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Abstract

Background: Variation in induced models of autoimmunity has been attributed to the housing
environment and its effect on the gut microbidtan Gr a v e s 0, adtoastieodisséo ( GD)
the thyrotropin receptor (TSHR) caus@toimmunehypertlyroidism. Many GD patients
devel op GravesO6 orbitopathy ( Gdelng iocdludingact er i
adipogenesisMurine models ofGD/GO wouldhelp delineatgpathogenetienechanisms and
although several have beareported most lack reproducibdity. A model comprising
immunization offemale BALBc mice with aTSHR expression plasmid using vivo
electroporationwasreproduced in two independent laboratar&snilar abital disease was
inducedin both centes, but differencesvereapparenie.g hyperthyroidism inCenterl but

not Center2). We hypothesized role for the gut microbiotafluencingthe outcome and
reproducibility of inducedO.

Results We combined metataxonomi@sS rRNA gene sequencirg)dtraditionalmicrobial

culture of he intestinal contents from the GO murine modegrtalyzethe gut microbiotan

the two centers We observed significant differences alpha, betaliversity andin the
taxonomic profilese.g.Operational Taxonomic Unit€XTUs) from the genusLactobacilus
weremore abundant i€enter 2BacteroidesandBifidobacteriumcountsweremore abundant

in Center 1lwhere we also observed a negative correlation betwe=®TUs of thegenus
Intestinimonasand TSHR autoantibodiesTraditional microbiology largely anfirmed the
metataxonomicglata and indicated significantly higher yeast countsGaenter 1TSHR-
immunized miceWe also compared thgut microbiotabetweenmmunizationgroups within
theCenter 2comprisingthefSHRorb gal contr ol i mmuni zed mice
We observed a shift of the TSHR immunized mice bacterial communities described by the

betadiversity weighted Unifrac. Furthermore, we observed a significant positive correlation
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between the presenc&firmicutesand orbitaladipogenesispecificallyin TSHR-immunized
mice.

Conclusions The significant differences observed in microbiota composition from BALBc
mice undergoing the same immunization protocaamparablepecificpathogen fre¢SPF)
units in differentcenterssupport arole for the gut microbiota in modulating the induced
response. Thgut microbiota might als@ontribute tothe heéerogeneity of induced response
since we report potential diseaagsociated microbial taxonomies and cotretawith ocular

disease.

Keywords: Gravesd6 orbitopathy; Gravesd6 disease;

TSHR, Metataxonomics; Orbital adipogenegtgmicutes
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Background

The poor reproducibility of murine models of human diseasehas become a puzzling
phenomenon inecentdecads. Apart fromthe genetic background of the strains usedibhe

of animalhousing, diet andven thevendor can influence disease phenotyhé [

I n Gravesod di sease ( GD),inwavochodéscoald lrelst@unr@velb i t o p a
the pathogestic mechanisms leading to autoimmunégd identify new therapeutic targets.

[3]. The lack of spontaneous models of GD and GO necessitates induction of disgese
laboratory conditiongreviewed in f]).

Graves o0 di s e-apeaficantbodgnediated ayt@immune diseageyerned by both
genetic predisposition and environmental factamswhich thyroidstimulating antibodies
(TSAb) mimic the function of thyroidtimulating hormone (TSH) to activateet thyrotropin
receptor (TSHR). Moreover, the presence of thystichulating blocking antibodies EBAD),

which inhibit the TSHR signaling cascade, and neutral antibodies to TSHR have been described
in GD [5]. GD symptoms include hyperthyroidism, weigbs$,heat intolerance and tremors

it affectsabout 2% of the population in the UK, witéifemale predominance. Abo20% of

GD ©patients devel op an eye di sease, Gr ave
characterized by prmflammatory cells and tissugemodeling (extraocular muscle
inflammation,adipogenesis, ovgroduction of extracellular matrix)in the orbit[6].

Several GD mouse models have been developed using different immunization protocols with
no signs of concomitant eye diseasepreviouslyeviewed #,7-8]. Ludgate and colleagues
established a TSHiduced GO model by genetic immunization; i.e. injecting BSHR
expression plasmi®]. Mice developed thyroiditiplussome aspects of GO and disease could

be transferred to naive recipients ngsithe TSHRprimed T cells from the genetically
immunized mice. However, the modabuld not be reproduced a different animal unit

(neitherwas specifiepathogen fre€SPH) and theTSHR-induced disease waglite distinct
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from thatpreviouslydescribedwhich the authorsgstulated might be due to mian@ganisms

[10]. It hasalsobeen reported that TSHiFnmunized mice from a conventional environment

had higher and more persistent TSAb levietsmice inSPF unitd11].

Recently, BerchnePfannschmidt ahcolleagueseported the induction of Glike diseasen

two independenBPF unit§12]. Theimmunization protocolitilized genetic deliverypf TSHR
A-subunit plasmid by close field electroporation, which $dadeatures ofGD accompanied

by symptoms okye disease, such as adipogenesisiaft@mmatory infiltrates in the orbit

[7,13. Controls receivedp | as mi d e ngalda ;mtgo g ihdkca she (bptheal ) ge
same procedurdlost aspects of the model weeproduced successfullgpwever there was
heterogeneity in induced disease and differences in thyroid function in the animals undergoing
experimental GO in the two locatiof$2).

Over the yearshe gutmicrobiotahas been associated with several diseak&47 and its
confoundingrole in establishing or reproducing disease phenotype in murine niadelso

been proposed. ).

The murinemodelof multiple sclerosisexperimentabutoimmune encephalomyelitis (EAE)
seems to béighly influenced by the gut microbiot®ral antibiotic immunization and
consequent depletion of the gut bacteviefprediseasanduction, resulted in protectionoim
disease development, along with reducipro-inflammatory mediators such as-17 and

an increased ThEnmune responself]. On the contrary, the intestinal monocolonization of
germ free mice(sterile) with segmented filamentous bacteria (SFB) aext the disease
phenotype, along with an increased number of Th17 cells in the CNS, suggesting a direct
interplay of the gut microbiota and the immune response in EAE developd@ent [

Based on these observations, we hypothesized that the gut micitdailbtaight play a major

role not only in the establishment, but also in the reproducibility of the GO animal model

describedabove The presence or absence not only of pathogens, but also of symbiotic and
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commensal bacteria can favor an immune respomse prone to inflammation and conducive

to autoimmunity 21].

We aimed tocharacterizefor the first time,the gut microbiota of th&D/GO models via a
combination of metataxonomics (16S rRNA gene sequencingjaditionalmicrobial culture
approachesNe comparedhe gut contents off SHRimmunized mice fronthe two centerto
understandwhether variationin gut compositioncould explaindifferences in the disease
induced Within one center we then characterized thgut microbiota between different
immunizations( TSHR and bgal) with duntreatednipices taletermingd e m

whether the guticrobiota can influencthe outcome and correlate with disease features.

Materials and methods

GO preclinical mouse model samples

Mouse samples used in the present weeke obtained from a recent study], conducted in

parallel in two independent animal housing unitsder comparabl8PFconditions.Animal
procedures in center 1 were reviewed and afy
College London and conductedth Personal and Project licenses under United Kingdom

Home Office regulations. Animal procedures in center 2 were reviewed and approved by North
Rhine Westphalian State Agency for Nature, Environment and Consumer Protection
(LANUV), Germany Samplesfrm t he ani mal unit of Kingbs Cc
ref er r e dentedoaadsncluddde tofal of 5 TSHRMMunizedmice (TSHR). Samples

from the University of Duisbue s sen ( Ger many) wi | Centderz® , r ef er
including 10 TSHRmmunized( TSHR) , 8 bgal plasmid control s
(included as a background control), as showhabhle 1.

The GO immunization protocol has been previously describ&d Briefly, 6-8 weeks old

BALB/cOlaHsd female mice were immunized via intiasaular injectioninto each biceps
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femoris muscle[22] and electroporation of either the eukaryotic expression plasmid
pTriEx1.1NeehTSHR (hTSHR289) (TSHR group) or the control plasmid pTriEx1.ibleo

gal (plasmidc ont r ol , ABaniandls, whetbeliSHRorb gal contr ol s, rec
of four plasmid injections at three wegttervals of the experiment (0, 3, 6, 9 weeks).

Each mouse was anesthetized using isoflurane with a properly calibrated vaporizer throughout
the immunization procedure (inggan and electroporationhfter theimmunization, mice were
carefully transferred to a recovery cage until fully recovered.

Mice in Centerl were maintained conventionally in open cages in one room andused at

a maximum of 3 animals per cade.Certer 2, the mice were ctoused according to their
immunizatiors, 24 animalsper individually ventilated cagen one room.All mice were
provided bydifferent outlets othe same supplier (Harlan Ltd or Harlan laboratories. BiV)

both centers, miceeceived autoclaved water and hiaglen fedad libitumsimilar commercial
chowfrom different suppliergRat and Mouse no.Maintenancdrom Special Diet Services,

LBS Biotech UK for Center 1 and Rat/Mouse MaintenantE534-300 from Ssniff
Spezialadiaten GmbH, @eany, for Center 2)Also the cage bedding was from different
suppliers.

All immunized and control mice in both locations were sacrifinge weeks after the last
immunization (18 weeks) to permit the development of the chronic phase of the disease in th
TSHR group(Additional file 1: Figure S1).

After sacrifice, murine intestines were sffagp o zen and stored in ster.i
For subsequent analysis, whole intestines were thawed and directly afterwards placed on a
sterile padding. The orgarwere dissected into two or three parts andctmentof all parts

was scratched out from oral to aboral end with a sterile inoculation loop resultingsarmpie

per mouse, whickvas collected in a sterile container and frozei8@tC until neededNithin
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theCenter2only,fecalp el | et s

of

bgal a netre disgchllBcted bafora n i

eachinjection(week 0, 3, 6, 9). Total DNA was extracted frigoal pellets as described below.

Methods for: i) the evaluation of clinical symptemi) the determination ofhe thyroid

hormone thyroxine blood levels(fT4) and TRAB (both stimulating TSAb and blocking

zed

TSBAb) antibodies, iii) the measurement of the expansion of fat cells (adipogenesis) and

muscular atrophy in the orbit have been already descrit#dA full description ofthe mice

involved and samples collected in the present stutgpiesented ifable 1.

Table 1Description of the mouse groups involved in this study

No. of animals Immunization Centes Source Timepoint
5 TSHR 1 Intestinalscraping T4
10 TSHR 2 I.S/Feces TO-T4*
8 bgal 2 I.S/Fees TO-T4*
6 Untreated 2 .S/Fecs T4°

A total of 23 female BALB/cOlaHsd,-8 weeks old mice were challenged either with the pTriEx1.1Neo
hTSHR toinducedisease (TSHR group) or with pTriEx1l.1Nl@al as a plasmid controlrgo u p

group). Independent SPF animal units were based in Loi@kmt€rl) and EssenGenter2). An untreated
group of 6 mice has been included as a background control. Sacofiation comprisedof intestine
scraping(l.S.) from Centerl and bothfecal pellets and.S. within the Center2. *Feal pelletso f
TSHR immunized mice have been collected beforeérmnunization(T0) and during the time course of the
immunization protocol until the sacrifice (T4), as representedididitional file 1 Figure S1 °Untreated

mice were sampled at T4 befofedal) and after the sacrificenfestinal scraping

Traditional microbial cultures of mousegut contents

bgal

A total of 29scrapedntestinalsamples (Table 1) derived fro@enterl andCenter2 were

analyzed. One gram é&&ces per mouse was diluted in 9 ml ypeeluced maximum recovery

diluent (CM0733, Oxoid, Basingstoke, United Kingdom) with 20% v/v glycerol and the

solution was mixed by vortexing for 5 s. Afterwards;fa@ serial dilutions were ppared

(bgal

and

and 100pl of each dilution was plated onto different culture media under aerobic or anaerobic

conditions (Anaerobic Workstation, AW400SG, Elektrotek, Keighley, West Yorkshire, United

Kingdom). Specific media, culture conditions and dilution usesidiate different bacteria are

listed inAdditional file 2.



160 Bacteria were identified by Gram staining, colony morpholtdggpresence of spores, catalase

161 reaction and partially by the API system (BioMerieux, Marcg £t oi | e, France
162 bacterial cellcounts were enumerated and all counts were recorded as the numbers of log 10
163 colony forming units per gram of sample. Counts data were@nx transformed before

164 statistical analysis?3]. Mouse groups were compared through the AnslgEvariance (one

165 wayANOVA)and Tukeyods multiple dowalupsari sons test

166 Extraction of total DNA from gut contents andfeces and 16S rRNA gene sequencing

167 A total of 29scrapedntestinalsamples and 9fecal pellets were individually placed in 2mL

168 tubes pefilled with 0.1mm silica and zirconia bead mix (Benchmark Scientific, Edison, USA),

169 dissolved in 1mL InhibitEX buffer (Qiagen Ltd, West Sussex, UK) and vortexed until

170 homogenized. A beabeating step (Beadbug microcentrifuge homogenizer, Benchmark

171 Scientfic, USA) was applied for 3 x 60sec at 5m/s with 5 min redtdtween. The DNA

172 extraction has been performed with QiAmp Fast DNA Stool Mini kit (Qiagen Ltd, UK),

173 following the manufacturegd sinstruction. Total genomic DNA wa®luted in sterile

174  microcentrfuge tubes andquantified by Qubit Fluorimetric Quantitation (ThermoFisher

175 Scientific Ltd, UK), following manufacturer's instructions. DNA aliquots were keg2@iC

176 until used. Sequencing of the variable regions of the 16S rRNA gene was performed at
177 Research and Testing Laboratory 0. (Lubbock, Texas, USA). Primers used to amplify the

178 V1-V2 regions of 16S -GANAGAHATENTEGCAUTEAGS: 0 )2 &l d( B@ 8 |
179 ( 5T&CTGCCTCCCGTAGGAGT3 6 ) . Sequencing was perfor med

180 (lllumina, San Dego, USA), with 10K paire@nd sequencing protocol.

181 Processng and statistical analysis of ratataxonomic data

182 Processing of the sequences was performed using Mothur v1.36, to reduce possible PCR effects

183 and to cluster sequences into Operational Taxonbmiis (OTUS) at the 97% identity coff



184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

andprovide the taxonomic annotatior®]. Pairedend reads (R1 and R2) were joined for each
sample using the Mothur functi dleandd7TdWike. cont i
on the distribution lengthsf the amplicons. Sequences with any ambiguities (i.e. Ns) were
removed by setting parameter N=0. Filtered sequences were aligned against the SILVA 16S
rRNA gene reference database (http://wwwsihza.de). Removal of chimera sequences was
done with the Whime tool R5]; singleton and noibacterial sequences (e.grchaea
Eukaryotic, Chloroplast and Mitochondria) have been removed from the analysis. The
taxonomic assignment from phylum to genus level of the processed sequences was done using
the RibosomaDatabase Project (RDP) Naive Bayesian Classifier, using Trainset 14 with a
cut-off of 80% [26]. FastTree (version 2.1.7) has been used to lapltylogenetic tree, using

an approximated maximum likelihood solved by JuKesitor evolutionary modeRJ]. To

reduce the effect of possible different sampling methods and to obtain comparable sequencing
libraries, each sample library has been subsampled based on the smallest library size. OTUs
with less than 10 counts have been excluded from the dataset apdegtbu a slowo QT @ n d
the analysis has been performed collapsing OTUs at the plgdaos levels. Statistical
analysis was performed in R (Version 3.2.2) and STAMP tool for metataxonomic data analysis
[28].

Alpha diversity indices (Observed OTUs, ChaoCEAand Shannon) were calculated within
samples from Mothur and tested for association with covariates (e.g. locations and
immunizatony using a | inear model , foll owed by
(HSD) posthoc analysis.

Beta diversity was désnated using the Unifrac weighted distance to compare bacterial
communities among sample9], and represented in a Ndwetric Dimensonal Scaling
(NMDS) plot. The prmutationalmultivariate analysis of variancPERMANOVA) was

calculated through the Adés function[30] in R Vegan packagei$ing999 permutations) and

.
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was used to test the association between the microbiota composition and the covariates (e.g.

location of the laboratories anmunizations.

The hierarchical clustering of genera was penkd using the Spearman distance and the Ward

agglomeration methodtatistical tests witPO 0 . 0 5

Over multiple timepoints, the effects of time, immunizasiand their interactions, have been

wer e

c dieasti der ed

estimated on th&ecal microbioa composition, all by means of the following linear model:

(&) ©YQE Q06 6 0 € QG w SYREEQOG & 6 £ QA woNE &

where y is the vector of eitheslphadiversity Chao or Shannon imks or of the

Firmicutes/Bacteroidetestio calculatedrom the relative abundanceseach samplateach

timepoint e 1Is the

as S

overall tmeneenp;oitnitme ni sc)| talses es f

immunizationn s t he type of i mmuni z 3heifactarial ibteraction er t h

betweenmmunizationand time has also been included in the maslelthe vector of residual

effectsCompar i son bet wedammuniZatprest each tindepoinashiadeusing

the pairwise Ttest with BenjamirHochbergcorrectionfor false rate discovery (FDR)

To test differences in phylum and genus counts betwaetunizationsand timepoints, the

same model was used in the generalized linear model (GLM) implemented in the EdgeR

package 31]. Pairwise comparisons of playn and genus counts between timepoints and

immunizatonhh ave been

assessed

wi t h

Fi

sher 6s

Exact

Correlations of either the taxonomy counts (phylum and genus relative abundances) or the

microbial counts from theaditionalculture gproach and disease features, such asT&HiR

antibodies and thyroid hormortayroxine levels (fT4), orbital adipogenesis or muscular

atrophy values, were estimated using the Spearman correlation coefficient (Rho) and

represented in a correlation plosing the R Corrplot packagadditional statistical methods

are described in Additional file 2.

10



233 Results

234  Sequencing metrics

235 From 16S rRNA gene sequencing (V2 regions), a total of 5,333,798 reads were obtained
236  which reduced td,047,186 readafter quaity filtering. Following alignment, we obtained an
237 average of 20,534 reads per sample, ranging fr@®23o 134,901. Subsampling per library
238 size resulted in a 96% average coverage per OTU definitiof032 8eads per sample. The
239 averaged coverage andbsampling was sufficient to describe gut bacterial communities
240 according to sequerndmsed rarefaction curvédata not shown).

241 We identified a total of 281 OTUs: 1037 OTUs had more than 10 counts across samples, and

242 were retained.

243 Comparative analysisof the gut microbiota of GO preclinical mouse models in different

244  centers

245 To assess whether the microbidtas an impact on the GO mouse model in different
246 laboratories, we compared that microbial conterg of 5 TSHR mice fronCenterl and10

247 TSHRimmunized BALB/c female mice frortenter2, after sacrifice (T4).

248 Comparison of the alphdiversity indices showed a significant reduction in the richness
249 (P=0.01), but not in the diversity of th@enter2 microbial community P>0.05, FigurelA).

250 The gut micobiota composition from the tweentes showed a good separation according to
251 the Spearman distance and Ward hierarchical clustering (HiBiirand a PERMANOVA test
252 on the weighted Unifrac distances revealed a spatial difference between bacterial c@amuni
253 (P=0.005 with 999 permutationEjgure 10.

254 At a phylum level Bacteroidetesand Firmicuteswere the most represented of the 7 phyla
255 identified, with no differences between them in the teaters(P=0.99). Lactobacillaceage

256 RuminococcaceaandPorphyomonadaceaéamilies were more abundant@enter2 than in

11
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Center 1 TSHR mice (P<0.01, FigurelD). We observed significant differences in the
abundance atighteergenera between the tveentes, as detailed in Table 2

From thetraditionalmicrobial cuture of thegut contents, we observed differences in yeasts
(P=0.03186),Bacteroides(p<0.0005) and total anaerobd3=0.00081) counts, which were
found to be enriched in ti@enterl comparedvith theCenter2 TSHR micg(Table 3). Cultures
from mousentestinal scrapingf theCenter2 did notcontainany total clostridiaBacteroides

or yeasts, aneve were able to culture enterobactefta,coli and coliforms from onlyone
mouse from this groufic.coliand coliforms were also the leabuadant in th€enter2 TSHR
mice (Figure 1E). Furthermore, sincéfersinia enterocoliticahas been implicated in GD

pathogenesif32] we usedselective agar plates fdfersiniasp. butno Yersiniacolonies grew.

12



268 Table 2 Genera differentially abundant betwe€ente 1 (n=5) andCenter2 (n=10) TSHR
269 immunized micentestinal scrapedamples

270
Genera Centerl: mean freq. (%) CenteQ&(yrSean freg. P values

Allobaculum 1.001 0.003 0.042
Alloprevotella 6.135 0.432 0.003
Bacteroides 9.370 1.525 0.017
Bifidobacterum 0.668 0.006 0.003
Clostridium XI 0.840 0.000 0.005
Coprobacter 1.835 4.226 0.033
Fusicatenibacter 0.989 3.295 0.032
Guggenheimella 0.006 0.169 0.011
Helicobacter 0.200 0.000 0.024
Intestinimonas 0.097 0.861 0.000
Lactobacillus 2.304 18.632 0.030
Lactonifactor 0.023 0.401 0.025
Meniscus 1.149 0.000 0.000
Oscillibacter 0.640 1.748 0.011
Parabacteroides 0.292 0.031 0.015
Pseudoflavonifractor 0.154 0.466 0.028
Rikenella 3.921 1.216 0.004
Turicibacter 3.629 0.000 0.002

271

272 ANOVA wit h Tu&tkog analysisl @30 cpnéidence interval), generated with STAMP
273 Mean freq: mean frequency (%).

274 Table 3 Traditional microbiologyresultsfrom TSHRimmunizedmouseintestinal scraping
275 from Centerl (n=5) andCenter2 (n=10)

Microbial target Centerl: mean counts Center2: mean counts P values

Bacteroides 1.15E+05 b.d.l. 0.000
Bifidobacteria 6.41E+06 1.32E+06 0.057
Coliforms 3.27E+02 1.15E+03 0.453
E.coli b.d.l. 8.45E+02 0.499
Enterobacteria b.d.l. 6.82E+02 0.499
Enterococci 1.74E+05 6.10E+06 0.247
Lactobacilli 1.93E+06 4.68E+06 0.725
Staphylococci 1.31E+05 3.77E+05 0.175
Total aerobes 4,18E+05 9.90E+06 0.370
Total anaerobes 6.75E+06 7.39E+05 0.001
Total Clostridia 2.46E+04 b.d.l 0.165
Yeast 8.72E+01 b.d.l 0.031

276 b.dl.: below detection limit. Detection limits are the follawgiaccording to the agar usd®00 CFU/g
277 feces forBacteroides 100 CFU/dfeces forE.coli and coliforms as well as fongrobacteria, and 10

13
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CFUI/qg feces for total tostridia and yeasts, respeiy. Microbiological counts were Boe&ox
transformedP values obtainedy linear regression.

Gut microbiota differencesin immunized and control mice within the Center 2

To observe the possible contribution of the gut microbiota in the disease, weedrgagut
microbiota compositiorbetweenimmunization groupsin mice within the Center2. No
significant differences were observedalphadiversity indices amongnmunizations apart
from the Abundancdased Coverage Estimator (ACE) index between atg#gdeand TSHR
groups (FigureA, P=0.01). The ACEindex relies on the presence of rare OTB®, which

were more abundanin the untreated group compared to ghasmidimmunizedmice The

bgal group showed a slightly skeompaledbthat ri bu

others;however the posthoc comparison was not significant.

The noametric dimensional scaling (NMDS) of the weighted Unifrac distances matrix showed

a sepaation of the threenmunizationgroups, also confirmed by the permutation tBs0(01,

999 permutations; Figu2B) . bgal bacterial communities wer

mice, while we observed a spatial shift of the TSHR immunized bactenahanities.

OTUs from Bacteroidetesand Firmicutes phyla were the most abundant among the phyla

identified (Figure2C) and showed a different distribution pattern amongunizedgroups.
In particular, Firmicutes counts were higher in TSHR immunized mide=@.05) and

Bacteroidetesvere found to be higher in the untreated grdg(012).At a genus level, eight

genera were differentially abundant bet ween

TSHR and the wuntreated group auntdeated group
(Additional file 3: TableS1). We found an enrichment of OTUd Acetitomaculungenusin
t he bgal group c o PAY.A0%)eadd the auntrdated dgroupFQDBBIRan (
enrichment ofLactobacillusOTUs in the TSHR compared to the untreated gré#®.018)
andareductionof Bacteroidescounts in TSHR when compate t o t h e PH@a)l

However, no significant differencegereobserved amongnmunizedgroups and in pairwise
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comparisons generated by thaditionalbacterial culturing approacAdditional file 3: Table
S2.
In the scrapedntestinalsampleswe did not observe a cage effect on ¢benpositionof the

large intestine microbiota (PERMANOVR>0.05; Figure2D).

Dynamics offecal microbiota during the immunization protocol

To assess whether the immunization plasmids andidn&tion of the protocolcould have
influencedthe gut microbiota composition, we sequenced the bacterial 16S rRNA gene from
thefecalpelletsof t he bgal and TSHR group afterwards t he
until the end of the experiment (T4).

We observed a significant increase of the richness (Chao index, 88uie=0.02) and the
diversity (Shannon index, figur8B) over time, wich was less apparent in the TSHR
immunizedgroup.Significant differencesegardingof richnesdetweenT SHR a nhdve b g a |
been observed at T®£0.027, Table 4)The Shannon index of diversityn the contrarywas
significanty differentbetween TSHR ah b ignraunizationat T1 £=0.023, Table 4).

Table 4 Summary of the statistics from the tirneurse analysis of tHfecal microbiota during

the immunization protocol (FO4) and betweemmunization bgal and TSHR)
ANOVA model TSHRvs b g ol gr
Index Immunization Time  Time*Immunization| TO T1 T2 T3 T4
Chao 0.006 0.02 0.8 0.75 0.066 0.28 0.33 0.027
Shannon 0.054 0.28 0.47 0.44 0.023 035 0.35 0.29
Firm:Bact 0.406 0.0003 0.16 039 0.028 046 0.2 0.26

Firm:Bact, FirmicutegBacteroidetesratio. ANOVA model as previously described. Pairwise
compari son between bgal a n d mad&wvithRa pairvisechast with t i me
BenjaminiHochberg correction for FDR

The murinefecal microbiotacomprisedBacteroidetesand Firmicutes phyla predaminantly
(Figure 4£); followed by Tenericutes Proteobacteria Deferribacteresand Candidatus
Saccharibacteria phyThe FirmicutegBacteroidetesatio has beemsed to describe the shift

in the gut microbiota associated with ag€i8d] and alsan diseas conditiors such aobesity
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[35]. The ratio showed differences amaighe timepoins of the experimentaprocedure

(P<0.0) andbetweerT SHR and the bgal group aftel three
P=0.01% Figure3C).

We fitted a generalized linear model (GLM) to compare the taxonomic counts at different
timepoints within each group independentijtifer TSHR or b g aThijty-four genera have

been identified as differentially abundant amatigimepoinsin the TSHRimmunizedgroup

(Additional file 4 Table S1) whi | e 25 wer e fAdditiondl file 4 Tablehe b ga
S2). We observed differences in the taxonomic prdfile t ween TSHR and bgal
timepoint using an exact test (EdgeRpce again T1 was identified as the timepoint with the

highest number of genera differentially expressasl illustrated by the diversity indices
(Additional file 4 Table S3.

In contrast talata obtained frorthe gutmicrobiota(Figure2D), a cage effect was observed in

the fecal microbiota, in particular, in interaction with tim®=0.001) andimmunization

(P=0.002; Additional file 5 FigureS1). Thelatter is probably due to ¢hmice being caged

according to the type of plasmidjection they received, but wadsoobserved a significant

difference within the samenmunizationgroup (e.g. TSHR in cage 4 and cag@+0).01).

Correlating the gut microbiota composition with clinical features and differences in GO

development

We then investigated possible correlations betwdeease features, such as ar8HR
antibodies,thyroxine levels (fT4), orbital adipogenesis and muscular atropduyd the gut
microbiota compositionio deternme whether it contributes to the heterogeneity of induced
responsessummarized irddditional file 1: Table S1

Within the Center1l TSHR-immunizedgroup, we found that OTUs frorirmicutes and

Bacteroidetesegatively correlated to each other (RHp#<0.0001).A positive correlation
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between levalof TSAb andDeferribacteregphylum, which include ongenusMucispirillum,
was found (Rho=0.9R=0.028; FiguretA).

From those genera differentially abundant between T-8kRunized mice fronCenterl and
Certer 2 (Table 2), identified via metataxonomics, we observed a strong negative correlation
of the Firmicutesgenusintestinimonasand the levels of SBAb in the Centerl (Rho=0.89,
P<0.05), but not in theCenter2 counterpart Eigure 4B). No significant corelation was
observed between OTUs from the gemitsstinimonasand levels offSAb or levels offree
thyroxine hormone (fT4data not shown).

On the contrary, the Be€ox transformed counts from the traditional microbiology did not
show any significantorrelation with the disease features describlta(not shown

Within the Center2, BacteroidetesndFirmicutesnegatively correlated to each other (Rho=
0.99, P<0.0001; FigurebA). We also found a significant positive correlation (Rho=0.6,
P=0.009) béwveen the OTUs from thEirmicutesand the orbital adipogenesis value and
negative correlation of this value with the phyl@BacteroidetegRho=-0.57,P=0.014).As
expected thesecorrelatiors were specific to th& SHR immunizedmice (Figure5B). The
carelation pattern we foundF{rmicutes positively correlated,Bacteroidetesnegatively
correlated) was also recapitulated at the genus level. Among the genergiohtbetes three,
within the Clostridia family Butyricicoccus Parvimonasand Fusibacte) and the genus
Lactobacilluswere correlated positively with adipogenesis; while tiBaeteroidetegenera
(Anaerophaga Paraprevotella and Tannerellg correlated negatively with the orbital
adipogenesis values (Figus€).

A strong positive correlatiofRho=0.82P=0.007)wasobserved between orbital adipogenesis
and the total anaerobes counts obtained fthentraditional microbial cultures of TSHR
immunizedmice, but not in the controls (Figus®). Moreoverfrom the traditional microbial

cultures dad, we observed correlations with other disease features, specifically in the TSHR
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group.We observed strong positive correlations between the muscular atvaplgsand the
cluster of &actobacilli (Rho=0.74P=0.03), exterococci (Rho=0.8P=0.02), bifidobacteria
(Rho=0.76,P=0.03) and oliforms (Rho=0.73P=0.04). Levels of freghyroxine (fT4) were
positively correlated withactobacilli (Rho=0.64P=0.05) andstaphylococci (Rho=0.77,

P=0.016).

Discussion

Animal models have been invaluable in dissertile mechanisms causing loss of immune
tolerance leading to autoimmune conditions such as GD. Thus, we aimed to test the hypothesis
that the gut microbiota magffectboth outcome and reproducibility of induced autoimmune
disease, such as reported in teeentresearch articlef BerchnesPfannschmidtand ce
workers[12].

We observed significant differences in the diversity and spatial organization authe
microbiotaof femaleTSHR-immunizedBALBc mice intwo independenSPF unitsWe also
demonstratedliseaseassociated microbial taxonomies and correlation with ocular disease,
suggesting that the gut microbiota have contributed to the heterogeneity of induced response
in the two locations, which further supports our hypothesis.

Animalswere maintaineth similar conditionsWe are confident that there were no infections
ongoing at the moment of sampling, since animals in tenles were routinely tested for the
presence of viruses, mycoplasma and para@ess Additional File 1: Table S2noreover,
housing facilities had comparable SPF conditions. Animals weretfresamesupplierbut in

different countriegHarlan Ltd. forCenter land Harlan Lab. BV foCenter 3, hadreceived
autoclaved wateand had been fed similar commeratdlow, with the exeption that food

pellets provided irfCenter 2contained twice the amount of iodide compare@énter 1food

(see Additional Filel: Table S3 Although iodide excess can be associatgtth abnormal

thyroid function we do not consider th#tis dietary wariation is enough to explain the results
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(i.e. elevated thyroxine levels were apparent inGeater 1but notin Center 2mice). The

effect of iodine has been studied in the NOD mouse which spontaneously develops
autoimmune thyroiditisVecchiatti and clleagues[36] reported that excess iodine (0.2
mgs/mouse/day) increased the incidence and severity of diseasever,the BALB/c mice

in our study did not display thyroiditis. A transgenic NOD mouse expressing the human TSHR
A subunit is able to develogntibodies to the human TSHR and this te@xacerbated by
iodine excessd/7] but at levels far greater than in the chow used in Centers 1 and 2. We also
considered whether iodine could affect the gut microbiota, in view of its use as an antiseptic,
but dl the studies we found were in this context, rather than the effect of dietary iodine on
symbionts The importance of SPF conditions is indicated Ipyeviousstudy which failed to
reproduce a GO animal model, despite using mice from the same suppliédesical
bedding, water and chovt(]. However even SPF may be inadequate since differences were
found in the gut microbiota of C57BL/6 colonies bred in two different rooms of the same SPF
facility [38], fortunately mice in our study wer# housed inthe same room

Cage effects were apparent in feeal microbiota results, which highlight the importance of
studying thegut microbiotainsteadwhen comparing autoantigen (TSHR)munizedand
control mice, which is in the close proximity of the intestimaicosa and the immune system,
enabling us to explore its relationship with disease features.

We observed several diseasssociated taxonomies; the abundance of the newly described
butyrateproducing genuintestinimonag39] was reduced in th€enterl groupcompared to
Center 2and correlated negatively witfSBADb. Thelntestinimonaspeciesbutyroproducens

has a unique ability to produce butyrate from lysine and is involved in the detoxification of
Advanced Glycosylation EnfAGE) products such asuctoselysin, which have been linked

to typel diabetes4Q], although we are unaware of any link between butypabelucing

bacteria and thyroid autoimmunity.

19



429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

The TSHR immunized group develgbsome signs of GO and theyut microbiota had
increased OTU=f the phylum Firmicutes but decreasedacteroidetescompared with
controls. This mirrors our preliminary data in human disease where we observed a dramatic
reduction in theBacteroidesgenus in GD patients when they develop GO (INDIGO
publishable summafty

We also obtained a positive correlation between sef@raicutescounts such a<lostridia

and Bacilli, with orbital adipogenesis i@enter 2TSHR-immunizedmice. Million and ce
workershave previously reported a positive correlation betw@&is fran the Firmicutes

and weightgain/obesity in both animal models and humati$. [Interestingly, the role of the
genusLactobacillusand its products in either triggering or protecting from adipogenesis has
been debated and seems to be spagesific.

In the presentwork, we could exclude a possible gafiweight relationship with the
adipogenesis value calculated in the orbit sinoechanges in mouse weights have been
observed during the development ot tbhronic phase of the disease (data not shown).
Furthermore molecular mechanisms driving obesity and orbital adipogenesis may well be
different, since the latter is derived fraitme neural crest and the gut microbiota may have
varying effects on different fat depo#2].

Our timecourse analysis reviegl that time had a dramatic role in shapingféwal microbiota

of the female mice which were&weeksold at the outset and 226 weeks at the end of the
experiment, confirming the work of McCafferty and colleagd&s [The richness and diversity

o f galfzontrol mice increased with age but this was less apparent in inBhiRizedanimals.
Significant differences in microbiota composition between control and Ti8tARinizations
were mostapparent3 weeks after the first immunization, at the initiationtloé induced

immune response.
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Our control group comprised mig@munizedwi t h t he bgal expression

observed a slight skew in the microbiota richness and diversity which may be caused by the

systemic overexpression of thegalactosidaseenzyme, whose natural role is in glycan

metabolism e.g. the hydrolysis of the lactose galactose and glucosd4]. Kaneda and

coll aborators reported a bgal o vialoweng pr es s i

electroporatiorfrom five daysto 2 weeksfter the injection[45].

It may be that the increased OTUs of FhemicutesgenusAcetitomaculunwas specifically

triggered by the product o fAdditibnalfil®dgTalble S n z y mat

This effect merits further investigation bwte ar e conf i dwectdrplasnhda t
provides the optimum control group since its microb@ahmunitiesveremore closelyelated

to that of the naive neimmunizedgroup than to TSHRnmunizedmice. Of interest,TSHR-
immunizedmice in Center2 were more similar to TSHRmmunized mice fromCenterl
(P=0.2) thanbgal (P=0.0249, thanuntreatedP=0.04 mice in their owrcenter Additional File

6: Figure S1

The results we obtained using 16S rRNA gene metataxonomics and vieaditenal
microbial culture approach were largely similar, with relatively few differences. Microbial
cultures revealed significantly highgeast countsR=0.03186) inCenter ZTSHRimmunized
mice - which obviously could not be seen via the bacterial metataxoncnaicd a early
significant difference in théctinobacteriagenusBifidobacterium(P=0.057), which was not
detected in our metataxonomics data. Primers based on tN2 Vdgions of the 16S rRNA

gene did not deted@ifidobacteriumOTUs. Consequentlywe applied a ew set of primers

(28Fcombo) with which we observed a significant enrichment of bifidobacteria counts in the

Center 2Additional file 7: Figure S}, in agreement with the microbial culture results.
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Conclusions

In conclusion, our results indicate a rfide the gut microbiota imodulatingthe heterogeneity
apparentn the TSHR-induced model of GD an@&O. In our next study & will report the
effects on our induced model of modifying the gut microbiota using antibiotics, probiotics and
fecal material trarfer.

Our future studies will investigate whether the presence, absence or amounts of certain bacteria
or yeast have the ability to directly alter the immune balance between the Treg anti
inflammatory response and the Thihédiated pranflammatory resporesin the gut mucosa

as has been reported in modelsotifier autoimmune diseases [23,4Results of these
experiments could then be confirmed by colonization studies in gnotobiotic antiaetisrs

such as level of dietary iodine intake and age of migmiunization,which mayboth alter

the gut microbiota and/ammune responsiveness, are also warranted.
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Figure legend

Fig. 1 Comparative analysis of the gut microbiotandependenanimal unitsa Box and whisker plot

of the alpha diversity indicesfoichness (Chaol and observed OTUs indices) and evenness (Shannon
index) of the bacterial communities in TSHR immunized mice hous€eéiier 1(blue)and Center 2
(red), respect i védcyChaollPsXkod;yObservet ©TJs, (Pe0D01; Shannon,
P=0.08.b Annotated heatmap based on Spearman distance and Ward hierarchical clustering of the top
30 genera shows how well the two locations cluster together. Taxonomy explanation includes genera,
family and phylum, which are entered in order of abundaGemus abundance is described by the
change in the intensity of the grey color, as annotateiltidimensional scaling plot (MDS) based on

the weighted Unifrac distances between the two animal units. PERMANOVA with 999 permutations
P=0.005d Differenta | | y abundant family from aestpvahi9s%i s e
confidence intervals (STAMP&Box and whisker plotulture results from intestinal scraped samples
derived from TSHRmmunized mice from Center 1 and Center 2. Results aressquta@s a Log(x+1)
transformed colonyorming-units/gram feces (cfu/glP-values: *P<0.05; ** P<0.001; *** P<0.005

Fig. 2 Gut microbiota composition in TSHR immunized mice and control micEeénter 2at final
timepoint a Box and whisker plot descrilnthe measurement of alpha diversity (Chao, ACE and
Shannon indices)b Non-metric dimasional scaling (NMDS) plot of gighted Unifrac distances
showed a spatial separation of microbial communities according to the immurgzBERMANOVA
based on 999 pawutationsP=0.001.c Boxplot of the phylum counts according tmmunizations
ANOVA on phylum counts BH adjusted P<0.0001 and pairwisest betweerBacteroidetes
Firmicutes counts adjustedP=0.0003.d Non-Metric Dimensionh Scaling (NMDS) plot based on
weighted Unifrac distances shows spatial separatiothemicrobial community according to the
immunizationand cagingvithin theCenter 2 Mice were cehoused according to themmunizationat

a maximum of 4 animalsages are described by different skmjas in the legendNo significant
difference in cage effect is observed. PERMANOVA based on cage effect (999 permutations) for all
comparison$=0.12 P-values: *PO0 . 0 §=0.01* *

Fig. 3 Time-course analysis of GO preclinidakcal microbiota during the immunization protocBbx

and whisker plot of alpha diversity such as Crea@nd Shannor, indices showed differences over
time. ¢ Phylum dynamics over timend betweerimmunizatiors. Firmicutesand Bacteroidetesvere

the most abundant phyla, showing differences with timeiemmaunizatiors. Significant differences
among timepoints have been observed aFihmicutes/Bacteroidetesatio, in particular betweemé
baseline TO and the last timepoint T4, but not relatachiounization A significant differencén the
ratio was observed after three weeks.Pivaluesn* t he
POO . 0 P=0.01 *

Fig. 4 Correlating thegut microbiota and disease featuresGenter 2TSHR group.a Spearman
correlation coefficient strength (Bhof phylum counts from TSHRiice in Center 2Firmicutesand
Bacteorideteshowed a strong negative correlation between each other. A positive correlation between
the onegenus phylunDeferribacteresand the level of thyroidtimulating antibodies (TSAljasbeen
observedCorrelations withP<0.05 are shown and strength of the Rho coefficient is represented by the
change in the colour intensity. fT4, free thyroid hormone thyroxine levels; TSAb, thyroidaimgul
antibodies; TSBAD, thyroidtimulating bbcking antibodies (as a percentage valubsknriched
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FirmicutesgenusintestinimonadetweenCenter 1(blue)and Center 2 (redjhowed astrongnegative
correlation with the percentage of thyratimulating blocking antibodies 8BAbs) at 95% confidence
interval inCenter 1(Rho=0.8,P=0.04), but not irCenter 2

Fig. 5 Correlation of thegut microbiota composition with clinical features and differenceSénter 2

mice a Correlation plot of phyla and the orbital adipogenesis value. Spearman conrezfficient

strengh (Rho) as indicately the coloredbar. Firmicutes anB8acteorideteshowed a strong negative
correlation between each other. A positive correlation betw@enicutesand a negative correlation

with BacteroidetesOTUs and the adigenesis value (calculated in the orbit) has been observed.
Adipogenesis clustered closer to the Firmicutes and Bacteroidetes value according to the complete
linkage method for hierarchical clustering. OR0.05 are showrb Positive strong correlation tfie
Firmicutes/Bacteroidetestio with the adipogenesis value (calculated in the orbit) resulted significant
in TSHR i mmuni zed gr o e$pednmancomelation dogafficient(Rho)fgenéra gr o u
among phylaBacteroidetesand Firmicutesarnd the orbital adipogenesis values. Theesgth of the
correlation coefficient is represented ofas: bars on the left represent a negative correlation
coefficient, while bars on the right represent a positive correlation coefficient. Correlatiofs@ifts

are shown; order of entrance depends on thealues: *P<0.05; ** P<0.1; *** P<0.005.d Spearman
correlation coefficient plot of the BeQox transformed microbiological counts and disease features in
Center ZT'SHRimmunized miceFeatures clustarg was according to the complete linkage method for
hierarchical clusteringOnly correlations withP<0.05 are shown and strength of the correlation
coefficient is represented by the change indbkor intensity. fT4, free thyroid hormone thyroxine
levels; TSAb, thyroid stimting antibodies; TSBAD, thyroistimulating blocking antibodies (as a
percentage values).

List of Abbreviations

ACE, abundancéased coverage estimator

AGE, advanced glycosylation end

b g a-balactdsidase enzyme

CNS, central nervous system

EAE, experimental autoimmune encephalomyelitis

FDR, false rate discovery

fT4, thyroid hormone thyroxine

GD, Gravesd disease

GLM, generalized linear model

GO, Gravesd orbitopathy or ophthal mopathy
HSD, honest significant difference

NMDS, nonmetric dimensional scaling

OTU, operational taxonomic unit

PERMANOVA, permutational multivariate analysis of variance
RDP, ribosomal database project

SFB, segmented filamentous bacteria
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SPF, specifigpathogen free

TRAB, thyroid-stimulating hormone autoantibodies
Treg, regulatory T cells

TSADb, thyroidstimulating antibodies

TSBADb, thyroidstimulating blocking antibodies
TSH, thyroidstimulating hormone

TSHR, thyrotropin receptor
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culture. Data were BoxCox transformed(XLSX)

Additional file 4: Table S1. Generalized linear model (GLM) gleneracountsdifferentially present

in TSHRimmunizedmice over timepointsin reference to the baseline (Tijing EdgeRLogFC, Lo@

fold change between each timepoint and the baseline (TO)ikeRhood ratio.Table S2.Generalized

linear model (GLM) ofgeneracont s i n bgal ¢ ontusioglEdgeRLogEC, bbog2e r t i me
fold change between each timepoint and the baseline (T0); LR, likelihoodTrakile S3.Pairwise
comparison of TSHR and bgal mi ce usi ngtoA4).sher 6s
LogFC, Log2 fold changef b g eompared tdSHR. (XLSX)

Additional file 5: Figure S1. Temporal stability offecal microbiota and cage effect of the
immunizatiors. Weighted Unifrac distances of miéecal microbial communities represented over th
time course of the experiment according to the immuniza##onof the cageR). Permutational
MANOVA of weighted Unifrac distances according to timepoimmunizaions, caging and their
interactions (time x cage; timeimmunization immunizationx cage) as describedh Additional file 2
The time had a significant effect on the stability offé@l microbiota P=0.001), in particular between
the baseline (T0) and the last timepoint (P40.003); and between the T1 and T=(.009). The
interaction letween time andmmunizationwas significant P=0.007). Cage was also significant, in
particular the interaction cage x timepoiRt0.001) and cage immunization(P=0.002). Significant
differences within the sammmunizationgroup cage has been obser{€&HR group in C4 and C5,
P=0.01). (PDF)

Additional file 6: Figure S1. NMDS plot based on the weighted Unifrac distances of Ceimen2ne
and contromiceincluding TSHRimmunized mice from Center ISHR-immunized mice from Center
1 were more similarot TSHRimmunized mice from Center P£0.2) than to thé& g éP£0.024)than
the untreatedR=0.04).(PDF)

Additional file 7: Figure S1.Bifidobacteriuntounts derived from the 2&®ombo primers in the TSHR
immunizedmice inCenter (n=5) andCenter An=10). ANOV A wi t h T u khegadadysisHSD p o
(95% confidence intervall value=0.003yenerated with STAMRPDF)
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Additional file 1

Figure S1
TSHR A-subunit
Bgal
& & L5
Timepoint 0 1 2 3 4

Intestinal
% scraping
Week (w) O 3 6 9 18

Fecal pellet

Schematic representation of the GO immunization protocol and sample collectioRemale
BALB/cOlaHsd, 68 weeks old mice were immunizedavintramuscular injection and
electroporation of either the eukaryotiexpression plasmid pTriEx1.1NddSHR
(hTSHR289) to develop signs of GO (TSHRsAbunit) or the control plasmid pTriEx1.1Neo
b-gal,asaplasmid ont r ol group (bgal). Each ani mal r et
at three weelntervals. All immuized and control mice were sacrificed 9 weeks after the last
immunization to permit the development of the chronic phase of the dise#se TSHR
immunized group. &cal pellets have been collected during the time course of the immunization
trial from the baseline (TO) and before any other injection until the end of the procedure (T4).
After euthanasia, the microbial content residing on the colonic mucosa has been collected
through scraping
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Additional file 2

Supplementary methods

Media and conditions for microbial cultures

The following media, culture conditions and dilutions were used to isolate different bacttria

study: Horse blood agar (Horse blood agar base No.2 (CM0271) with added Defibrinated Horse Blood
(SR0050); both Oxoid, Basingstoke, United Kingdom) was incubated under aerobic conditions for 24
hours at 36 +/1 °C. Dilutions from 16 to 10’ were made and total cell count was measured.
MacConkey agar No. 3 (CM0115, Oxoid, Basingstoke, United Kingdom) was incubated under aerobic
conditions for 24 hours at 36-+1 °C. Dilutions from 16to 10’ were made anénterobacteriaceae

(red colonies with ibe precipitation and straw coloured colonies) were counted. Slanetz and Bartley
Medium (CM0377, Oxoid, Basingstoke, United Kingdom) was incubated under aerobic conditions for
24 hours at 36 +/1 °C. Dilutions from 1Gto 107 were prepared and enterocb(deep red coloured
colonies) were counted. Brilliande. coli/ coliform selective agar (CM1046, Oxoid, Basingstoke,
United Kingdom) was incubated under aerobic conditions for 24 hours at 36'@/ Dilutions from

10%to 107 were made ané. coli (purple colonies) were counted. Tergitol 7 agar (CM0793, Oxoid,
Basingstoke, United Kingdom) was incubated under aerobic conditions for 24 hours atl38C+/
Dilutions from 1G°to 107 were prepared and coliforms (any color) were counted. Baird Pagyker a
base (CM0275, Oxoid, Basingstoke, United Kingdom) with added 50 ml of Egg Yolk Tellurite
Emulsion (SR0054, Oxoid, Basingstoke, United Kingdom) was incubated under aerobic conditions for
48 hours at 36 +/1 °C. Dilutions from 1Gto 10’ were made an8taphylococcus auregslack, shiny
colonies with white and clear zones) were counted. Anaerobe basal agar (CM0972, Oxoid, Basingstoke,
United Kingdom) was preeduced and incubated under anaerobic conditions for 48 hours atB6 +/
°C. Dilutions from 1¢ to 10’ were prepared and total cell count was measured. Each colony was
checked for aerobic growth and ignored if so. Dichloran FBemegal Chloramphenicol Agar (DRBC

agar) (CM0727, Oxoid, Basingstoke, United Kingdom) was incubated under aerobigocanidit 48
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hours at 36 +/1 °C. Dilutions from 16to 102 were made and total yeast cell count was measured.
Wilkins-Chalgren anaerobe agar (Code: CM0619, Oxoid, Basingstoke, United Kingdom) with added 1
vial of G-N Anaerobe Supplement (SR0108) andrabdefibrinated blood (SR0050/SR0051, both
Oxoid, Basingstoke, United Kingdom) was egluced and incubated under anaerobic conditions for
48 hours at 36 +/ °C. Dilutions from 1Gto 108 were made anBacteroidespp. (grey/white colonies
partially mucoid and with tattered edges) were counted. Each colony was checked for aerobic growth
and ignored if so. MRS agar (CM0361, Oxoid, Basingstoke, United Kingdom) with added 1 vial of
polymyxin B supplement (SR0099, Oxoid, Basingstoke, United Kingdom) waseguced and
incubated under anaerobic conditions for 48 hours at 3@ #C. Dilutions from 1§ to 108 were
prepared and lactobacilli (pale straw coloured colonies) were measuredXMB& (see MRS agar
added 0.25 gicysteine hydrochloride monohrate, 1 g Lithium chloride and 1.5 g Sodium propionate
dissolved in 500 ml deionised water) was-prduced and incubated under anaerobic conditions for 48
hours at 36 +/1 °C. Dilutions from 1Gto 108 were made and checked for bifidobacteria (smiihys
colonies). Alcohol shock anaerobe basal agar was preparekbasf 1 ml of the 1 g faeces diluted in

9 ml maxi mum recovery diluent with glycerol was
Louis, Missouri, USA) and rolled for 30 min. Conditions were similar to anaerobe basal agar. Dilutions
from 10*to 10* were made and total cell count was measured. Each colony was checked for aerobic

growth and ignored if so.

Stability of the faecal microbiota over time

The function Adonis [Anderson, 2001] implemented in the Vegan package was used to test the
variations betweersamples of the microbial communities (calculated using the weighted Unifrac
distance) over timepoints and among cages, via a permutational analysis of variancpavanatric
MANOVA. The linear predictors and response matrix were as follawing

(@) Y 0 'Y"'0O 0 0z"Y 020 Q
whereas:
w is the weighted Unifrac matrix for treatmentimej and cage,

H is the overall mean;
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“Yis the effect of the¢thtimewh i ch was set as a class (TO, T1éeT4)

“Ois the type ofthimmunizationwhich is represented by either TSHRbog ;a |
0 istheeffectokk h cage which is expressed as a class (C
YO 6 "Y and 0 'O represenfactorial interactions between timeymunizarionsand cage;

‘Q s the vector of the residual effects

A pairwise interaction withinlmmunizations cages and timepoints has been assessed using-a built

pairwise PERMANOVA script in R.

38



Additional File3 Table S1

Comparison Genus mean rel. freq. (%) std. dev. (%) mean rel. freq. (%) std. dev. (%) difference between means P value
Acetitomaculum 0.085566836 0.067504245 0.2852081 0.129133521 -0.195641264 0.004050551
Bacteroides 1.52043332 0.853337957 3.425600304 2.05523723 -1.50591665984 0.046774268
Fusibacter 0.039535655 0.038703067 0.007129617 0.012348858 0.032810082 0.035281823
TSHR vs . Bgal Genus_low 1.075302786 0.24891733 1.372480403 0.263024859 -0.297177617 0.036977948
Lachnobacterium 0.316582459 0.238402725 0.620236080 0.303623692 -0.303653627 0.0486493574
Parabacteroides 0.031372369 0.045015329 0.07242386 0.034197543 -0.047057491 0.030341303
Parasporobacterium 0.330871338 0.1579504043 0.13501992 0.13777951 0.191851418 0.019845227
Peptococcus 0.085578215 0.075452454 0.367221557 0.300765541 0.281643342 0.043112267
Flavonifractor 0.128351482 0.066581061 0.04267177 0.048485122 0.085679711 0.016159478
TSHR vs . untreated Lactobacillus 18.59136704 13.88312545 2048233808 3.731541414 13.54313324 0.018575293
Thiofaba 0.034233564 0.033267177 0.004748338 0.010617607 0.023485226 0.031091547
Acetitomaculum 0.2852081 0.129133521 0.07120323 0.056310355 0.21400427 0.002863369
Alloprevotella 0.156809508 0.287892738 1.344091504 0.872651646 -1.187281595%6 0.027430733

Bgal vs . untreated -

Caminicella 0.053455424 0.052246474 0 0 0.053455424 0.030322651
Flavonifractor 0.16040369 0081786875 0.04267177 0.048485122 0.11773192 0.0091950405
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Additional File3 Table S2

Microbial target Average counts Average counts  Average counts P value Bgal vs. TSHR Bgal vs. TSHR vs.

TSHR Beal untreated untreated untreated
Bacteroides 0 0 3.64E+03 0.231 =(.999 0.289 0.259
Bifidobacteria 1.32E+06 4.89E+05 1.32E+06 0.57 0.788 0.909 0.559
Coliforms 1.15E+03 4. 75E+03 5.43E+06 0.231 >0.999 0.289 0.259
E.coli and Coliforms 8.45E+02 6.04E+03 8.15E+06 0.935 0.988 0.974 0.928
Enterobacteria 6.82E+02 5.49E+03 5.88E+06 0.934 0.989 0.973 0.928
Enterococci 6.10E+06 5.10E+06 2.71E+06 0.461 0.209 0.999 0.593
Lactobacilli 4,68E+06 5.76E+05 9.44E+05 0.538 0.747 0.918 0.533
Staphylococci 3.77E+05 4.76E+07 2.36E+06 0.804 0.908 0.792 0.952
Total aerobes 9.90E+06 5.37E+06 1.53E+07 0.936 0.982 0.981 0.931
Total anaerobes 7.39E+05 1.95E+04 4.53E+06 0.675 0.661 0.828 0.98
Total Clostridia 0 0 1.36E+02 0.231 =0.999 0.289 0.259
Yeast 0 0 4 55E+00 0.231 =0.999 0.289 0.259
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Additional File4 Table S1

Genera
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]
-1.033711353051
-1.322323364
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-0. 737357351
1222003711
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3.2536263561
-1.32015354 36
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-1.3475377ET
0.345545354 7
-2 227736035
-1 23561737
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0. 222557653
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0.671626541
0. 71031291
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21 TFO7ET
212073
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15.07324d
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14. 53053
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3.73M53
3.6T70426
3.545561
3.53533523

0.000223
0.000235
0.000453
0.000531
0.001037
0.002336
0.00270
0.o03113
0.004233
0.0043553
0.004552
0.004 306
0.0043353
0.005317
0.005433
0.00556
0.0053326
0.073754
0.073345
0.016336
0.013233
0.024551
O.027 112
0.025433
0.023664
0.033503
0.0355155
0.0535417
0.035736
0.0356353
0.045227
0.0453561
0.045513
0.045341
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Additional File4 Table 2

Genera logFC.TreatBgal.TimeT1l logFC.TreatBgal.TimeT2 logFC.TreatBgal.TimeT3 logFC.TreatBgal.TimeT4 LR P value
Parvimonas -0.042493158 -1.133888162 -1.042337303 -4.125125753 20.74141658 0.000356325
Clostridium_IV 0.820586267 1.232731249 1.125797253 2.831499701 20.498407  0.000398061
Acetitomaculum 0.785799074 1.613733676 0.95590517 3.143592791 20.43178046 0.000410326
Lachnobacterium 0.877963226 1.314595669 -0.074523445 2.214209537 18.70129655 0.000859565
Lactobacillus 1.73034537 0.44862848 2.030410891 1.165476536 16.70710811 0.002203303
Thermophagus -0.007798599 -0.084368503 -0.084381784 -1.668544936 16.21973299 0.002738052
Lactonifactor -0.072618538 0.059932003 -0.459000887 1.973921533 16.21694668 0.00274145
Lachnoanaerobaculum 0.509757657 -0.003921067 -0.115093428 3.128679383 15.18915763 0.00432455
Guggenheimella -0.941447029 -1.237053099 -0.728875446 -2.010743608 14.88219073 0.004951903
Robinsoniella -1.0010835904 -1.647733488 -2.756456618 -2.412938165 14.85200929 0.00501821
Mucispirillum 2.131574114 -0.74340622 -0.556031863 1.819015693 14.03805333 0.00717459
Anaeroplasma 3.709998461 2. 770873903 2.564886589 4.626225648 13.0073238 0.011240064
Galenea 3.937208584 3.167466556 1.172143734 -1.324461377 12.15045764  0.0162668
Thermoflavimicrobium -0.587531928 -2.174656654 -3.171797589 -3.171797589 11.52126126 0.021290071
Pelagibacterium -1.876679109 -1.877140687 -1.137002093 -3.460504121 11.28328706 0.023558135
Parasporobacterium 0.154642835 -1.903193056 -0.770112429 -2.219743371 11.14977063 0.024931376
Erysipelotrichaceae incertae sedis -0.905981398 -2.160276071 -0.814444665 -2.262186784 10.90922778 0.027603335
Parasutterella 0.592179714 0.591236624 -0.32120834 -0.963596371 10.90230974 0.027684137
Coprobacter 0.015158791 -0.043568054 0.220826836 -0.863857772 10.83810979 0.028444968
Eisenbergiella -0.37474419 -0.265021463 -0.931552097 0.775950914 10.74198045 0.029622078
Rikenella -0.679577207 -1.47599999 -0.351126529 -1.018677395 10.59067298 0.031570651
Butyrivibrio 0.802929201 0.269156058 -1.712918919 -0.343212354 10.11525143 0.038530398
Lachnospiracea_incertae_sedis 0.363075193 0.475212368 -1.070048175 1.010970904 10.11318565 0.03856364
Parabacteroides 1.427903837 1.112243408 0.151313213 0.124221955 9.964064748 0.041037377
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Additional File4 Table S3

Timepoint Genera logFC [Bgal vs. TSHR] P value
Gugsenheimella -1.593418277 0.00297182
TO Peptococcus -2.61417971 0.01846611
Lactobacillus 1343235012 0.02457753
Robinsoniella -3.065507327 0.00121532
Clostridium_IV -2. 723185741 0.00359156
Butyrivibrio -2.293363835 0.00664856
Mucispirillum -2. 774289292 0.01337697
Frevotella -2.903507531 0.016323615
T1 Acetitomaculum -2.115372411 0.01726363

Anserovorax
Lachnospiracea incertae sedis
Faecalibacterium
Intestinimonas
Lachnobacterium

-1.79090067 2
-1.516884723
-3.087910293
-1.217734963
-1.347965782

0.01735099
0.02359936
0.026459554
0.04031738
0.04486279

Parasporobacterium

2.64009272385

0.00751542

Parabacterocides -1.46702779 0.01559129

T2 Lactobacillus 1.295653361 0.029238549
Galenes -3.574365944¢ 0.0453553¢6

Barnesiella -0.970464856 0.04922042

Papillibacter -2.487132887 0.00059914

Butyrivibrio 2.602585102 0.00293209

LE: Marvinbryantia 1.871309072 0.00492323
Butyricimonas -1.4591330466 0.02258578

Ruminococcus -2.242503521 0.03066274
Lachnobacterium -1.725906219 0.00670026
Acetitomaculum -1.868432268 0.0202365

T4 Parasporobacterium 2.233031643 0.02213694
Coprobacter 0.772319802 0.02242843

Clostridium IV

-1.5335806592

0.03270514
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Additional file 5: Figure S1
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3 weeks from baseline (T1)

6 weeks after baseline (T2)

9 weeks after baseline (T3)

18 weeks after baseline (T4)
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Additional file 6: Figure S1
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Additional file 7: Figure S$1
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Fig 1
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