prow et al., 2019).

454 The IPA USR analysis of the 460 DEGs also provided a series of significantly up-regulated
455  type | interferon response annotations (Supplementary Table 5e; Interferon alpha, IFNB1, IRF1,
456  IRF7). Such annotations are prominently associated with CHIKV infection (Wilson et al., 2017);
457  however, there were no significant differencesin viral loads between +MP+CHIKV and —

458  MP+CHIKYV (Fig. 4d). The sustained IFNy responses (Fig. 5, Th1l) may have prolonged or

459  sustained generation of type | IFN responses during the course of CHIKYV infection (Eloranta et
460  al., 1997) in +tMP+CHIKV group.

461

462  No significant effects of MP consumption on the gut microbiome

463 A number of studiesin arange of species (Fackelmann and Sommer, 2019; Hirt and Body-

464  Malapd, 2020), including mice (Jin et al., 2019; Li et al., 2020a; Lu et al., 2018), have described
465  alterationsin the gut microbiome or dyshiosis mediated by MP ingestion. In this CHIKV mouse
466  modd arthritis can also be influenced by a high fiber diet (Prow et al., 2019) and the microbiome
467  can also influence antiviral resistance (Winkler et al., 2020). To determine whether the enhanced
468  arthritis after MP consumption described above might be associated with MP-induced dysbiosis,
469  thefecal microbiome was investigated over time using an experimental set-up that sought to

470  minimize the influence of facility and cage effects on the results of the microbiome analyses

471 (Basson et al., 2020; Parker et al., 2018). Such effects are now well recognized as potentially
472  compromising interpretation of mouse microbiome studies (Basson et al., 2020; Parker et al.,

473  2018). Theresults (Supplementary Table 6a-€) showed no significant differencesfor +MP

474  versus-MP groups after 28 days of MP consumption at the genus (Fig. 6a), class (Supplementary
475  Fig. 11) or phylum levels (Supplementary Fig. 12), with the comparisons involving 24 mice and
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476 8 cages per group. Note both +MP and -MP had two independent replicate groups on days 0 and
477 28 (Fig. 6a).

478 Principle component analyses (PCA) (Fig. 6b, top graph) and Shannon Diversity Indices (Fig.
479  6c, top graph), both based on Operational Taxonomic Units (OTUs) (Mandal et al., 2015), again
480  showed no significant effect on the microbiome after 28 days of MP consumption. As expected,
481 individual cage effects (Basson et al., 2020) were clearly discernable (Fig. 6b and c; bottom

482  graphs), but on average no significant effect of MPs consumption on the microbiome emerged.
483

484  CHIKYV infection can effect Firmicutes/Bacteroidetes ratios

485  Onday 28 after initiation of MP consumption, two groups of mice were infected with CHIKV
486  and the microbiome was analyzed on day 0, 5, 9 and 21 post infection (Supplementary Table 6a-
487 i). After CHIKV infection, no significant differences emerged at any time point for

488  +MP+CHIKV versus -MP+CHIKYV (or the remaining +MP and -MP groups) at the genus (Fig.
489  6a), class (Supplementary Fig. 11) or phylum levels (Supplementary Fig. 12). However, from
490 day Otoday 5inthe-MP+CHIKV group, there was a significant increase in Firmicutes and a
491  gignificant decreasein Bacteroidetes (Fig. 7a; Supplementary Table 6j). Although the

492  +MP+CHIKYV group had the same directions of change in these bacterial phyla, these did not
493  reach sgnificance (Fig. 7a; Supplementary Table 6j).

494 Changes in Firmicutes/Bacteroidetes (F/B) ratios are widely accepted as representing a

495  biomarker of dyshiosis (Stojanov et al., 2020), so the fold changesin F/B ratios from day O to
496 days5, 9 and 21 were plotted for individual mice (Fig. 7b). On day 5 post infection, mice

497  appeared to segregate into two populations, with 8/12 mice in the -MP+CHIKV group and 6/12
498  inthe +MP+CHIKYV group showing arelatively high increase in their fecal F/B ratios (Fig. 7b,
499  green data points), compared to the remaining mice that showed only alow change (Fig. 7b, blue
500 datapoints). When the viremias for the two populations where plotted they showed a significant
501 difference on day 4 post CHIKYV infection for both the -MP+CHIKV and the +MP+CHIKV

502  groups (Fig. 7c). However, increased or low F/B ratio changes and the associated effects on

503 viremiaon day 4, did not tranglate to significant differences in foot swelling (Supplementary Fig.
504 13). Increased viremiaon day 4 aso correlated with increased abundance of Firmicutes and

505 decreased abundance of Bacteroidetes, although in the +MP+CHIKV group this only approached
506  significance (Fig. 7d). Finally, the distinction between high and low F/B ratio changes (at the
507  phylum level) was maintained at the OTU level, with PCA plots showing a clear separation (Fig.
508  7e).

509 There was therefore no indication from these studies that M P consumption had a significant
510 effect onthe microbiome. Nevertheless, CHIKV infection did appear to affect the microbiome,
511  withincreased viremias associated with relatively high increasesin F/B ratios. Increasesin

512  Firmicutes were primarily driven by increases at the genus level of Lachnospiraceae and

513  Clostridiales, and decreases in Bacteroidetes primarily driven by a decrease at the genus level of
514  S247 (Supplementary Table 6k). That a higher F/B ratio caused the increases in viraemiais

515 perhapslesslikely given (i) the F/B ratio change was relative to day 0 post infection and (ii) a
516  Clostridium species (phylum Firmicutes) was shown to promote antiviral activity (Winkler et al.,
517  2020), whereas in our data more Firmicutes correlated with more virus (Fig. 7d).

518
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519 DISCUSSION

520 We show herein that the consumption of MP predisposes mice to a prolonged arthritis after

521  CHIKV infection. This occurred in the absence of any detectable M Ps entering the body or any
522  dignificant effects of MP consumption on the microbiome. RNA-Seq and bioinformatic analyses
523  arguethat MP consumption leads to amild increase in gut inflammation. Thisthen predisposed
524  theviral arthritisto an extended immunopathology characterized by elevate Thl biased, and to a
525  lesser extent, Th17 biased, signatures.

526 The picture that emergesis reminiscent of enteropathic arthritis. A connection between bowel
527  pathology and arthritis has long been recognized (Ashrafi et al., 2021), with the arthritisthat is
528  often associated with Inflammatory Bowel Disease (IBD) now referred to as enteropathic

529  arthritis (Farisogullari et al., 2021; Gutiérrez-Gonzalez et a., 2020; Picchianti-Diamanti et al.,
530 2020). The mechanism(s) underpinning the causal relationship whereby inflammation in the gut
531 leadsto inflammation in the joints remain poorly characterized and often speculative.

532 Nevertheless, migration of Innate Lymphoid Cells (ILCs), in particular ILC1 and ILC3 have

533  recently been implicated, with these cells detecting gut damage or perturbation, becoming

534  activated and migrating into joint tissues and promoting Thl and Th17 driven arthritis (Fang et
535  a., 2020; Neerinckx et al., 2015). ILCs are broadly divided into three categories ILC1, ILC2 and
536  LC3 cdls, which to some extent mirror the function of Thl, Th2 and Th17 T cells, respectively,
537  without displaying any antigen specificity (Jarade et al., 2021; Vivier et a., 2018). We derived
538  genesetsfrom aseries of papers and used these in GSEAS to identify potential ILC signatures
539  (Supplementary Table 7). After CHIKV infection, MP consumption was associated with

540  significantly enriched ILC1 signatures in colon, MLN and feet, with ILC3 signatures seen in

541 MLNsand feet, and ILC2 signatures seen only in feet (Supplementary Fig. 14). These analyses
542  areconsistent with the proposed model of enteropathic arthritis (Fang et a., 2020), although

543  |LC1 signatures would be difficult to distinguish from NK signatures (McFarland et al., 2021) in
544  wholetissues where NK cells are also present (Fig. 5, NK cell activity). Another roleof ILCsis
545  protection of the gut from infection (Shannon et al., 2021) and maintenance of gut homeostasis
546  (Diefenbach et al., 2020), which may explain the slightly lower viral loads in the colon

547  (Supplementary Fig. 4d,e), lower epithelial repair signatures in the colon (Fig. 2d) and the better
548  weight recovery in the +tMP+CHIKV group (Fig. 4a). Faster weight recovery and prolonged
549  arthritis after CHIKV infection did not correlate (Supplementary Fig. 15), supporting the notion
550 that these are independent outcomes of M P consumption and ILC stimulation.

551 A central question remains regarding how low levels of M P consumption might cause gut

552  perturbations. One might speculate thisinvolves low level (Supplementary Table 1b),

553  histologically undetectable (Supplementary Fig. 5a), epithelial cell plasma membrane disruption
554 inthecolon. Thiscontention isconsistent with (i) the signatures described in Fig. 2b, which

555  suggest a plasmamembrane signaling response (Le Roux et a., 2019; Morigasaki et a., 2019),
556  (ii) thelack of MP uptake (Fig. 1b), and (iii) the large volume of literature on plasma membrane
557  damage by MPsin cell linesin vitro, which also report oxidative stress as a consequence

558  (Banerjee and Shelver, 2021; Wang et al., 2021a). Although MPs are well recognized as ideal
559  abrasive agentsfor cosmetics (Bila et al., 2020; Kozlowska et al., 2019), most humans and

560 animals constantly swallow sand dust, which might be expected to have similar abrasive effects
561 (Karadimaet al., 2021). One could speculate that specific hydrophobicity characteristics of MPs
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562  (Pham et al., 2021) may facilitate their ability to perturb or disrupt the plasma membrane directly
563 (McKarnset al., 1997; Ogbourne et al., 2004). Alternatively, although we were unable to see
564  any significant overall differencesin the microbiota, MPs coated with certain bacteria/biofilms
565 (Miao et a., 2019; Ogonowski et al., 2018; Ribet and Cossart, 2015; Wu et a., 2019) may

566  somehow adversely affect enterocyte plasma membranes (Ammendoliaet al., 2021; Peterson and
567  Artis, 2014). Another conceivable possibility isthat MPsadsorb (Yu et a., 2021) certain

568  chemicals (e.g. hydrophobic bile salts (Sagawa et al., 1993)) that that then imbues the MP with
569  pathogenic properties (Stenman et al., 2013). Future mechanistic studies are clearly warranted.
570 Although the mechanism of gut perturbation remains speculative, this paper provides

571 compelling evidence that M P consumption, without causing overt microbiome or gut changes or
572  entering the body, can nevertheless significantly exacerbate the immunopathology associated
573  withavira arthritis. If MPsdo indeed activate ILCs in the gut, and ILCs become a systemic
574  immunological conduit (Fang et al., 2020; Neerinckx et al., 2015), one might speculate that MPs
575  could dysregulate inflammation in arange of conditions (Benezech and Jackson-Jones, 2019;
576  Fernando et al., 2021; Maleki et al., 2020).

577
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599 FIGURE LEGENDS

600 Figure 1. Detection of MPin vivo. a Mice were given drinking water supplemented with 10°
601  MP/ml for 8 weeks and MP consumption measured by weighing of water bottles. Calculations
602  for MP excretion in fecal pellets derived from datain b. b After 8 weeks of MP consumption the
603  indicated organs and fecal pellets were collected (n=3-6 mice per sample), weighed (wet weight)
604  and digested with SDS and proteinase K. MPsin the digests were counted using a
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605  haemocytometer and a fluorescent microscope; the inserted florescent image shows MPs from a
606  digest of afecal pellet. ¢ Formalin fixed colon after 8 weeks of MP consumption. H&E staining
607  showing orientation of sectioning across the colon (left). Animage from afrozen section (7 um)
608  of colon viewed under a fluorescent microscope (middle), with a phase contrast image of the

609  sameregion (right). MPsareindicated by arrows; M - mucosa, F - fecal material. More

610  fluorescent images are shown in Supplementary Fig. 2.

611

612  Figure 2. RNA-Seq of colon from mice drinking water +M P ver sus—M P before and after
613 CHIKYV infection. a RNA-Seq was used to compare colons from mice drinking MP (+MP) with
614  colonsfrom mice drinking water without MP (-MP) for 28 days. DEGs (n=281) were identified
615  (Supplementary Table 1b) and expression levels for each gene and for each mouse shown as a
616  heat map of the ratio of normalised (DESeq2) log2 expression levels relative to the mean of 10g2
617  normalised expression levels for each gene across all mice. b The DEGs (n=281) were analyzed
618 by Ingenuity Pathway Analysis (IPA) (direct and indirect); black text — IPA Up-Stream

619  Regulators (USRs) (full list in Supplementary Table 1c), purple text - IPA Canonical pathways
620  (full list in Supplementary Table 1d) and browntext - IPA Diseases or Functions annotation.

621  Light pink shading indicates the dominant highly significant pathways. The full +MP versus -
622  MPgenelist (Supplementary Table 1a) was also interrogated by Gene Set Enrichment Analyses
623  (GSEAS) using genes sets from; green text - Molecular Signatures Database (MSigDB) (full list
624  in Supplementary Table 1€) and blue text - Blood Transcription Modules (BTMs) (full list in
625  Supplementary Table 1g). Upward pointing blue arrows indicate up-regulation and downward
626  pointing blue arrows indicate down-regulation. Brown arrows indicate positive regulation, and
627  brown Tsindicate negative regulation. ¢ Mice were infected with CHIKV and colons were

628  harvested on day 5 post infection for RNA-Seq analysis. The mean viremias are shown for the
629  miceused in the +tMP+CHIKV vs -MP+CHIKV RNA-Seq comparison for day 5 colon. d The
630 full genelist for +tMP+CHIKV vs -MP+CHIKV (Supplementary Table 2a) was interrogated

631 using GSEAsand BTM and MSIigDB gene sets (Supplementary Table 2c,d). Top BTM and

632  selected MSigDB signatures are shown (Supplementary Table 2c,d, highlighted in yellow).

633

634 Figure 3. Analysisof RNA-Seq data from mesenteric lymph nodes. a RNA-Seq was used to
635  compare mesenteric lymph nodes (MLNSs) from mice drinking MP (+MP) with MLNs from mice
636  drinking water without MP (-MP) for 28 days. Thefull gene list (Supplementary Table 4a) was
637  interrogated usng GSEAs and gene sets from MSigDB (Supplementary Table 4b) (green text)
638 and BTMs (Supplementary Table 4c) (blue text). b RNA-Seq was used to compare MLNs 9

639  daysafter CHIKV infection for +tMP+CHIKV vs -MP+CHIKV, with mice having their drinking
640  water supplemented with or without MP for 37 days (i.e. 28 plus 9). DEGs (n=282) were

641 identified (Supplementary Table 4f) and analysed by IPA (Supplementary Table 4g,h) and

642  GSEAS (Supplementary Table 4i,j)

643

644  Figure4. Infection and arthritisin +tMP+CHIKYV versus—-MP+CHIKV

645 aFemale C57BL/6J mice with drinking water supplemented with or without MP for 28 days

646  wereinfected with CHIKV and foot swelling monitored. M P supplementation was continued
647  until the end of the experiment. (n=24 feet from 12 mice day 0 to 5, n=16 feet from 8 mice from
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648 days6to09, and n=8 feet from 4 mice from day 10 t019. Statistics by Mann Whitney U tests.
649  Feet from 4 mice per group were harvested on day 9 for RNA-Seq (blue arrow). b The

650  percentage of reads mapping to the CHIKV genome (n=4 feet from 4 mice per group) Statistics
651 by ttest. ¢ IHC using an anti-F4/80 antibody. Statistics by Kruskal Wallis tests, n=4 feet from 4
652  mice per group, 3 sections per foot to produce a mean for each foot. d IHC using an anti-Ly6G
653  antibody. Statisticsasin c except n=2 feet for +MP and —-MP groups, so these were combined
654  for statistical purposes. e Theratio of Ly6G/ F4/80 staining for each foot from 4 mice per group.
655  Statistics by Kruskal Wallistest. f IHC using an anti-CD3. Statisticsasinc. g IHC using an
656  anti-NKp46 antibody. Statisticsasin c.

657

658 Figureb. Analysisof RNA-Seq data from feet day 9 post infection for +MP+CHIKYV versus
659 —MP+CHIKYV. RNA-Seq of feet, taken day 9 post infection, provided 460 DEGs (p<0.01) for
660 +MP+CHIKYV versus—-MP+CHIKV (Supplementary Table 5b). These DEGs were analyzed by
661  IPA and Cytoscape (Supplementary Table 5c-f) and the All gene list (Supplementary Table 5a),
662  preranked by fold change, interrogated using GSEAs and gene listsfrom MSigDB and BTMs
663  (Supplementary Table 5g,h). Top and other selected annotations are shown, highlighting the

664  pathways known to be associated with promotion of arthritis.

665

666  Figure6. No effect of MP consumption on the microbiome. a Female C57BL/6J mice (n=43)
667  wererandomly assigned into four groups; each group comprised 12 mice housed in 4 cages. On
668  day O two groups were given drinking water supplemented with MPs (+MP), with two groups
669  left drinking unsupplemented water (-MP). On days 0 and 28 there were thus two replicate

670  groups for +MP and two replicate groups for -MP (atotal of n=24 mice and n=8 cages per

671  group). Onday 28, micein one-MP and one +MP group were infected with CHIKYV (-

672  MP+CHIKV and +MP+CHIKV). Onday 5 and 9 post CHIKV infection some mice were

673  euthanized for histology and RNA-Seq. Fecal samples were taken from each (and each

674  remaining) mouse at the indicated times and the microbiome determined by 16S sequencing and
675 analyzed by Calypso, with the mean of all micein each group shown. The genus levels output is
676  shown. b On day 28 post onset of MP supplementation, all +MP versus all -MP mice were

677  compared (n=24 mice and n=8 cages per group) by PCA analyses based on OTUs, with each

678  plotted data point representing one mouse. The datais presented in two ways, +MP versus -MP
679  (top) and by cage (bottom). ¢ The Shannon indexes (based on OTUs) for al the micein b plotted
680 for +MP versus -MP (top) and by cage (bottom). Statistical comparison for +MP versus -MP by
681 oneway ANOVA, p=0.51, F-statistic=0.45.

682

683  Figure7. MP supplementation and the microbiome after CHIKV infection. a The

684  microbiome analyzed by Calypso and plotted at the phylum level for mice day 0 and 5 post

685 CHIKV infection. The microbiome from this subset of mice were previously described at the
686  genuslevel in Fig. 6a. Changesin the proportion of Firmicutes and Bacteriodetes, which reach
687  significancein the -MP+CHIKV mice, but not the +MP+CHIKV mice (Supplemental Table 6b).
688 b Thefold changes in the Firmicutes/Bacteriodetes (F/B) ratios in individual mice from day O to
689  theindicated day post-CHIKV infection. In both -MP+CHIKV and +MP+CHIKV groups, on
690 day 5 asubset of mice showed arelatively higher increase in F/B ratios when compared to day O
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691  (green circles), whereas the remaining mice showed arelatively lower change (bluecircles). ¢
692  The mean viremiasfor the mice that on day 5 had relatively high increasesin F/B ratios

693  compared with those with low changein F/B ratios. Same mice as shown in b for day 5. The
694  differencesin viremiawere significant on day 4; -MP+CHIKV, statistics by Kruskal-Wallis test
695  (non-parametric data distribution), and +MP+CHIKV by t test (parametric data distribution). d
696  Correlations of fecal Firmicutes and Bacteriodetes abundance on day 5 versus viremia on day 4
697  for individual mice. Statistics, for -MP+CHIKV by Spearman correlations (non-parametric data
698  digtributions) for +MP+CHIKV by Pearson correlations (parametric data distributions). e PCAs
699 illustrating that the groups identified as having a high increase (green circles) and alow change
700 in F/B ratios (blue circles) have microbiomes that also clearly segregate at the OTU level on day
701 5.

702

703 RESOURCE AVAILABILITY

704

705  Lead contact

706  Further information and requests for resources and reagents should be directed to the Lead

707  Contact, Andreas Suhrbier (Andreas.Suhrbier@qimrberghofer.edu.au).

708

709 Materialsavailability

710 Materials generated in this study will be made available on request, but we may require a

711 completed materials transfer agreement.

712

713  Dataand code availability

714  All datais provided in the manuscript and accompanying supplementary files. Raw sequencing
715  data (fastq files) generated for this publication for RNA-Seq and for the microbiome has been
716  deposited in the NCBI SRA, BioProject: PRINA753548 and are publicly available as of the date
717  of publication.

718

719 EXPERIMENTAL MODEL AND SUBJECT DETAILS

720

721 Ethics Statement and PC3/BSL 3 certifications

722 All mouse work was conducted in accordance with the “ Australian code for the care and use of
723 animalsfor scientific purposes’ as defined by the National Health and Medical Research Council
724  of Australia. Mouse work was approved by the QIMR Berghofer Medical Research Institute

725  animal ethics committee (P2235 A1606-618M), with infectious CHIKV work conducted in a
726  biosafety level3 (PC3) facility at the QIMR Berghofer MRI (Australian Department of

727  Agriculture, Water and the Environment certification Q2326 and Office of the Gene Technology
728  Regulator certification 3445).

729

730 Miceand CHIKYV infection

731 Female C57BL/6J mice (6-8 weeks old) were purchased from Animal Resources Center

732 (Canning Vale, WA, Australia). CHIKV infection was undertaken as described (Gardner et al.,
733 2010; Nguyen et al., 2020; Poo et a., 2014b) with 10* CCIDs, C6/36-derived CHIKV (Reunion
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734  Idland isolate, LR2006-OPY 1, GenBank: KT449801.1) inoculated subcutaneously (s.c.) into

735  each hind foot. Viruswas checked for mycoplasma as described (LaLinn et a., 1995).

736 Swelling of hind feet was measured using digital calipers and is presented as a group average
737  of the percentage increase in foot height x width for each foot compared with the same foot on
738  day O (Nguyen et al., 2020). Serum viremia was determined using CCIDsg assays of serum

739  obtained by tail bleed as described (Gardner et a., 2010; Nguyen et al., 2020; Poo et al., 2014b).
740  Intestine and feet tissue titers were determined by CCIDs, assays of supernatants of homogeni zed
741  tissues asdescribed (Gardner et al., 2010). Tissues were also placed into RNAprotect Tissue

742  Reagent (QIAGEN) for RT-gPCR and/or RNA-Seq analyses.

743

744  Cdll lines

745  Vero cells (ATCC#: CCL-81) and C6/36 cells (ATCC# CRL-1660) cell were maintained in

746  RPMI 1640 (Thermo Fisher Scientific, Scoresby, VIC, Australia) supplemented with endotoxin
747  free 10% heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich, Castle Hill, NSW, Australia)
748  at 37°C and 5% CO,. Cellswere checked for mycoplasma using MycoAlert Mycoplasma

749  Detection Kit (Lonza, Basdl, Switzerland). FBS was checked for endotoxin contamination

750  before purchase as described (Johnson et al., 2005).

751

752  METHOD DETAILS

753

754  Water supplementation with MPs

755  The MPs comprised Fluoresbrite® yellow-green polystyrene-based microspheres with a diameter
756 of 1.00 um (Cat# 17154-10) purchased from Polysciences as 2.5% wi/v in agueous suspension
757  without sodium azide. The 1 um microspheres were washed 3 times in 1 ml drinking water by
758  centrifugation at 12,000 x g for 10 min, with the final wash including a 1 hr incubation on arotor
759 at 4°C. The MPs were diluted in mice drinking water to 10° microspheressml (526 pgl/l).
760 Drinking water bottles containing MPs were inverted every 2-3 days, and fresh water
761 with/without MP was provided every week. Mice were exposed to MP in their drinking water
762  for 4 weeks prior to CHIKV infection, and thereafter until euthanasia.

763 For the water preference experiment, mice cages were fitted with 2 bottles of drinking water;
764  one with and one without 1 um MPs. Water in drinking bottles was measured using standard
765  scales.

766

767  MP detection in tissues and feces

768  Tissue and feces were weighted, manually chopped using scissors and digested in ammonium
769  sulphate (50 mM), SDS (5 mg/ml) and proteinase K (1 mg/ml) overnight at 37°C as described
770  (Walczak et al., 2015). Digested tissue suspensions were viewed by florescent microscope and a
771 haemocytometer, with florescent M Ps counted manually.

772

773  CCIlDspassays

774  Serum CCIDs assays were conducted as described previously using 10 fold serial dilutionin

775  duplicatein C6/36 cells and virus followed by detection using cytopathic effectsin Vero cells
776  (Gardner et al., 2010; Nguyen et a., 2020). For tissuetiter determinations, tissues were weighed
777  and placed in tubes containing RPM 11640 supplemented with 2% FCS and 4 x 2.8 mm ceramic
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778  beads (MO BIO Inc., Carlsbad, USA). Tissues were homogenized using Precellys24 Tissue

779  Homogeniser (Bertin Technologies, Montigny-le-Bretonneux, France) 6000 x g for 15 seconds.
780  After centrifugation twice at 21000 x g for 5 min titersin the supernatants were determined by
781  CCIDsg assays (as above) using 5 or 10 fold serial dilutions. The virustiters were determined by
782  the method of Spearman and Karber.

783

784 RT-gqPCR

785  Micefeet or intestine was transferred from RNAprotect Tissue Reagent (QIAGEN) to TRIzol
786  (Life Technologies) and was homogenized as above twice at 6000 x g for 15 sec. Homogenates
787  were centrifuged at 14,000 x g for 10 min and RNA was isolated as per manufacturer’s

788  instructions. cDNA was synthesized using iScript cDNA SynthesisKit (Bio-Rad) and gPCR
789  performed using iTag Universal SYBR Green Supermix (Bio-Rad) as per manufacturer

790 ingtructions with the following primers; CHIKV E1 (Poo et al., 2014b) Forward 5’ -

791 AGCTCCGCGTCCTTTACC -3 and Reverse 5'- CAAATTGTCCTGGTCTTCCTG -3,

792  mRPL13a(Schroder et al., 2010) Forward 5’ - GAGGTCGGGTGGAAGTACCA -3 and

793 Reverse5- TGCATCTTGGCCTTTTCCTT -3'. Serialy diluted sample was used to generate a
794  standard curve for CHIKV and mRPL 13a primers, and this was used to calculate arelative

795  quantity. gPCR reactions were performed in duplicate and averaged to determine the relative
796  quantity in each sample, and CHIKV was normalized to mRPL13ato give relative CHIKV RNA
797  levels.

798

799  RNA-Seq and differential expression analyses

800 TRIzol extracted RNA from mice feet, large intestine and mesenteric lymph nodes was treated
801  with DNase (RNase-Free DNAse Set (Qiagen)) followed by purification using RNeasy MinElute
802  Cleanup Kit (QIAGEN) as per manufacturer instructions. RNA concentration and quality was
803  measured using TapeStation D1K TapeScreen assay (Agilent). cDNA libraries were prepared
804  using the lllumina TruSeq Stranded mMRNA library prep kit and the sequencing performed on the
805 Illumina Nextseq 550 platform generating 75 bp paired end reads. Per base sequence quality for
806  >90% bases was above Q30 for all samples.

807 The quality of raw sequencing reads was assessed using FastQC (Simons, 2010)(v0.11.8) and
808  trimmed using Cutadapt (Martin, 2011) (v2.3) to remove adapter sequences and low-quality

809  bases. Trimmed readswere aligned using STAR (Dobin et al., 2013) (v2.7.1a) to a combined
810 reference that included the mouse GRCm38 primary assembly and the GENCODE M 23 gene
811  modd (Harrow et al., 2012) and CHIKV (GenBank KT449801.1, 11796 bp). Mouse gene

812  expression was estimated using RSEM (Li and Dewey, 2011) (v1.3.0). Readsaligned to CHIKV
813  were counted using SAMtools (Li et d., 2009) (v1.9). Differential gene expression in the mouse
814  wasanalyzed using DESeg2 (v1.32.0) (Loveet al., 2014) with default settingsin R (v4.1.0),

815  which employs Independent Filtering to remove genes with low expression values (Team, 2013).
816 Principle components analyses of 1og, normalized counts were performed using ggpubr

817 (v0.4.0)inR. For the 281 differentially expressed colon genes, expression values were

818  compared by plotting the log, ratio of normalized counts to row meansin a heatmap that used
819  Euclidean distance to cluster genes and samples, with the pheatmap package (v1.0.12) (Kolde,
820 2015)inR.
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821

822  Pathway Analyses

823  Up-Stream Regulators (USR), Diseases or Functions and Canonical pathways enriched in

824  differentially expressed genesin direct and indirect interactions were investigated using

825  Ingenuity Pathway Analysis (IPA) (QIAGEN).

826

827  Functional Enrichment Analyses

828  Enrichment for biological processes, molecular functions, KEGG pathways and other Gene

829  Ontology categoriesin DEG lists was undertaken using the STRING functional enrichment

830 analysisin Cytoscape (v3.7.2)(Shannon et al., 2003; Szklarczyk et al., 2019). Gene Ontology
831  (Ashburner et al., 2000; Gene Ontology, 2021) was also used to interrogate gene lists.

832

833  Gene Set Enrichment Analyses

834  Preranked GSEA (Subramanian et al., 2005) was performed on a desktop application (GSEA
835 v4.0.3) (Broad Institute, UCSanDiago) using the “GSEAPreranked” module. Differentialy

836  expressed “All gene’ lists (after independent filtering in DESeq2), ranked by fold change, were
837 interrogated for enrichment of gene sets from the complete Molecular Signatures Database

838 (MSigDB) v7.2 gene set collection (31,120 gene sets) (msigdb.v7.2.symbols.gmt) and from

839  Blood Transcription modules (BTMs)(Li et a., 2014).

840 We constructed gene sets for Innate Lymphoid Cells ILC1, ILC2 and ILC3 (Supplementary
841  Table 7a) using acomprehensive series of references (Fang et al., 2020; Klose and Artis, 2020;
842  McFarland et a., 2021; Panda and Colonna, 2019) and used these gene sets in GSEAS.

843

844  Histology and immunohistochemistry

845  Feet histology, immunohistochemistry and quantitation of stain were undertaken as previously
846  described (Gardner et al., 2010; Poo et al., 2014a; Prow et a., 2019; Wilson et al., 2017).

847  Briefly, feet were fixed in 10% formalin, decalcified with EDTA, embedded in paraffin and

848  sections stained with hematoxylin and eosin (H& E; Sigma-Aldrich, Darmstadt, Germany). For
849  immunohistochemistry, sections were stained with rabbit anti-CD3 (A0452; Dako, North

850  Sydney, Australia), rat anti-F4/80 (ab6640; Abcam, Melbourne, Australia), goat anti-NKp46
851 (R&D Systems, AF2225), or rat anti-Ly6G (ab2557 NMP-R14; Abcam, Cambridge, MA, USA).
852  Signal was detected using MACH2 Rabbit alkaline phosphatase (for CD3), Rat on Mouse

853  alkaline phosphatase (for F4/80 & Ly6G) or Goat on Rodent alkaline phosphatase (for NKp46)
854  Polymer Detection kits with Warp Red Chromogen (alkaline phosphatase) (Biocare Medical,
855  Pacheco, CA, USA) (for CD3, F4/80 and NKp46), or NovaRed Chromogen Kit (peroxidase)
856  (Vector Laboratories, Burlingame, CA, USA) (for Ly6G). Slides were scanned using Aperio AT
857  Turbo (Aperio, Vista, CA USA) and analyzed using Aperio ImageScope software (Leica

858  Biosystems, Mt Waverley, Australia) (v10) and the Positive Pixel Count v9 algorithm.

859 Eosinophils were labelled with Akoya Opal 620 tyramide (Akoya Biosciences, Marlborough,
860 MA, USA) (Acharyaand Ackerman, 2014; Liu et a., 2006) and staining analyzed by Aperio FL
861  dlide scanner (Leica Biosystems) and Qupath v0.2.3. (Bankhead et al., 2017).

862 For colon, tissue was fixed in 10% formalin, embedded in paraffin and stained with Alcian
863  blue pH 2.5/periodic acid-Schiff (AB/PAS) stain. Quantitation of cells stained dark blue/purple
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864  (neutral mucinsin goblet cells) was undertaken using Aperio Pixel count.

865

866 16SRNA-Seq of micefeces

867 Female C57BL/6J mice (n=48) were randomly placed in holding cages a QIMR Berghofer MRI
868  animal facility (n=6 mice per cage) for 1 week and were fed standard chow and water (Parker et
869 al., 2018). Micewere then reassigned to new experimental cages so that each experimental cage
870  contained 3 mice (i.e. 50% of the standard mouse density of 6 mice per cage (Basson et al.,

871  2020)), with each mouse taken from a different holding cage. After another week on the same
872  chow and water, the cages were randomly allocated into four groups, each group comprising 12
873 micein4 cages. Two groups were then started on M P-supplemented water. This strategy was
874  adopted to minimize the influence of cage effects on the results of the microbiome analysis

875 (Bassonet al., 2020).

876 Fecal pellets were collected fresh from each mousein a cage directly into a screw cap micro
877  tube (Sarstedt) at the indicated times. Pellets were heated at 100°C for 5 min, and sent to

878  Australian Genome Research Facility (AGRF) for RNA extraction and 16S sequencing using
879  V3-V4region primers (Forward 5’ - CCTAY GGGRBGCASCAG -3’ and Reverse 5'-

880 GGACTACNNGGGTATCTAAT -3'. Sequencing was performed on an Illumina MiSeq

881  platform.

882

883  16Sbioinformatics

884  Thebioinformatics analysis involved demultiplexing, quality control, OTU clustering, and

885  taxonomic classification. Paired-ends reads were assembled by aligning the forward and reverse
886  readsusing PEAR (version 0.9.5). Primers wereidentified and trimmed. Trimmed sequences
887  were processed using Quantitative Insightsinto Microbia Ecology (QIIME 1.8.4), USEARCH
888  (version 8.0.1623), and UPARSE software. Using USEARCH tools, sequences were quality
889  filtered, full length duplicate sequences were removed and sorted by abundance. Singletons or
890  uniquereadsin the data set were discarded. Sequences were clustered and chimeric sequences
891  werefiltered using the “rdp_gold” database as areference. To obtain the number of readsin
892  each OTU, reads were mapped back to OTUs with a minimum identity of 97%. Taxonomy was
893  assigned using QIIME. All samples passed quality control metrics.

894 Multivariate statistical analysis of the 16S data was performed using Calypso software (v

895  8.84) (Zakrzewski et al., 2017) with a .biom mapping file and metadata files. Data was filtered
896 by excluding taxathat had less than 0.01% relative abundance, followed by total sum

897  normalization (TSS) combined with square root transformation (Hellinger transformation).

898

899 QUANTIFICATION AND STATISTICAL ANALYSIS

900  Statistical analyses of experimental data were performed using IBM SPSS Statistics for

901  Windows, Version 19.0 (IBM Corp., Armonk, NY, USA). Thet-test was used when the

902 differencein variances was <4, skewness was >-2 and kurtosis was <2. Otherwise, the non-

903  parametric Kolmogorov-Smirnov or Kruskal-Wallis tests were used.

904

905  Supplementary Material

906  The Supplementary Material for this article comprises Supplementary Figures (pdf) and
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907  Supplementary Tables (xIsx).
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Figure 2
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Figure 5
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