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            Abstract
Accumulating evidence indicates that gut microorganisms have a pathogenic role in autoimmune diseases, including in multiple sclerosis1. Studies of experimental autoimmune encephalomyelitis (an animal model of multiple sclerosis)2,3, as well as human studies4,5,6, have implicated gut microorganisms in the development or severity of multiple sclerosis. However, it remains unclear how gut microorganisms act on the inflammation of extra-intestinal tissues such as the spinal cord. Here we show that two distinct signals from gut microorganisms coordinately activate autoreactive T cells in the small intestine that respond specifically to myelin oligodendrocyte glycoprotein (MOG). After induction of experimental autoimmune encephalomyelitis in mice, MOG-specific CD4+ T cells are observed in the small intestine. Experiments using germ-free mice that were monocolonized with microorganisms from the small intestine demonstrated that a newly isolated strain in the family Erysipelotrichaceae acts similarly to an adjuvant to enhance the responses of T helper 17 cells. Shotgun sequencing of the contents of the small intestine revealed a strain of Lactobacillus reuteri that possesses peptides that potentially mimic MOG. Mice that were co-colonized with these two strains showed experimental autoimmune encephalomyelitis symptoms that were more severe than those of germ-free or monocolonized mice. These data suggest that the synergistic effects that result from the presence of these microorganisms should be considered in the pathogenicity of multiple sclerosis, and that further study of these microorganisms may lead to preventive strategies for this disease.
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                    Fig. 1: Suppression of EAE by manipulation of the gut microbiota.[image: ]


Fig. 2: Increased severity of EAE caused by colonization with OTU0002.[image: ]


Fig. 3: Coordinate effects of L.Â reuteri and OTU0002 on EAE development.[image: ]
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                Data availability

              
              The 16S rRNA sequence data, shotgun sequence data, and genome sequence data of L. reuteri and OTU0002 are available from the DDBJ Sequence Read Archive under DDBJ BioProject identifiers PRJDB6615, PRJDB6620, and PRJDB6618 and PRJDB6619, respectively. Source data are provided with this paper.

            

References
	Cosorich, I. et al. High frequency of intestinal TH17 cells correlates with microbiota alterations and disease activity in multiple sclerosis. Sci. Adv. 3, e1700492 (2017).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Yokote, H. et al. NKT cell-dependent amelioration of a mouse model of multiple sclerosis by altering gut flora. Am. J. Pathol. 173, 1714â€“1723 (2008).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Berer, K. et al. Commensal microbiota and myelin autoantigen cooperate to trigger autoimmune demyelination. Nature 479, 538â€“541 (2011).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Miyake, S. et al. Dysbiosis in the gut microbiota of patients with multiple sclerosis, with a striking depletion of species belonging to Clostridia XIVa and IV clusters. PLoS ONE 10, e0137429 (2015).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Jangi, S. et al. Alterations of the human gut microbiome in multiple sclerosis. Nat. Commun. 7, 12015 (2016).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Chen, J. et al. Multiple sclerosis patients have a distinct gut microbiota compared to healthy controls. Sci. Rep. 6, 28484 (2016).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Ochoa-RepÃ¡raz, J. et al. Role of gut commensal microflora in the development of experimental autoimmune encephalomyelitis. J. Immunol. 183, 6041â€“6050 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Cox, L. M. et al. Altering the intestinal microbiota during a critical developmental window has lasting metabolic consequences. Cell 158, 705â€“721 (2014).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ivanov, I. I. et al. Induction of intestinal Th17 cells by segmented filamentous bacteria. Cell 139, 485â€“498 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Atarashi, K. et al. Th17 cell induction by adhesion of microbes to intestinal epithelial cells. Cell 163, 367â€“380 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sano, T. et al. An IL-23R/IL-22 circuit regulates epithelial serum amyloid A to promote local effector Th17 responses. Cell 163, 381â€“393 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jain, R. et al. Interleukin-23-induced transcription factor Blimp-1 promotes pathogenicity of T helper 17 cells. Immunity 44, 131â€“142 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Horai, R., Sen, H. N. & Caspi, R. R. Commensal microbiota as a potential trigger of autoimmune uveitis. Expert Rev. Clin. Immunol. 13, 291â€“293 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Petersen, T. R. et al. Characterization of MHC- and TCR-binding residues of the myelin oligodendrocyte glycoprotein 38â€“51 peptide. Eur. J. Immunol. 34, 165â€“173 (2004).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Krebs, C. F. et al. Autoimmune renal disease is exacerbated by S1P-receptor-1-dependent intestinal Th17 cell migration to the kidney. Immunity 45, 1078â€“1092 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Morton, A. M. et al. Endoscopic photoconversion reveals unexpectedly broad leukocyte trafficking to and from the gut. Proc. Natl Acad. Sci. USA 111, 6696â€“6701 (2014).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Benakis, C. et al. Commensal microbiota affects ischemic stroke outcome by regulating intestinal Î³Î´ T cells. Nat. Med. 22, 516â€“523 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Shimokawa, C. et al. Mast cells are crucial for induction of group 2 innate lymphoid cells and clearance of helminth infections. Immunity 46, 863â€“874 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Furusawa, Y. et al. Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature 504, 446â€“450 (2013).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Okai, S. et al. High-affinity monoclonal IgA regulates gut microbiota and prevents colitis in mice. Nat. Microbiol. 1, 16103 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gong, J. et al. 16S rRNA gene-based analysis of mucosa-associated bacterial community and phylogeny in the chicken gastrointestinal tracts: from crops to ceca. FEMS Microbiol. Ecol. 59, 147â€“157 (2007).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kozich, J. J., Westcott, S. L., Baxter, N. T., Highlander, S. K. & Schloss, P. D. Development of a dual-index sequencing strategy and curation pipeline for analyzing amplicon sequence data on the MiSeq Illumina sequencing platform. Appl. Environ. Microbiol. 79, 5112â€“5120 (2013).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Schloss, P. D. et al. Introducing mothur: open-source, platform-independent, community-supported software for describing and comparing microbial communities. Appl. Environ. Microbiol. 75, 7537â€“7541 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Caporaso, J. G. et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335â€“336 (2010).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	De CÃ¡ceres, M. & Legendre, P. Associations between species and groups of sites: indices and statistical inference. Ecology 90, 3566â€“3574 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Price, M. N., Dehal, P. S. & Arkin, A. P. FastTree: computing large minimum evolution trees with profiles instead of a distance matrix. Mol. Biol. Evol. 26, 1641â€“1650 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Joshi, N. & Fass, J. Sickle: a sliding-window, adaptive, quality-based trimming tool for FastQ files (v.1.33), https://github.com/najoshi/sickle (2011).

	Nurk, S. et al. Assembling single-cell genomes and mini-metagenomes from chimeric MDA products. J. Comput. Biol. 20, 714â€“737 (2013).
ArticleÂ 
    MathSciNetÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Seemann, T. Prokka: rapid prokaryotic genome annotation. Bioinformatics 30, 2068â€“2069 (2014).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Crusoe, M. R. et al. The khmer software package: enabling efficient nucleotide sequence analysis. F1000Res. 4, 900 (2015).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Chikhi, R. & Medvedev, P. Informed and automated k-mer size selection for genome assembly. Bioinformatics 30, 31â€“37 (2014).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zerbino, D. R. & Birney, E. Velvet: algorithms for de novo short read assembly using de Bruijn graphs. Genome Res. 18, 821â€“829 (2008).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Namiki, T., Hachiya, T., Tanaka, H. & Sakakibara, Y. MetaVelvet: an extension of Velvet assembler to de novo metagenome assembly from short sequence reads. Nucleic Acids Res. 40, e155 (2012).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Page, A. J. et al. Roary: rapid large-scale prokaryote pan genome analysis. Bioinformatics 31, 3691â€“3693 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 9, 357â€“359 (2012).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, H. et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics 25, 2078â€“2079 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Morita, H. et al. Comparative genome analysis of Lactobacillus reuteri and Lactobacillus fermentum reveal a genomic island for reuterin and cobalamin production. DNA Res. 15, 151â€“161 (2008).
ArticleÂ 
    CASÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Gevers, D. et al. The treatment-naive microbiome in new-onset Crohnâ€™s disease. Cell Host Microbe 15, 382â€“392 (2014).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank T. Kanaya, T. Kato and T. Takeuchi for their technical support. E.M. is supported by the RIKEN Special Postdoctoral Researcher Program. This work was supported in part by the RIKEN Interdisciplinary Research Program â€˜Integrated Symbiologyâ€™, the RIKEN Pioneering Project â€˜Biology of Symbiosisâ€™, Grants-in-Aid for Young Scientists (B) (26850090 to E.M.) and Scientific Research (A) (19H01030 to H.O.), AMED-CREST (19gm0710009h0006 to H.O.) and the Food Science Institute Foundation (to H.O.).


Author information
Authors and Affiliations
	RIKEN Center for Integrative Medical Sciences, Yokohama, Japan
Eiji Miyauchi,Â Seok-Won Kim,Â Wataru Suda,Â Masami Kawasumi,Â Satoshi Onawa,Â Naoko Taguchi-Atarashi,Â Todd D. Taylor,Â Masahira HattoriÂ &Â Hiroshi Ohno

	Graduate School of Environmental and Life Science, Okayama University, Okayama, Japan
Hidetoshi Morita

	Graduate School of Advanced Science and Engineering, Waseda University, Tokyo, Japan
Masahira Hattori

	Immunobiology Laboratory, Department of Medical Life Science, Graduate School of Medical Life Science, Yokohama City University, Yokohama, Japan
Hiroshi Ohno

	Kanagawa Institute of Industrial Science and Technology, Ebina, Japan
Hiroshi Ohno


Authors	Eiji MiyauchiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Seok-Won KimView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Wataru SudaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Masami KawasumiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Satoshi OnawaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Naoko Taguchi-AtarashiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hidetoshi MoritaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Todd D. TaylorView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Masahira HattoriView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hiroshi OhnoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
E.M. and H.O. conceived the study. E.M. designed and performed the experiments and analyses, and cowrote the manuscript. S.-W.K. and T.D.T. contributed to analysis of the bacterial genome. M.K. and N.T.-A. contributed to 16S rRNA and bacterial genome sequencing. S.O. prepared gnotobiotic mice and helped with the experiments. W.S. and M.H. performed shotgun sequencing. H.M. contributed to generating the gene-deficient bacterial mutant. H.O. directed the research and cowrote the manuscript.
Corresponding author
Correspondence to
                Hiroshi Ohno.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Peer review information Nature thanks Martin Blaser, Vijay Kuchroo and Harmut Wekerle for their contribution to the peer review of this work.
Publisherâ€™s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 Suppression of MOG-specific immune responses by oral treatment with antibiotics.
a, Schematic of treatment of EAE mice with antibiotics (ABX). PTX, pertussis toxin. b, EAE clinical scores for mice given normal (control, con) drinking water, or drinking water containing an antibiotic cocktail (ampicillin, vancomycin, neomycin and metronidazole (AVNM))) (nÂ =Â 5). c, EAE clinical scores for mice given ampicillin in their drinking water (amp-oral) or by daily intraperitoneal (i.p.) injections (amp-i.p.) (nÂ =Â 5). Asterisks indicate a significant difference between the orally treated group and the intraperitoneally treated group. d, Mice were killed on day 10, and splenocytes were restimulated with or without MOG35â€“55. After culturing for three days, the concentrations of IFNÎ³ and IL-17 were measured by ELISA (d, nÂ =Â 3). e, Small-intestinal CD4+ or CD8+ T cells from naive mice (naive), EAE mice (con) and ampicillin-treated EAE mice (amp) were co-cultured with splenic CD11c+ cells from naive mice in the presence or absence of MOG35â€“55 for three days. The cytokine concentrations in the supernatants were measured by ELISA (nÂ =Â 4). ND, not detectable. f, Percentage and absolute numbers of TH1 and TH17 cells in the small-intestinal lamina propria (nÂ =Â 5Â mice). gâ€“k, Representative FACS plots (gated on CD3+CD4+ cells) and summary data of FOXP3+CD4+ regulatory T cells in the small-intestinal lamina propria (g; nÂ =Â 4Â mice) and other tissues (hâ€“j, nÂ =Â 4 mice; k, nÂ =Â 5Â mice). Data are meanÂ Â±Â s.d. Detailed statistics of the EAE clinical scores are summarized in Supplementary Tables 7, 8. ***PÂ <Â 0.001, **PÂ <Â 0.01, *PÂ <Â 0.05. Two-way ANOVA with Bonferroniâ€™s (b) or Tukeyâ€™s (c) test, or one-way ANOVA with Tukeyâ€™s test (dâ€“k). Exact P values are in Source Data.
Source data


Extended Data Fig. 2 Bacterial loads and composition of the small-intestine microbiota, and phylogeny of OTU0002.
a, Bacterial loads in the contents of the small intestine, as determined by qPCR of 16S rRNA (nÂ =Â 5Â mice). Data are meanÂ Â±Â s.d. ***PÂ <Â 0.001, **PÂ <Â 0.01, *PÂ <Â 0.05. One-way ANOVA with Tukeyâ€™s test. Exact PÂ values are in Source Data. b, Phylum-level relative abundance of small-intestine microbiota. c, Principal coordinate analysis plot of unweighted UniFrac distances. Each ellipse shows an 80% confidence interval (nÂ =Â 5Â mice). PC1, PC2, principle coordinates 1 and 2. d,Â Phylogenetic tree based on 16S rRNA gene sequences of OTU0002 and deposited isolates. e, Phylogenetic tree of OTU0002 and related uncultured bacteria. The bacterial reads from human faeces (human faeces 1 and 2) were retrieved from ref. 38 and ref. 6, respectively. f, Representative SEM images of the caecum and colon from OTU0002-monocolonized mice (nÂ =Â 4).
Source data


Extended Data Fig. 3 Modulation of TH17-cell function by SAA.
a, Splenocytes from germ-free mice inoculated with L.Â reuteri or OTU0002 were cultured in the presence or absence of MOG35â€“55 for three days. The cytokine concentrations in the supernatants were measured by ELISA (nÂ =Â 5 mice). b, Percentage and absolute numbers of TH17 cells in the spleen (nÂ =Â 5 mice). c, f, mRNA expression of the indicated genes in tissues of the small intestine (nÂ =Â 5 mice). d, e, Splenocytes from specific-pathogen-free EAE mice were restimulated with MOG35â€“55 in the presence or absence of SAA. d, After culturing for two days, CD4+ cells were enriched by magnetic beads and the mRNA expression of the indicated genes was quantified by qPCR (nÂ =Â 4 mice). e, The cytokine concentrations in the supernatants were measured by ELISA (nÂ =Â 4Â mice). g, Representative FACS plots (gated on CD3+ and CD4+ cells), percentage and absolute numbers of TH17 cells in the small-intestinal lamina propria of naive mice (germ-free, nÂ =Â 6 mice; L. reuteri and OTU0002, nÂ =Â 5 mice). Data are meanÂ Â±Â s.d. ***PÂ <Â 0.001, **PÂ <Â 0.01, *PÂ <Â 0.05. Two-way ANOVA with Bonferroniâ€™s test (a), one-way ANOVA with Tukeyâ€™s test (bâ€“g) or Kruskalâ€“Wallis with Dunnâ€™s test (b, number of IL-17A+CD4+ T cells; c, Saa1, Saa2 and Il12b; d, Rorc and Il17a; f, Csf2; g, number of IL-17A+CD4+ T cells). Exact PÂ values are in Source Data.
Source data


Extended Data Fig. 4 Microbiota-dependent proliferation of MOG-specific 2D2 TCR T cells in the small intestine.
a, b, Representative FACS plots (gated on CD3+ cells) and percentage of Ki67+CD4+ T cells and absolute number of CD4+ T cells in the small-intestinal lamina propria (a, nÂ =Â 6 mice) and spleen (b, nÂ =Â 4 mice) of wild-type and 2D2 mice. c, Percentage of Ki67+CD4+ T cells and absolute numbers of CD4+ T cells in the small-intestinal lamina propria of non-treated or AVNM-treated (+AVNM) 2D2 mice (nÂ =Â 4 mice). d, Percentage of Ki67+ in 2D2 TCR (VÎ±3.2+VÎ²11+) cells (nÂ =Â 4 mice). Data are meanÂ Â±Â s.d. PÂ values were calculated using two-tailed unpaired t-test.
Source data


Extended Data Fig. 5 Induction of EAE by mimicry peptide.
a, Candidate mimicry proteins (matching TCR-binding residues of MOG40â€“48, shown in bold) were observed in the contents of the small intestines of control mice. Left, presence or absence of each candidate. The candidates observed in all five mice were used as references for the analysis shown in Fig. 3a. b, Splenic CD11c+ cells pretreated with indicated antibodies (Ab) were co-cultured with CD4+ T cells from mesenteric lymph nodes of 2D2 TCR mice in the presence of indicated peptides for four days. Representative FACS plots (gated on CD3+ cells) and summary data are shown (nÂ =Â 4). c, Mesenteric lymph nodes from wild-type or 2D2 mice were stimulated with indicated peptides for four days. Representative FACS plots (gated on CD3+CD4+cells) and summary data are shown (nÂ =Â 6). d, CD4+ T cells from the spinal cord of EAE wild-type mice were co-cultured with splenic CD11c+ cells from naive wild-type mice in the presence of indicated peptides for three days. The concentrations of IFNÎ³ and IL-17 were measured by ELISA (nÂ =Â 6). e, f, Wild-type mice were immunized with MOG38â€“50, UvrA or vehicle (PBS). EAE clinical scores are shown in e (nÂ =Â 6). mRNA expression of the indicated genes in the spinal cord is shown in f (MOG, nÂ =Â 5; PBS and UvrA, nÂ =Â 6). g, Left, representative images of spinal cord sections stained with luxol fast blue. Right, demyelinated area in the white matter was calculated. Scale bars, 500Â Î¼m (g) (PBS, nÂ =Â 3; MOG and UvrA, nÂ =Â 4). h, RNA and DNA were extracted from the small intestine, caecum (Cec) and colonic contents (Col) of naive mice, and qPCR was performed using uvrA-specific primers. The RNA/DNA ratios of the uvrA gene are shown (nÂ =Â 5). Data are meanÂ Â±Â s.d. ***PÂ <Â 0.001, **PÂ <Â 0.01, *PÂ <Â 0.05. Two-way ANOVA with Bonferroniâ€™s test (b), Kruskalâ€“Wallis with Dunnâ€™s test (c, d IFNÎ³, f, h) or one-way ANOVA with Tukeyâ€™s test (d IL-17, g). Exact P values are in Source Data.
Source data


Extended Data Fig. 6 Effects of co-colonization with L. reuteri and OTU0002 on TH17 cells.
a, Left, representative images of spinal cord sections from EAE-induced germ-free mice or germ-free mice colonized with the indicated strains, stained with luxol fast blue (left). Scale bars, 500 Î¼m. Right, the demyelinated area in the white matter was calculated. The combined results of two independent experiments are shown (germ-free and OTU0002, nÂ =Â 8; L. reuteriÂ +Â OTU0002, nÂ =Â 6). b, Absolute numbers of CD4+ T cells in the spinal cord (germ-free and OTU0002, nÂ =Â 8; L. reuteriÂ +Â OTU0002, nÂ =Â 6). c, The splenocytes and small-intestinal lamina propria cells were cultured in the presence or absence of MOG35â€“55 for three days. The cytokine concentrations in the supernatants were measured by ELISA (nÂ =Â 5 mice). d, Percentage and absolute numbers of FOXP3+CD4+ regulatory T cells in the small-intestinal lamina propria (nÂ =Â 5 mice). e, mRNA expression of the indicated genes in the small-intestine tissue (nÂ =Â 5 mice). f, Percentage and absolute numbers of TH17 cells in the spleen (nÂ =Â 5 mice). Data are meanÂ Â±Â s.d. ***PÂ <Â 0.001, **PÂ <Â 0.01, *PÂ <Â 0.05. Kruskalâ€“Wallis with Dunnâ€™s test (a, e), one-way ANOVA with Tukeyâ€™s test (b, d, f) or two-way ANOVA with Bonferroniâ€™s test (c). Exact P values are in Source Data.
Source data


Extended Data Fig. 7 Coordinated effects of SFB and L.Â reuteri on EAE development.
a, The abundance of SFB and L. reuteri in the contents of the small intestine. qPCR with specific primers for SFB and Lactobacillus was performed (nÂ =Â 5 mice). P value (two-tailed unpaired Mannâ€“Whitney test) for the difference in SFB abundance is shown. b, c, EAE clinical scores (b) and incidence (c) of germ-free mice monocolonized with SFB and co-colonized with SFB and L. reuteri (nÂ =Â 5). Asterisks indicate a significant difference between the monocolonized group and the co-colonized group. Detailed statistics of the EAE clinical scores are summarized in Supplementary Table 9. d, mRNA expression of the indicated genes in the small-intestine tissue (nÂ =Â 5 mice). e,Â Representative FACS plots (gated on CD3+ and CD4+ cells), percentage and absolute numbers of TH17 cells in the small-intestinal lamina propria (nÂ =Â 5 mice). e, Representative FACS plots (gated on CD3+ cells) and summary data of Ki67+CD4+ T cells in the small-intestinal lamina propria are shown (nÂ =Â 5 mice). Data are meanÂ Â±Â s.d. ***PÂ <Â 0.001, **PÂ <Â 0.01, *PÂ <Â 0.05. Two-way ANOVA with Tukeyâ€™s (b) or one-way ANOVA with Tukeyâ€™s test (dâ€“f). EAE incidence was analysed by two-tailed logâ€“rank (Mantelâ€“Cox) test (c). Exact P values are in Source Data.
Source data


Extended Data Fig. 8 Generation of uvrA-deficient L. reuteri.
a, Schematic of the genomic structure of the uvrA gene of L. reuteri (L. reuteri wild type), the targeting vector and the resultant mutant (L. reuteri Î”uvrA) generated by homologous recombination containing the erythromycin-resistance gene (ermAM). The NdeI and SpeI restriction sites are indicated by NI and SI, respectively. b, PCR analysis of genomic DNA from L.Â reuteri and L. reuteri Î”uvrA using uvrA- and ermAM-specific primers. c, Southern blot analysis of NdeI- and SpeI-digested genomic DNA from L. reuteri and L. reuteri Î”uvrA. Probes A and B, depicted in a, were used to detect genomic fragments present in both strains and only in L. reuteri Î”uvrA, respectively. The experiments were independently repeated two times with similar results (b, c). For gel and blot source data, see Supplementary Fig. 1.


Extended Data Fig. 9 Effect of uvrA-deficient L.Â reuteri on MOG-specific 2D2 TCR T cells.
a, Germ-free wild-type or 2D2 mice were monocolonized with L.Â reuteri wild-type strain or a uvrA-deficient strain (Î”uvrA). The percentage and absolute numbers of Ki67+CD4+ T cells are shown (wild-type mice with Î”uvrA, nÂ =Â 3; wild-type mice and wild-type strain, and 2D2 mice and Î”uvrA strain, nÂ =Â 4; 2D2 mice and wild-type strain, nÂ =Â 5). b, Representative FACS plots (gated on CD3+CD4+ cells) and summary data of Ki67+ 2D2 TCR (VÎ±3.2+VÎ²11+) cells in the small-intestinal lamina propria are shown (nÂ =Â 5 mice). c, d, Germ-free wild-type mice were co-colonized with OTU0002 and a wild-type or uvrA-deficient L. reuteri strain, and EAE was induced. The abundance of L. reuteri and OTU0002 in the contents of the small intestine was quantified by qPCR with specific primers for Lactobacillus and Allobaculum (d) (nÂ =Â 4 mice). Representative FACS plots (gated on CD3+ and CD4+), percentage and absolute numbers of TH17 cells in the small-intestinal lamina propria are shown (e) (nÂ =Â 4). Data are meanÂ Â±Â s.d. ***PÂ <Â 0.001, **PÂ <Â 0.01, *PÂ <Â 0.05. One-way ANOVA with Tukeyâ€™s test (a) or two-tailed unpaired t-test (b). Exact PÂ values are in Source Data.
Source data


Extended Data Fig. 10 Model of the role of microorganisms of the small intestine in EAE.
Two key microorganisms coordinately activate MOG-specific T cells in the small intestine. Mimicry peptides (UvrA) expressed in L.Â reuteri (OTU0001) trigger TCR signals, and OTU0002-induced pro-inflammatory factors (SAA and IL-23) increase the pathogenicity of MOG-specific TH17 cells. The activated cells may migrate into the spinal cord and induce demyelination.
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Supplementary Figures Supplementary Figure 1: Raw gel and blot data from Extended Data Fig. 8b and 8c. Red boxes indicate the cropped area used in Extended Data Fig. 8b and 8c.
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Supplementary Table Supplementary Table 3: Detailed statistics of the EAE clinical scores shown in Fig. 1a. Data represent the mean Â± s.d. (a). P values were calculated with one-way (a) or two-way ANOVA with Tukeyâ€™s test (b).
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Supplementary Table Supplementary Table 4: Detailed statistics of the EAE clinical scores shown in Fig. 2d. Data represent the mean Â± s.d. (a). P values were calculated with one-way (a) or two-way ANOVA with Tukeyâ€™s test (b).
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Supplementary Table Supplementary Table 5: Detailed statistics of the EAE clinical scores shown in Fig. 3d. Data represent the mean Â± s.d. (a). P values were calculated with one-way (a) or two-way ANOVA with Tukeyâ€™s test (b).
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Supplementary Table Supplementary Table 6: Detailed statistics of the EAE clinical scores shown in Fig. 3h. Data represent the mean Â± s.d. (a). P values were calculated with two-tailed unpaired t-test (a) or two-way ANOVA with Bonferroniâ€™s test (b).


41586_2020_2634_MOESM9_ESM.xlsx
Supplementary Table Supplementary Table 7: Detailed statistics of the EAE clinical scores shown in Extended Data Fig. 1b. Data represent the mean Â± s.d. (a). P values were calculated with two-tailed unpaired t-test (a) or two-way ANOVA with Bonferroniâ€™s test (b).
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Supplementary Table Supplementary Table 8: Detailed statistics of the EAE clinical scores shown in Extended Data Fig. 1c. Data represent the mean Â± s.d. (a). P values were calculated with one-way (a) or two-way ANOVA with Tukeyâ€™s test (b).
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