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Abstract

The gut microbiota is increasingly implicated ire thathogenesis of Crohn’s disease (CD)
and ulcerative colitis (UC) although the identitiytbe bacteria that underpin these diseases
has remained elusive. The pathobiBatteroides vulgatus has been associated with both
diseases although relatively little is known abloonv its growth and functional activity might
drive the host inflammatory response. We iderdi@ ATP Binding Cassette (ABC) export
system and lipoprotein iB. vulgatus ATCC 8482 andB. vulgatus PC510 that displayed
significant sequence similarity to an MB-immunomodulatory regulon previously identified
on a CD-derived metagenomic fosmid clone. Intarght, the ABC export system was
specifically enriched in CD subjects suggesting thenay be important for colonization and
persistence in the CD gut environment. BBthwulgatus ATCC 8482 andPC510 activated
NF-kB in a strain and growth phase specific manner Hira29/kb-seap-25 enterocyte like
cell line. B. vulgatus ATCC 8482 also activated NkB in Caco-2-NF«Bluc enterocyte like
and LS174T-NFBluc goblet cell like cell lines and induced MB-p65 subunit nuclear
translocation and IL-6, IL-8, CXCL-10 and MCP-1 geexpression. Despite this, MB-
activation was not coincident with maximal expreasof the ABC exporter or lipoprotein in
B. wulgatus PC510 suggesting that the regulon may be necessérgot sufficient for the

immunomodulatory effects.

Introduction

Inflammatory Bowel Disease (IBD) including the twoajor disease subtypes ulcerative
colitis (UC) and Crohn’s disease (CD) are charamter by episodic and disabling
inflammation of the gastrointestinal tract. Altlybuthe etiology of IBD is still undefined, the
gut microbiota are now widely believed to contréowid the initiation and recurrence of the

disease [1]. For instance, germ free animal modéll8D do not develop disease until
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colonized by gut bacteria [2, 3]. Second, heaitiige develop colitis following fecal transfer
from colitogenic mice, revealing that disease asmissible via the microbiota [4]. Third,
antibiotic treatment can be therapeutic in both &asnand animal models of IBD [5-7] and
some studies report that fecal transfers can ssftdlystreat UC and CD in human subjects
[8, 9]. Taken together these studies suggestthigagut microbiota is a key driver of IBD
however the identity of the bacteria and/or baatefactors underpinning active disease

remains largely unknown.

Cross sectional studies have revealed that thengubbiota profile differs between healthy
and new onset IBD subjects [10-12] and that thengatobiota undergoes dramatic structural
alterations that are coincident with the onsetiséase [13-15]. However, it is increasingly
accepted that not all gut microbiota populatiorftshtsontribute to disease pathogenesis and
that commensal bacteria vary significantly in thaiility to initiate and sustain gut
inflammation. Bacteroides vulgatus is one of the most abundant bacteria in the hugun
where it is widely considered to be a pathobiord symbiont that is capable of causing
pathology in response to host and/or environmetnigdiers. Consistent with this, recent
research has revealed tli&atvulgatus is solely responsible for driving small intestimgury

in specific pathogen free (SPF) mice lacking the @@vant intracellular bacterial sensor
nod2 [7]. Similarly, strains ofB. vulgatus or Bacteroides thetaiotaomicron induce severe
colitis in SPF mice bearing genetic susceptibgitier host immunity (IL10 and SMAD3
pathways) or gut barrier function (core 1-deriv@djlycan biosynthesis) that are relevant to
human CD and UC, but interestingly, do not caussealie in mice not bearing these

susceptibilities [5, 16].
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B. wulgatus is characterized by important intraspecies vammei with individual isolates
differing in their ability to induce [5, 17] or piect against inflammation [18-20] in animal
models of IBD. NotablyB. vulgatus is capable of invading colonic epithelial celld]J2and
inducing pro-inflammatory cytokines [17, 21, 22hdatissue adherent strains are enriched in
UC subjects [23] further suggesting a role for thesterium in the pathogenesis of IBD. We
recently described a CD-derived metagenomic fosolahe encoding a putative ATP
Binding Cassette (ABC) exporter and lipoproteint thativates the NF-kappa B (NeB)
signalling pathway in a HT-29 gut epithelial entyie like cell line [24]. The NkB
pathway is central to the pathogenesis of IBD andidely targeted in an effort to decrease
the frequency and severity of inflammatory episodisd prevent progression of bowel
damage [25]. In this study, we show that the AB@ceter and lipoprotein are highly
conserved irB. wulgatus and specifically enriched in CD subjects. Intérggy, B. vulgatus
strains ATCC8482 and PC510 activate kE-signaling in a strain specific and growth-phase
dependent manner suggesting that a switch to damniogenic state may be part of the

growth-related stress responses of the bacterium.

Materials and Methods

Genomic analyses of B. vulgatus. B. vulgatus isolates were identified in the National Centre
for Biotechnology Information (NCBI; www.ncbi.nlmingov) and Joint Genome Institute
Integrated Microbial Genomes & Microbiomes (IMG/Mhttps://img.jgi.doe.gov/cgi-
bin/mer/main.cgi) databases. The publicly avadajpgnome sequences Bfvulgatus were
downloaded from the National Centre for Biotechgglo Information (NCBI,
www.ncbi.nim.nih.gov) database. The genome seageafB. vulgatus ATCC 8482 (NCBI
accession number: NC_009614B. wlgatus PC510 (NCBI accession number:

NZ_ADKOO00000000), B. wulgatus CL09T03C04 (NCBI accession number:
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NZ_AGXZ00000000), B. wulgatus 3775 SR(B) 19 (NCBI accession number:
NZ_JNHJO0000000),B. wulgatus 3775 SL(B) 10 (iv) (NCBI accession number:
NZ_JNHIO0000000)B. vulgatus 3975 RP4 (NCBI accession number: NZ_JNHM00000000),
B. wulgatus dnLKV7 (NCBI accession number: NZ_ASSNO0000000®, vulgatus
2789STDY5834842 (NCBI accession number: NZ CYZI@mmp), B. wulgatus
2789STDY5834897 (NCBI accession number: NZ CZAN@IOD), B. wulgatus
2789STDY5834944 (NCBI accession number: NZ CZBK@DUD), Bacteroides sp.

3 1 40A (NCBI accession number: NZ_ACRT0000000Bacteroides sp. 4 3 47FAA
(NCBI accession number: ACDR0200000®), vulgatus mpk (NCBI accession number:
NZ_CP013020) and B. wulgatus NLAE-zI-G202 (NCBI accession number:
NZ_FOBAO0000000) were downloaded from the NCBI.e®xtent of gene synteny in the
genomic regions encoding the ABC export systemligagrotein was assessed using Mauve
[26] with genome sequences comprised of multiplatigs first aligned against the reference

B. vulgatus ATCC 8482 genome sequence using the Maioee Contigs function.

Abundance of B. wvulgatus genes in metagenomes. Metagenomic sequence and gene
abundance data was downloaded from the Integragee Gatalogue (IGC) database, ([27],
http://meta.genomics.cn/metagene/meta/dataTods)vulgatus PC510 coding determining
sequences (CDS) were compared to IGC database BEWRST [28]. The abundance &.
vulgatus affiliated bacteria in the metagenomic datasets wasessed using thep60
housekeeping gene [29]. TBevulgatus gene counts fansp60, the ABC export system and
lipoprotein was assessed similarly with the besABT hits covering> 90% of the query
nucleotide sequence and having®8% sequence identity selected for further anslgsid
then used as a proxy to determine the respectine geunts in the 141 metagenomes. Raw

gene counts were divided by the total metagenomne gead count and then multiplied by
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the total gene count of the smallest metagenomamblized gene read count was thenlog
transformed and the counts between Healthy (H, =69 (n=13) and UC (n=69) were
compared between groups using a Wilcoxon test basede underlying assumption that the
log, gene counts were not normally distributed. Thealues were adjusted for multiple

testing using the “false discovery rate” methodwpii;<0.05 considered significant.

Culture and growth experiments. B. vulgatus ATCC8482 [30] and PC510 [31] were
cultured in Brain Heart Infusion (BHI, Difco™) biotsupplemented with 10 mg'Lof
haemin, or LYHBHI medium [32], and each medium Wwaffered with mineral solutions 2
and 3 [33], under anaerobic (95% £8% H, headspace gasses) conditions. Bacterial
cultures were routinely manipulated within a Cogpwianaerobic chamber with an oxygen
free carbon dioxide/hydrogen (95% &€®&% H,) atmosphere. Bacterial growth was
measured by spectrophotometry (§ada) using a SPECTRONIC 20D+ Spectrophotometer

(ThermoFisher, Sydney).

Measurement of B. vulgatus immunomodulatory activities. The immunomodulatory
potential of theB. vulgatus culture extracts was assessed using the HT-2%&p-285 NF«B
enterocyte like reporter cell line [24]. Brieflthe HT-29/kb-seap-25 cell line is stably
transfected with a secreted alkaline phosphataBAR$ reporter gene under the control of
NF-kB binding elements and it also expresses a subdsétRs (e.g. TLR3, TLR4 and
TLR5) that are functionally responsive to their catg ligands [24, 34]. We examined the
immunomodulatory potential of th&. wulgatus strains following growth in LYHBHI
medium.  Briefly, three independent LYHBHI broth ltcwes were established from
individual colonies ofB. wvulgatus ATCC8482 or PC510 (n=3 independent biological

replicates per strain) and after overnight gronghdascribed above, each individual culture
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was used to inoculate 5 tubes of LYHBHI broth (n=tbnsisting of n=3 independent
biological replicates per strain with n=5 technieglicate for each biological replicate). The
ODesoonm Of these cultures was monitored longitudinally aadsingle tube from each
independent series was sacrificed at early exp@ientid-exponential, early stationary and
late stationary phase of growth. Cell free cultsupernatant was prepared by centrifugation
at 16,0009 for 5 minutes and the supernatant fmactias then UV sterilized, filtered through

a 0.2um filter and stored at -8G.

A 96-well microtiter plate was seeded with 50,0@lscper well and cultured for 24 hours.
Cell free culture bacterial supernatants were addeithe cultured cells (10% v/v) and the
mixtures were incubated for a further 24 hours #C3 The amount of secreted SEAP
activity was quantified byn situ spectrophotometry (Ofgsn) with the QUANTI-Blue™
reagent, as directed by the manufacturer (InvivBferand average SEAP activity was
calculated from the three independent biologicglicates. The activation of NkB by
either un-inoculated LYHBHI bacterial medium andthg NF«B activator TN was also
assessed. Statistically significant increaseshR activation were identified using a t-test

and accounting for sample variance with<®.05 considered to be significant.

We also assess&l vulgatus ATCC 8482 immunomodulatory activity using our Cat:dlF-

kBluc enterocyte like and LS174T-NF-ki& goblet cell like reporter cell lines. Briefly,
Caco-2 and LS174T cells were treated with transoctmedium (DMEM supplemented
with 10% v/v Foetal Bovine Serum and 1% v/v Glutafa(Gibco) supplemented with
6pg.mi* polybrene) and 2 x fGcolony forming units of NfB Firefly Luciferase reporter

lentivirus (Cellomics Technology), and centrifugatl 1200 g for 90 min at 32°C. The
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transduction medium was replaced after 24 hourd wimplete growth medium and

transduced cells were recovered following puromgeitection (2.5 pg.r) for 48 hours.

For the Caco-2-NF-kBBic and LS174T-NF-kBic immunomodulatory assay8. vulgatus
ATCC 8482 culture supernatants were prepared ealgrds described above except that
two independent biological experiments were perfm Next, 96-well microtiter plates
were seeded with 20,000 Caco-2-NRudBor LS174T-NF-kBuc reporter cells per well in
complete medium (DMEM supplemented with 1% v/v @inax" (Gibco), and 5% or 10%
v/v Foetal Bovine Serum respectively) and cultui@d24 hours. Then, cell free bacterial
supernatants (10% v/v in complete media) was atlaléte cultured cells and incubated for 6
hours at 37°C. The activation of NdB was assessed using the Pi€YcEirefly Luc One-

Step Glow Assay Kit (ThermoFisher Scientific) adtog to the manufacturer’s instructions.

Nuclear translocation immunofluorescence assays. A 12 well-plate was seeded with
20,000 Caco-2 cells per well and cultured overna87°C. Cell-free late stationary culture
bacterial supernatant (10% v/v) was added to thiired cells and incubated for 1 hour.
Then, the cells were fixed with 4% paraformaldehfatel5 minutes and permeabilised using
0.1% Triton X-100 for 5 minutes. Cells were labdllwith mouse anti-NkB p65 antibody

(Cell Signaling Technology Inc.) for 1 hour, folledd by Alexa Fluor 488 anti-mouse
secondary antibody. The cells were counterstamiéd 4',6-diamidino-2-phenylindole and

visualized with an Olympus Confocal Microscope @tx@nagnification.

Quantitative reverse transcriptase PCR (QRT-PCR) assays. Samples of the early
exponential, mid-exponential, early stationary #aé stationary growth cultures were also

used for RNA extraction and measurement of the esgion of theB. vulgatus PC510
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CUU_1434 (lipoproteigs10) and CUU_3451 (permeageio) and theB. vulgatus ATCC8482
BVU 2810 (lipoproteigwsgy) and BVU 3172 (permeasgssy) by gRT-PCR. Primers
targeting both lipoprotegysio and lipoproteigysas: (Pr 5 CTAATAGTAACTATGTGATTG;

P 5 CTGTCTTTGGTTGCAGTTTCC), permeaseio and permeas@as: (P Y
GCCTGGCGCTTCTTAATGCG; PS5 TACGCTATGTGCATCCACCG) and total bacteria
[35] were used for relative quantitation using tDegene software application [36]. Total
RNA was recovered from the cell pellets using thAGEN RNeasell Mini Kit, except that
the cells were lysed with acid washed beads usin@i@pec Mini-Beadbeater-16
Homogenizer at maximum speed for 1 minute; follovegdon-column DNase digestion as
recommended by the manufacturers. The presenemyfesidual DNA was assessed by
PCR, using primers that target the 16S rRNA gend-(2nd 1492R, [37]) and once
confirmed to be DNA free, RNA quality, quantity amdegrity was assessed using an Agilent
2100 Bioanalyzer. Next, cDNA was produced with SweperScript® 1ll Double-Strand
cDNA Synthesis Kit (Life Technologies™). Real tiR€R analysis was carried out using
SYBR Green Master Mix (Applied Biosystemy and an ABI Prism 7700 (Applied
Biosystem&l). Gene expression of the lipoprotein/permease exgsessed as the ratio of

lipoprotein/permease gene copy number (GCN) perrR68\ GCN.

To quantify the effect oB. vulgatus ATCC 8482 late stationary phase culture supertstan
on NF«B regulated cytokine gene expression a 12-welkphas seeded with 20,000 Caco-2
cells per well and cultured for two weeks to geteeeconfluent monolayer. The cells were
then treated with late stationary ph&eulgatus culture supernatants (10% v/v) for 6 hours
at 37C. Total RNA was recovered from the cells usingRieasy® Mini Kit (QIAGEN)

and cDNA was synthesised using an iSEMgReverse Transcription Supermix for RT-gPCR

kit (Bio-Rad), as per the manufacturer’s instruesio Real time quantitative PCR was carried
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out using SYBR Green Master Mix (Applied Biosyst@hsand the primers for IL-6 (%
CGCCTTCGGTCCAGTTG; P 5 ATGCAGGTACAGCGTACAGT), IL.-8 (R %
ACTCCAAACCTTTCCACCC; P5 CCCTCTTCAAAAACTTCTCCAC), CXCL10 (PY
AGCAGAGGAACCTCCAGTCT; PS5 TGTGGTCCATCCTTGGAAGC) and MCP-1 (B
AGTCTCTGCCGCCCTTCT,; P5 GTGACTGGGGCATTGATTG). Real-time RT-PCR
threshold values (Ct) were normalised to the GAPDBusekeeping gene (5
TGCACCACCACCTGCTTAGC; P5 GGCATGGACTGTGGTCATGAG) and used to

calculate the fold change in gene expression velati unstimulated cells.

Quantification of short chained fatty acid (SCFA) production. A 2 ml culture ofB.
vulgatus PC510 or ATCC8482 was centrifuged at 15,000 dLéominutes and 80l of cell
free supernatant was transferred in duplicate teesh microfuge tube. Then 80 of an
orthophosphoric acid/internal standard solutior®42®eta-phosphoric acid/0-24% 4-methyl
valeric acid) was added and the sample was mix@dtighly. The concentrations of acetate,
and propionate were determined as previously destrvith 4-methyl valerate used as an
internal standard [38]. Succinate concentratios determined by ion exchange HPLC using
a Dionex UltiMate® 3000 fitted with a Dionex AcalaiOrganic Acid Analytical Column at
30°C using a 50 mM NaiRO, pH 2.7 mobile phase at 0.6 ml.nfiior 7 minutes. The

succinate peak was identified and quantified utiiegChromeleon software (Dionex).

Results

A putative NF-kB immunomodulatory regulon is highly conserved in B. wvulgatus.
Lakhdari et al., [24] recently identified a metagemc fosmid clone (52B7) derived from a
CD subject that exerts NikkB modulatory activity in ark. coli host. The cloned DNA from

52B7 is predicted to be derived fromBacteroides sp., and activity is attributable to a

10
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permease component of an ABC transport efflux sysdaad a distally encoded lipoprotein.
We identified similar genes in bo# vulgatus ATCC8482 (89% amino acid similarity to
BVU_2810 (lipoproteigysas) and 99% amino acid similarity to BVU_3172 (perseaas))
and a recent fecal isolate recovered from a hedtistralian subjecB. vulgatus PC510
(92% amino acid similarity to CUU_1434 (lipoprotgisig) and 99% amino acid similarity to
CUU_3451 (permeaggi10) and confirmed that the ABC export system is higtonserved
in these strains (Fig 1). Further analysis reve#hat the ABC export system is conserved
across the 12 other publicly available genome serpge ofB. vulgatus isolates recovered
from the humang. vulgatus CLO9T03C04,B. vulgatus 3775 SR(B) 19B. vulgatus 3775
SL(B) 10(iv), B. vulgatus 3975 RP4B. vulgatus dnLKV7, B. vulgatus 2789STDY5834842,
B. wulgatus 2789STDY5834897B. vulgatus 2789STDY5834944Bacteroides sp. 3_1 40A,
Bacteroides sp. 4 3 47FAA), mouseB( vulgatus mpk) and goatR. vulgatus NLAE-zI-
G202) gut. The permeagegy is conserved in closely relateBacteroides spp. (e.g.
Bacteroides dorei CLO2TO0C15 (97% amino acid similarity to permegsg and
Bacteroides massiliensis dnLKV3 (86% amino acid similarity to permeaggg and more
distantly relatedacteroides spp. (e.gBacteroides fragilis str. 3725 D9 ii (63% amino acid
similarity to permeasgsio), Bacteroides uniformis 3978 T3 i (53% amino acid similarity to
permeasgsig). As expected, these strains encode ABC expstesis although these are
characterized by variations in gene organizatioggesting that they may fulfil different
functional roles (Fig 1). In contrast, the lipof@ia is less highly conserved B vulgatus
strains (n=9 of 14 publicly availabE vulgatus isolate genomes) and is also found in select

B. dorel strains but not more distantly relat®acteroides spp.

The ABC export system is enriched in CD metagenomes. Next, we determined the

abundance oB. vulgatus affiliated bacteria and the ABC export system inGD and UC

11
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subjects using the IGC database. The abundand& wfilgatus affiliated bacteria was
comparable in H, CD and UC metagenomes as assessgrhsp60. In contrast, except for
CUU_3451 (putative permease), the genes encodiegptitative ABC export system
(CUU_3446 to CUU_3455) were significantly enriché&l CD as compared to H
metagenomes (Fig P,<0.05). Notably, these genes were also more abtinda®D as
compared to UC metagenomes,<0.05). Finally, the abundance of the lipoprotein
(CUU_1434) was relatively low and similar in alletrmetagenomes analyzed (Fig 2,

pade0.0S) .

B. wulgatus exhibits growth-phase dependent NF-kB immunomodulatory activity. The
NF-kB modulatory activity of 52B7 is primarily asso@dtwith the supernatant fraction with
only weak activity associated with the cell lysttection [24]. Based on this observation we
assessed the ability 8f vulgatus ATCC 8482 andB. vulgatus PC510 culture supernatants to
modulate activation of NkB using the HT-29/kb-seap-25 reporter cell line][2Analysis

of culture supernatants harvested from early expitade mid-exponential, early stationary or
late stationary growth phase revealed that bothirstrare capable of modulating MB-
activation but that the modulatory effect is chéedzed by growth-phase dependent
intraspecies variations (Fig 3A). Both strains ibkbd immunomodulatory activity in
stationary phase and in particular, the activitydofulgatus PC510 at early stationary phase
was significantly higher than that of the LYHBHI ciem or supernatant harvested from
early exponential, mid-exponential or late statrgnzhase [§<0.0001) whereas the activity of
B. vulgatus ATCC 8482 at late stationary phase was signifigahtgher than that of the
LYHBHI medium or supernatant harvested from anyhaf preceding time points (Fig 3A,

p<0.0001).

12



299 We further explored these findings usiBgvulgatus ATCC 8482 and our Caco-2-NéBluc
300 and LS174T-NFR«Bluc reporter cell lines. As expected, only late stary phase culture
301 supernatants activated NB in Caco-2-NF«Bluc (Figure 3B,p<0.01) and LS174T-NF-
302 kBluc (Figure 3Cp<0.05). The extent of activation was modest usiegLS174T cell line
303 suggesting it has a higher threshold for activatioan the HT-29 and Caco-2 cell lines
304 possibly due to the higher level of mucin produatioConsistent with this, the addition of
305 20% v/v culture supernatant from late stationaryageh cultures resulted in significant
306 increase in NFB activation in the LS174T-NEkBluc cell line (Figure 3Cp<0.0001).

307

308 B. wulgatus ATCC 8482 late stationary phase culture supernatant induces NF-kB-p65
309 subunit nuclear translocation and cytokine expression. We next examined the ability of
310 B. wulgatus ATCC 8482 late stationary phase culture superna@mnnduce NFB-p65
311 subunit nuclear translocation. As expected, fLdnd B. vulgatus late stationary phase
312 culture supernatant but not sterile culture medma@sulted in NF«B-p65 subunit nuclear
313 translocation (Fig 4A). Consistent with th& vulgatus late stationary phase culture
314 supernatant induced expression of the KifFregulated cytokines IL-6, IL-8, CXCL-10 and
315 MCP-1 (Fig 4Bp<0.05).

316

317 The B. wulgatus permease and lipoprotein are maximally expressed in late stationary
318 phase. We next examined the expression of the permeaddigoprotein genes by qRT-
319 PCR using matche®. vulgatus cells harvested from early exponential, mid-exmbiad
320 early stationary or late stationary phase cultur€sir analyses revealed that there was low
321 level expression of thB. vulgatus ATCC8482 permeag@as, and lipoproteipygssz in early
322 exponential, mid-exponential and early stationdrgge followed by a significant increase in

323 expression from early to late stationary phase &ig<0.05) which coincided with NKB

13
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modulatory activity. Thd. vulgatus PC510 permeaggio was expressed at all-time points
with a significant increase in expression occurfiirggn early to late stationary phase (Fig 5,
p<0.05). This was also associated with a graduatease in the expression of the
lipoproteirgys10 With a similar significant increase in expressamcurring from early to late
stationary phase (Fig ©<0.05) although this was not coincident with KB-modulatory

activity.

B. wulgatus PC510 activates NF-kB independently of SCFA production. B. vulgatus
produces several short chain fatty acids (SCFA)Hhae previously been shown to modulate
NF-kB activation [34]. BothB. wulgatus ATCC 8482 andB. wulgatus PC510 produced
acetate, propionate, and succinate when grown itHBNI and there was a gradual
accumulation of these SCFAs up to a maximum atdetonary phase (Table 1). However,
as the culture supernatants are diluted approxiyndi@-fold for the immunomodulatory
assays the concentrations of acetate and propi@matdelow the threshold necessary to
induce NFkB activation in HT-29 cells6mM for acetatez2mM for propionate [34]) at
all-time points. In contrast, the concentrationsatcinate in late stationary phase is above
the threshold necessary to induce RB-activation £6mM succinate [34]) although this was
not coincident with NF«B activation byB. vulgatus PC510 suggesting that the effect is

mediated via a SCFA independent process.

Discussion

B. wulgatus is one of the most abundant and prevalent bacterthe human gut [39-44]
where it is considered to be a member of the hgditman core gut microbiota [45, 46].
While there have been contradictory reports onalative abundance in CD (e.g. [47, 48])

and UC subjects (e.g. [11, 49] it appears Biatulgatus is also capable of colonizing and
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persisting in the dysbiotic IBD gut environmento Better understand this dichotomy, we
examined the availablB. vulgatus genome sequences and identified a putative regulon
comprised of an ABC export system and lipoproteiwhich is similar to an
immunomodulatory regulon previously identified onC® derived metagenomic fosmid
clone. Furthermore, we determined that the abdityB. vulgatus to modulate NFB is
strain and growth phase dependent suggesting kistcapability may be regulated in

response to environmental stressors affecting baktgowth.

We previously demonstrated that spent culture sigtent prepared from aB. coli host
carrying 52B7 activated NkB in a gut epithelial cell line which is consistenith the
putative efflux function assigned to the ABC tramgpsystem [24]. Similarly, to fosmid
52B7 we detected NKB modulatory activity in spent culture supernatargpared from two
independent strains &. vulgatus. The extent of activation was less than previpusported
for E. coli carrying 52B7 although this might be related t@ theterologous genetic
background of this host [24]. Activation of NdB was growth phase dependent and
interestingly the immunomodulatory activity Bf vulgatus PC510 was not coincident with
the maximum expression of the permease and lipeiprodr with the production of several
SCFA known to affect NkB activity, suggesting that these factors may hmesgary but not
sufficient for immunomodulatory activity. For iastce, B. vulgatus ATCC 8482 also
produces arN-acyl-amide termed commendamide that activateskBlR4da a G-protein-
coupled receptor termed G2A (GPR132) that has hemticated in autoimmunity and
atherosclerosis [50]. While we observed a highrelegof concordance between the
individual cell lines it is notable that previousudies reported that HT-29 cells were
unresponsive td. vulgatus stimulation [34, 51]. However, this may not bepsising

considering that our results suggest that thiviéigiis strain dependent and tightly associated
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with cell growth. Critically, activation bf. vulgatus PC510 was detectable in early but not
late stationary phase cultures suggesting thakBlffrodulation was likely due to secretion
of a specific factor and not to the general reledsmicrobiota-associated molecular patterns

into the supernatant by stationary phase cultures.

It is well recognized that several gut pathogerisate an inflammatory as it confers them
with a competitive advantage in the gut environmelttremains to be determined whether
specific B. vulgatus strains behave in a similar manner however in teddito a potential
pathogenic roleéB. vulgatus may also activate NkB to establish a tolerogenic relationship
with the host. For instance,Ba vulgatus strain isolated from a guinea pig with carrageenan
induced colitis activated NKB in intestinal epithelial cell$n vitro andin vivo [52, 53]
however concomitant induction of TGH- production by lamina propria mononuclear cells
inhibited NF«kB recruitment to the promoter of the pro-inflammgtaytokine IL-6 in the
intestinal epithelial cells [53]. Similarlfg. vulgatus mpk but notE. coli was able to induce a
semi-mature lamina propria dendritic cell phenofywhich may prevent subsequent T-cell
polarization, by triggering IL-6 secretion in thesance of pro-inflammatory cytokines such
as IL-12 or TNk [54]. IBD is characterized by a loss of tolerat@ehe gut microbiota and
B. wulgatus may induce both pro and anti-inflammatory pathwaysivo to maintain a
tolerogenic relationship with the host. It remaitass be seen whether this capacity is

characterized by intraspecies variations and hamight influence IBD risk.

The ability of individual bacterial strains to pistsn the gut is supported by their capacity to
rapidly respond and adjust their growth rate tongeal environmental conditions. FBr
vulgatus these adaptations may also be associated witbtei& gene expression that affect

its interaction(s) with the host and the inflamnmmatoesponses leading to IBD. Consistent
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with this Sato et al., [23] revealed that the hurgahis colonized by multiple strains Bf
vulgatus and that tissue adherent strains are enrichedisubjects. Furthermore, Setoyama
et al., [55] previously demonstrated tHat vulgatus strains vary in their ability to drive
colitis. Both CD and UC are characterized by ahhmute of discordance amongst
monozygotic twins (>60% for CD and >80% for UC [p@&ind it is known that the gut
microbiota of monozygotic twins differs at the stréevel [57]. This raises the intriguing
possibility that intraspecies variations in thests colonizing healthy and IBD siblings could

influence disease risk.

Interestingly, while our data suggests that the AB@ort system may not be sufficient for
NF-kB activation these genes are more abundant in GBcaged metagenomes suggesting
that they are required foB. vulgatus to successfully colonize and persist in this gut
environment.  UnfortunatelyB. wulgatus is reported to be recalcitrant to genetic
characterization [58, 59] however a new approaciméd metaparental mating [60] may
provide new opportunities to recover geneticallpctable isolates thus enabling the
importance of the ABC export system for gut colatian to be assessed by reverse or
forward genetic methods. The genome sequencds waflgatus ATCC8482, PC510 and
mpk have been published [30, 31, 61], the sequefwreseveral other human and animal
derived strains are available in the public databamd a further three genomes have been
sequenced but not yet publicly releasddl (ulgatus RJ2H1 (IMG Submission ID:
2510065017)B. vulgatus RJ2L3 (IMG Submission ID: 2510065018) aBdvulgatus 274-
1D4 (IMG Genome ID: 2503754051)). Taken togetiveg, anticipate that an integrated
approach combining functional and genomic dissastiwill provide new insights into the
gene repertoire necessary to support gut colooizadind persistence, and influence host

health.

17



424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

Conclusions

The immunomodulatory capacity &. vulgatus is characterized by important intraspecies
variations although whether there is a “switch” ttheansforms the bacterium into a
pathogenic state remains to be determined. A deepderstanding of the intraspecies
variations and triggers underpinning this switch ymarovide new insights into the

pathogenesis of inflammatory bowel disease andler@abmore sensitive diagnosis and/or

management of disease.
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lipoprotein from fosmid 52B7 and Bacteroides spp. The locations of the transposon
insertions that abrogate N€B activation in fosmid 52B7 are indicated (closedarted
triangles). The genes encoding Bienulgatus PC510 ABC export system (CUU_3446 —
CUU_3455) are indicated. We also identified seivgeaes (indicated as putative proteins)
that appear to contain premature translational staons in the putative ABC transport

efflux system of 52B7.
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Fig 2: Abundance of B. vulgatus PC510 ABC export system in H, CD and UC subjects.
Boxplot depicting the log2 transformed metagenomad count ohsp60, and the genes
encoding the ABC export system and lipoproteinealthy (H), Crohn’s disease (CD) and

ulcerative colitis (UC) fecal metagenomesp,g-value<0.05.
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665 Fig 3A: B.wulgatus mediated NF-kB modulation is characterized by intraspecies variations and growth phase dependency. The effects

666 of the culture supernatants on MB-activation in the HT-29/kb-seap-25 cell line wereasured by quantification of SEAP reporter gene
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activity using the QUANTI-Blue™ reagent and aver&feAP activity was calculated from three independperiments. NkB reporter
gene activation (NkB activity (ODsssnn) is expressed as the optical density at 655 niDs4£d,) as assessed following stimulation for 24
hours. Baseline activation of the reporter gens assessed using un-inoculated bacterial cultucdume(LYHBHI) andB. vulgatus PC510
(ES) andB. vulgatus ATCC8482 late stationary (LS) supernatants thdtile significantly higher activity compared to tha-inoculated
LYHBHI medium and other experimental time pointar(g exponential (EX), mid-exponential (MX), eartyationary (ES)) are indicated
(p<0.001). B. The effects of the culture supernatants ondBFactivation in the Caco-2-NKBluc reporter cell line were measured using
luciferase assay. Average MB- activation was accessed following 6 hours stimatatand baseline activation of the reporter gene was
assessed using un-inoculated LYHBHI bacterial caltmedium. B. vulgatus ATCC8482 late stationary (LS) culture supernataxbibit
significantly higher activity compared to the umaulated LYBHI medium on the Caco-2 reporter celel(p<0.05). C. B. vulgatus
ATCC8482 late stationary (LS) culture supernatanggificantly increase NkB activation on LS174T-NF:Bluc reporter cell line in dose

response manner (10% and 20% respectivelpk(:05, ** p<0.01, *** p<0.001, **** p<0.0001).
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693 Fig 4A. B. vulgatus ATCCB8482 late stationary phase culture supernatant induces NF-kB-p65 subunit nuclear translocation. Caco-2

694 cells were stimulated with either ILB1LYBHI medium orB. vulgatus ATCC 8482 late stationary culture supernatantslféwour. The cell
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nuclei are indicated in blue while the MB-p65 subunit is indicated in green. The cell puah the central panels are largely black for
unstimulated Caco-2 cells and cells stimulated \ittHBHI indicating little NFkB-p65 nuclear translocation. In contrast, [R-and B.
vulgatus LS culture supernatant results in MB-p65 nuclear translocation as revealed by greaimiag of the nuclei. Scale bars represents
10um. B. B. vulgatus ATCCB8482 late stationary phase culture supernamaiice expression of NkB-p65 dependent cytokines. Caco-2 cell
monolayers were treated with late stationBryulgatus ATCC8482 (10% v/v) culture supernatants or LYBHédium for 6 hours. The
expression of IL-6, IL-8, CCL2 and CXCL10 was assesby quantitative RT-PCR. Data are normalize®Ad¢’DH and presented as fold-
change relative to unstimulated cellB. vulgatus LS supernatant increased the expression of prarmfiatory cytokines IL-6p&0.05), IL-8

(p<0.001), CCL26<0.05) and CXCL10 [(<0.05, ***p<0.001).
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Fig5. Maximal expression of the B. vulgatus AT CC8482 but not PC510 lipoprotein and

per mease genes is coincident with immunomodulatory activity at late stationary phase.

The extent of gene expression (Gene copies/16S rgd& copies) is expressed as the ratio
of gene copies of the lipoprotein or permease pey ©f the 16S rRNA gene. There is a
significant increase in gene expression followidg ttransition from ES to LS phase
(p<0.05). Early exponential (EX), mid-exponential XM early stationary (ES) and late

stationary (LS).
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Early exponential phase

Mid exponential phase

Early stationary phase

Late stationary phase

SCFA  B.wulgatus B. vulgatus B. vulgatus B. vulgatus

8482 PC510 8482 PC510 8482 PC510 8482 PC510
AcOH  2.45%+0.20 0.52+0.26 1.93+0.08 2.24+0.19* 3.72+0.13* 8.21+0.37* 11.53+0.19* 12.76+0.17*
Pr 0.22+0.09 0.01+0.01 0.00+0.00 0.00+0.00 0.00+0.00 0.78+0.08* 13.08+0.99* 9.00+0.12*
Suc 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.38+0.28 55.92+1.53* 167.61+2.34* 80.63+4.68*

Table 1. SCFA production (mM) by. vulgatus ATCC8482 andB. vulgatus PC510 grown in LYHBHI. *Statistically significar{p<0.05)

change in SCFA concentration compared to the pusionepoint of the same strain. AcOH — Acetate: Propionate; Suc — Succinate
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Highlightsfor Review

The pathobiontBacteroides vulgatus has been implicated in the etiology of both
Crohn’s disease (CD) and ulcerative colitis althguiglatively little is known about
how its growth and functional activity might dritlee host inflammatory response.

We identified an ATP Binding Cassette (ABC) expsystem and lipoprotein iB.
vulgatus ATCC 8482 andB. wvulgatus PC510 that displayed significant sequence
similarity to an NFKB immunomodulatory regulon previously identified anCD-
derived metagenomic fosmid.

The ABC export system was specifically enriche@ subjects suggesting that it may
be important for colonization and persistence ex@D gut environment.

Both B. vulgatus ATCC 8482 and®C510 activated an NikB responsive reporter gene
in gut epithelial enterocyte and goblet cell cudtline in a strain and growth phase
specific manner. Consistent with thi&, vulgatus ATCC 8482 also induced NkB-
p65 subunit nuclear translocation and expressidh-6f IL-8, CXCL-10 and MCP-1.
However, NFKB reporter gene activation was not coincident wi#ximal expression

of the ABC exporter or lipoprotein iB. vulgatus PC510.



