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Weak Agonistic LPS Restores Intestinal
Immune Homeostasis
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Generated by gram-negative bacteria, lipopolysaccharidesnly the presence, abundance, or proportion of certain live microbial
(LPSs) are one of the most abundant and potent immunomod- species account for such microbiota-mediated effects. Indeed, the
ulatory substances present in the intestinal lumen. Interaction structure, and consequently the endotoxicity, of lipopolysaccharides
of agonistic LPS with the host myeloid-differentiation-2/Toll- (LPSs) from gram-negative bacteria determines the outcome of
like receptor 4 (MD-2/TLR4) receptor complex results in in ammation in a mouse model for experimental colitBurther-
nuclear factorkB (NF-kB) activation, followed by the robust more, the composition and variety of the intestinal LPSome strongly
induction of pro-in ammatory immune responses. Here we impactits in ammation-promoting or homeostasis-preserving prop-
have isolated LPS from a common gut commensBhcteroides erties? This makes LPS an interesting potential drug to target dysre-
vulgatusmpk (BVMPK), which provides only weak agonistic gulated intestinal immune responses.
activity. This weak agonistic activity leads to the amelioration
of in ammatory immune responses in a mouse model for LPS, in its smooth form, consists of three distinct domains: (1) an
experimental colitis, and it was in sharp contrast to strong ag- O-specic polysaccharide (O-chain); (2) a core oligosaccharide
onists and antagonists. In this context, the administration of (core OS); and (3) the lipid A, which anchors LPS to the outer
BVMPK LPS into mice with severe intestinal inammation lea et of the bacterial cell wallwith its highly conserved overall
re-established intestinal immune homeostasis within only structure and composition, LPS represents an important microbe-
2 weeks, resulting in the clearance of all symptoms of mm-  associated molecular pattern (MAMP), playing an essential role
mation. These in ammation-reducing properties of weak for the recognition of bacterial invasion by the host innate immune
agonistic LPS are grounded in the induction of a special type system®*'through recognition by the host myeloid-differentiation-
of endotoxin tolerance via the MD-2/TLR4 receptor complex 2/Toll-like receptor 4 (MD-2/TLR4) receptor complex. Importantly,
axis in intestinal lamina propria CD11¢ cells. Thus, weak the chemical structure of LPS, primarily the detailed composition of
agonistic LPS represents a promising agent to treat disease$ipid A, drastically inuences its biological activity, ranging from
involving pathological overactivation of the intestinal immune strong activation of the innate immune system in the case of
system, e.g., in inammatory bowel diseases. agonistic LPS to a complete block of immune responses in the
case of antagonistS:**This different behavior is rected in diverse

INTRODUCTION binding modtsas of such lipid A structures to the MD-2/TLR4 recep-
tor complext

In ammatory bowel diseases (IBDs) are characterized by chronic re-

lapsing intestinal inammation, with Crohis disease (CD) and ulcer- ?iven the high amount of endogenous LPS in the gastraintestinal

ative colitis (UC) being the most frequent and clinically relevan L . . )
L . . . lumen, it is important for the mammalian host to avoid overstimula-
forms of this disease compl&Xhe etiology of IBD is considered to . . . ; )
tion of immune cells. Two crucial mechanisms contribute to

be multfactorial, with geneticsenvironmental factorsand intesti- . u ot “03" tight intestinal epithelial barrier protecting
nal microbiota compositidhcontributing to the pathology. Therapy L2 . . . .
underlying immune cells in the lamina propria (LP) from luminal

of IBD in humans !s currently focused on symptomatic tre.atmentl,_PS, and (2) the induction of endotoxin tolerance.
often by means of immunosuppressibRurthermore, IBD patients

require intensive medical intervention, rendering IBD not only a
major health care but also a growing economic challéfdss un-
derlies the need for novel, low-priced, and innovative therapeut
approaches.

ceived 10 December 2018; accepted 8 July 2019;
itps://doi.org/10.1016/j.ymthe.2019.07.007

“These authors contributed equally to this work.

L . . . . .. Correspondencedulia-Stefanie Frick, Institute of Medical Microbiology and Hy-
Itis widely accepted that the composition of the intestinal microbiotgiene, university of Tiibingen, Elfriede-Aulhorn-Str. 6, 72076 Tiibingen, Germany.
contributes to the progression and outcome of IBD. However, n@-mail: julia-stefanie.frick@med.uni-tuebingen.de

1974  Molecular Therapy Vol. 27 No 11 November 2019 2019 The Author(s).
This is an open access article under the CC BY-NC-ND licensén{tp://creativecommons.org/licenses/by-nc-nd/4.0/).




www.moleculartherapy.org

Endotoxin tolerance denotes a phenotype of antigen-presenting cefisuse models for experimental colitis>* These anti-inammatory
that are hyporesponsive toward a second LPS (endotoxin) stimulpsoperties appeared when BVMPK was administered before the onset
through receptor desensitization as the result ofrst LPS stim-  of disease, resulting in the prevention of microbiota-mediated intes-
ulus***®Although being a well-documented phenomenon, the motinal in ammation. This prompted us to verify whether this
lecular mechanisms underlying endotoxin tolerance still remainbommensal was also capable of reducinguinmatory reactions in
incompletely understood. Endotoxin tolerance has been observad already inamed environment. Since we aimed to induce long-
both in vitro andin vivoin animal models as well as in humalfis. term chronic in ammatory conditions, we chose a T cell transplanta-
The hyporesponsiveness of endotoxin-tolerant cells iscted in  tion modef® usingRagide cient mice, which fail to express func-
their inability to express and secrete proammatory cytokines, tional T and B cell$® Upon transplantation of naive CD4T cells,
such as interleukin (IL)-12, IL-6, and Ilblin response to a second theseRagl’ mice develop a chronic form of intestinal Bmma-
LPS stimulus: However, the detailed pattern of tolerant genes is cefion, which is highly dependent on the microbiota composition.
type dependeni® Noteworthy, not only cytokine expression is dras-
tically reduced during endotoxin tolerance but also surface expressibherefore, we transplante®®agl’ mice harboring a highly
of T cell-activating molecules, such as major histocompatibility conalysbiotic microbiota (DYSM)with 5 10° naive wild-type (WT)
plex (MHC) class Il and CD4Y*® CD4'CD62L*CD45RE' T cells. The composition of the microbiota
is described in thélaterials and MethodsAt 4 weeks after T cell
Endotoxin tolerance is established while LPS-stimulated antigen-pteansplantation, mice were administered 3.(f viable BVMPK/mL
senting cells undergo maturation characterized by increased expresslanking water until the end of the experiment. BVMPK-containing
of pro-in ammatory cytokines and MHC class Il surface expressiodrinking water was renewed every 2 days, and anaerobic BVMPK re-
So-called semi-mature cells, however, exhibit tolerance toward a sea@ined viable under these conditions due to its aerotolerant proper-
ondary LPS stimulus, but they fail to express praimmatory cyto- ties (data not shown). Untreaté®hgl’ mice were used as negative
kines in response to therst, semi-maturation-inducing stimulds. controls, and T cell-transplanted mice that were not administered
For example, the well-documented mouse gut comm@&gesdkroides BVMPK were used as positive contrdfsgure A).
vulgatusnpk (BVMPK) induces semi-mature CDITells inthe intes-
tinal LP, which is thought to contribute to immunomodulating proper-Since we aimed to real-time monitor the progression of intestinal
ties of this bacterial strain, resulting in the prevention of colitisinductioin ammation in each individual, we injected all mice wifF[- uo-
in several mouse models for experimental cdfitis.BVMPK belongs  rodeoxyglucose {fFJFDG), and we performed non-invasivevivo
to the bacterial phylurBacteroidetesrhich represents the most abun- positron emission tomography (PET}3f]FDG is suitable for the
dant gram-negative phylum in the mammalian giilotably, notonly  detection of ongoing ilammatory processes in living animals, since
BVMPK but also otheBacteroidespecies, such &acteroides fragilis sites of inammation are depicted as regions with high8F[FDG
(BF), provide beneial and host immune system-modulating uptake in PET scans compared to nondmed surrounding
properties:*In this context, BF is of particular interest since its advanenvironments® However, some organs such as heart and bladder
tageous properties were demonstrated to be rooted in a structuggnerally provide a basic tracer uptake signal independent of their in-
component: the zwitterionic polysaccharide A (PSA). ammatory status. We monitored the colontéq]FDG uptake over
time from all mice used for this experiment. Therefore, each mouse
Here we demonstrate that BVMPK drastically reduced already estabas injected with fF]JFDG, and PET imaging was performed at
lished intestinal inammation in mice, thus leading to a complete healthe day of T cell transplantation (week 0) as well as 4, 6, and 8 weeks
ing of damaged intestinal tissue. Intriguingly, this effect was mirrored kafter T cell transplantation~{gure B). The obtained data were cor-
using a structural component other than PSA: LPS. BVMPK LPS wascted for decay, due to the half-life time HH], and normalized to
found to exhibit weak agonistic activity for interaction with the hosthe injected activity per animal.
MD-2/TLR4 receptor complex, and the administration of pad
BVMPK LPS re-established intestinal immune homeostasis in a mousg demonstrated in the upper panelfgfjure B, non-transplanted
model for experimental colitis. The weak agonistic properties of this LF&gl’ mice provided low & ]FDG uptake during the whole obser-
are thought to be responsible for its active amelioration @finmation  vation period, indicating no ongoing imammatory processes in the
through the induction of semi-mature LP CD1leells. Hence, weak colon. In line with previous publicatiodis?’Ragl’ mice harboring
agonistic LPS might be a novel and effective therapeutic agent for &a®YSM and transplanted with naive T cells exhibited severe colonic

treatment of intestinal inammatory disorders such as IBD. in ammation, as illustrated by a high coloniH]FDG uptake at
weeks 4 and 65jgure B, middle panel). Since the iammation in
RESULTS these animals exceeded an ethically jasiie level, these animals
BVMPK Actively Ameliorates Established InRBammatory had to be sacriced at week 6. As a third group, T cell-transplanted
Reactions in a Mouse Model for Experimental Colitis, as Ragl’ mice, displaying severe signs of intestinahinmation at
Conbrmed by Non-invasive In Vivo PET Imaging week 4 Figure B, lower panel), were administered viable BVMPK

We have already demonstrated that mouse gut-associated commensatrinking water from week 4 to week 8 after T cell transplantation.
BVMPK exhibits anti-inammatory properties in various different In these mice, we observed a considerable reduction in cofSfjc [

Molecular Therapy Vol. 27 No 11 November 2019 1975
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Figure 1. Administration of Live  B. vulgatus mpk Reduces Intestinal InBammationin  Rag1®®Mice with Established Colonic InRammation, as ConPrmed by
Non-invasive In Vivo PET Imaging

(A) Experimental setupRagl ' mice harboring a highly dysbiotic microbiota were transplanted with CDA4T cells to induce intestinal inBammation as described. 4 weeks
after T cell transplantation, mice started receiving liv8. vulgatusmpk (BVMPK) in the drinking water at a concentration of 5 108 mL . BVMPK treatment was continued for

4 more weeks. 8 weeks after T cell transplantation, mice were sacribced and analyzed. As controls, one group was transplanted without the following BVMPK administration
and one group was not T cell transplanted. (B) High-resolution non-invasive small aniniralvivoPET imaging. 8.3+ 1.3 MBq [*®F]FDG was injected into the tail vein of each
mouse. Static PET scans were performed at the day of T cell transplantation and repeated 4, 6, and 8 weeks after T cell transplantation. Data were corrected for decay and
normalized to the injected activity. PET images of one representative individual per group are depicted (n = 8910 mice per group). Organs providing high-intensity signals
(heart, bladder, and inBamed colon) are labeled in the upper left panel.

FDG uptake already after 2 weeks. Another PET scan at weelcdls were responsible for the observedainmation-preventing
revealed comparably low¥]FDG uptake, indicating that the in- and -reducing effects in vivomodels for experimental colitis. Since

ammatory processes, visible at week 4, were cleared by BVMBHcteroidetesepresents the major gram-negative phylum in the
administration. The PET results were camed by a reduced histo- human intestiné” > we aimed to examine the semi-maturation-
logical score and a reduced IL-17 expression in BVMPK-fed T cellducing properties ofBacteroidespecies other than BVMPK,
transplanedRagl’ mice, as compared to only T cell-transplanednamely,B. dorei(BD), B. vulgatusATCC8482 (BV8482), BF, and

Ragl’ mice Figures B-4D). B. thetaiotaomicro(BTIO).

This clearly demonstrated that the anti-emmatory properties of It was already demonstrated that BVMPK induced semi-maturation
the commensal BVMPK did not only prevent the induction ofam-  in vitro in bone marrow-derived dendritic cells (BMDCs). This
mation in T cell-transplantedRagl’ mice, as published previ- phenotype is characterized by low but measurable secretion of IL-6
ously?? but also actively ameliorated already established colonidith the simultaneous absence of secretion of other prafimatory
in ammation, alleviating symptoms of colitis in this mouse model.cytokines, such as tumor necrosis factor (TNF), IL-12, andbllad

well as the absence of anti-ammatory IL-1G°>>* Furthermore,
Induction of Hyporesponsive CD11c * Cells Isa Common Feature semi-mature BMDCs (smBMDCs) only provide slightly increased
of Various Bacteroides Species surface expression of MHC class I, CD40, CD80, and GD86n
We have already demonstrated that BVMPK-mediated suppressigeneral, LP CD1Iccells strongly resemble BMDCs, as shown by
of intestinal in ammation strongly correlates with the induction of comparable expressions of CD45, CD11b, and CD103 while being
a hyporesponsive or so-called semi-mature phenotype of LED3neg, Ly6Gneg, Ly6Gneg, CD45Rneg, and CD6&pg ¢ S).
CD11¢ cells”?*We assumed that such hyporesponsive LP Cb11c¢Therefore, we used BMDCs to assess wheBaeteroidestrains
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Figure 2. Induction of Hyporesponsive CD11c * Cells Is a Common Feature of Various  Bacteroides Species

(A) Stimulation of CD11¢ bone marrow-derived dendritic cells (BMDCs) generated from WT C57BL/6 mice (n = 3 mice) with PBS (mock),colimpk (EC),B. vulgatus mpk
(BVMPK),B. dorei (BD),B. vulgatusATCC8482 (BV8482)B. fragilis(BF), andB. thetaiotaomicron(BTIO) for 16 h at an MOI of 1. Cytokine secretion was detected by ELISA.
Surface expressions of MHC class Il and CD40 were detected by Row cytometry, and the population of MHC class Tl ¢glls and CD40 MFI, respectively, were normalized to
the mock control of BMDCs generated from the same individual. (B) WT BMDCs (n = 3 mice) were stimulated with PBS (mock), EC, BVMPK, BD, BV8482, BF, an@BTan

MOl of 1 for 24 h (prime). Cell culture medium was removed and exchanged for fresh medium before stimulation (challenge) with EC for an additional 16 h. Cytokine secretion
was detected by ELISA. Surface expressions of MHC class Il and CD40 were detected by Bow cytometry. Statistical analysis was performed using one-way ANOVA.
p values <0.05 were considered to be statistically signibcant and are indicated with an asterisk (*). Columns and error bars represent me&D.

other than BVMPK induce the effects of hyporesponsiveness in terms of surface expressions of MHC class Il, CD40, CD80, and
CD11¢ cells. CD86 as well as secretions of cytokines, such as TNF, but not IL-6.
Therefore, we primed BMDCs with BVMPK, BD, BV8482, BF,
BMDCs were generated from the bone marrow of WT C57BL/6MBTIO, or EC for 24 h and challenged them with EC. Importantly, me-
mice, and they were stimulated for 16 h with PBS (mock) as a negatii@m was changed between prime and challenge to determine whether
control as well as with BVMPK, BD, BF, BV8482, and BHCxoli primed cells were still capable of secreting prammatory cyto-
mpk (EC) was used as a positive control to induce fully maturkines in response to EC challenge. As seéimjnre B, IL-6 secretion
BMDCs?? All bacteria were added to BMDCs at an MOI of 1. Aswas not reduced iBacteroideprimed and EC-challenged BMDCs
demonstrated by the low secretion of IL-6, the absence of IL-10 asdmpared to unprimed EC-challenged BMDCs. IL-10 secretion was
TNF, as well as by only slightly increased MHC class Il and CD40 sugenerally low among all different stimulus combinations. However,
face expressions, all tesiatteroidestrains induced comparable ef- priming of BMDCs with all testeBacteroidestrains resulted in the
fects in BMDCs, which were comparable to BVMPK-induced effectlerance of TNF expression after EC challenge in contrast to un-
therefore suggesting the induction of semi-maturation by all testggtimed BMDCs. In line with this, priming of BMDCs with all tested
Bacteroidestrains Figures A and SJ). As expected, EC stimulation Bacteroidestrains resulted in (signtantly) lower MHC class Il and
led to the strong secretions of IL-6, IL-10, and TNF as well aS8D40 surface expressions after EC challenge compared to EC-primed
increased MHC class Il and CD40 surface levels. BMDCs. However, these results point at the induction of semi-matu-
ration and, therefore, tolerance toward TNF and surface T cell-acti-
A characteristic feature of BVMPK-induced semi-mature (smyating surface molecule expression by all teBtteroidespecies.
CD11¢ cells is hyporesponsiveness toward further bacterial stimufihus, the induction of smBMDCs is not a unique property of BVMPK.

Molecular Therapy Vol. 27 No 11 November 2019 1977
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Table 1. Comparison of the Lipid A Core Synthesis Genes between BVMPK and BV8482, BD, and BTIO

BVMPK BV8482 BD BTIO
ID ID SIM (%) ID SIM (%) ID SIM (%)
BvMPK_3283 BVU_0099 100 HMPREF1064_02220 99 BT4205 82
BVMPK_3832 BVU_0098 99 HMPREF1064_02221 99 BT4206 86
BVMPK_3821 BVU_0097 99 HMPREF1064_02222 99 BT4207 69
BVMPK_4264 BVU_0525 100 HMPREF1064_04085 99 BT3697 84
BVMPK_1137 BVU_1917 99 HMPREF1064_04942 97 BT4004 74
BVMPK_0444 BVU_1603 99 HMPREF1064_03036 96 BT1880 100
BvMPK_1465 BVU_1476 99 HMPREF1064_03097 98 BT2747 66
BVMPK_0774 BVU_1062 98 HMPREF1064_01726 97 BT2152 34
BvMPK_3353 BVU_3834 99 HMPREF1064_04014 96 not idhti

BvMPK_0983 BVU_1238 99 HMPREF1064_01498 93 not idhti

BVMPK_2934 BVU_3293 99 HMPREF1064_03350 98 BT1854 48

Genetic similarities (SIMs) were calculated by alignment of the genes from BV8482, BD, and BTIO compared to BVMPK. IDs refer to the respectiveegene identi

Bacteroides Species Share a Conserved Lipid A Synthesis Core mediated by their typical LPS. Correspondingly, EC, which produces
Since stimulation with heat-killed BVMPK, BD, BF, BV8482, and different type of LPS, induced clearly different effects. Overall, this
BTIO also resulted in BMDC semi-maturation as induced by viablsuggests that the structureBrdcteroidespp. LPS is a crucial determi-
bacteria (see aldeigure SR we supposed the crucial semi-matura-nant for the induction of semi-maturation in CDI1cells. Work is
tion-inducing bacterial factor to be a structural component that i®ngoing to establish the chemical structure of LPS from BVMPK
shared by all these strairBacteroidebelong to gram-negative bac- (LPSBV) and its structure-activity relationship.
teria and harbor LPS in the outer membrane of the bacterial cell
wall. LPS is known to be one of the most potent surface moleculgslated LPS of BVMPK Induces Hyporesponsive Semi-mature
and dendritic cell (DC) maturation-inducing components of gram-CD11c" Cells
negative bacteria. It consists of lipid A, a core oligosaccharide, amd verify the hypothesis th&acteroidespp. LPS is crucial for the in-
an O-antigen composed of polysaccharides of various lengths. Jaadletion of hyporesponsive CDIleells, we isolated LPSBYV as well as
son et af” have recently reported on the differences in the poly- anétom EC (LPSEC), which contains a strongly agonistiphosphor-
oligosaccharide portions among BF, BV8482, BD, and BTIO. Sincey#ited and hexaacylated lipid A. We generated BMDCs from WT
these strains induced semi-maturation in our experimefits(e J, C57BL/6 mice, and we stimulated these cells with either viable
we hypothesized that the induction of semi-maturation occurs indeBVMPK or EC at an MOI of 1. Additionally, BMDCs were stimulated
pendently of LPS carbohydrate moieties. Therefore, we focused onieh puri ed LPSBV or LPSEC, both at concentrations of 56/a6°
lipid A part. Lipid A of BD and BF was reported to be similar in struc-BMDCs for a total of 16 h. As shown Figure @, stimulation of
ture and composition, being mono-phosphorylated and harborin@MDCs with LPS resulted in the same BMDC phenotype as stimula-
only 5 acyl chaing*>* tion with the respective bacteria from which the LPS was isolated.
Both, BVMPK and LPSBV stimulation led to low expressions of
To identify candidate genes fBacteroideBpid A biosynthesis, we MHC class Il, CD40, CD80, and CD8Bigure ) as well as to a
performed BLASTP searches against genomes of BV8482, BD, @wwilsecretion of IL-6 and an absence of TNF(ire A). On the con-
BTIO using BVMPK genes as reference. We found lipid A biosynthesigry, stimulation of BMDCs with either EC or LPSEC led to signi
genes of all investigat&acteroidespp. to be homologous, since, with cant increases in the surface expressions of MHC class Il and T cell
some exceptions for BTIO, the similarities among the sequences ex-stimulatory molecules CD40, CD80, and CD86 as well as to
ceeded 90% @ble ). In the next step, we compared the biosynthesisncreased secretions of IL-6 and TNFgure A).
genes for BVMPK lipid A with the Raetz pathway of EElfle . We
could clearly show thaBacteroidedipid A synthesis genes differ To assess hyporesponsiveness toward a secondary stimulus, we stim-
signi cantly from the EC lipid A synthesis genes. The similarities betdated BMDCs for 24 h with PBS (mock), BVMPK, LPSBV, EC, and
tween the genes were only between 25% and 42%, and the EC genbP®EC followed by a challenge with either EC or PBS as a negative
was found to lack the BVMPK_0774 and BVMPK_33580(e J.  control. Importantly, medium was changed between prime and chal-
These differences probably result in different lipid A compositionsenge to determine whether primed cells were still capable of secreting
The observed gene homology among the lipid A cores of BVMPI§ro-in ammatory cytokines in response to EC challenge. To deter-
BD, BTIO, and BV8482 is in line with our hypothesis that inmuno-mine the change in the surface expressions of T cell co-stimulatory
genic effects on dendritic cells by all tesalteroidespp. are molecules in response to EC challenge, we determined the proportion

1978 Molecular Therapy Vol. 27 No 11 November 2019
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Table 2. Comparison of the Lipid A Core Synthesis Genes between BVMPK and antl_.ln ammatory cytoklnes. Slnce BVMPK and EC a§ well as
and EC MG1655 LPSBV induce a different cytokine secretion pattern via TLR4
signaling, we compared the NdB-activating potential of BVMPK

BVMPK EC MG1655 and EC, as well as of LPSBV and LPSEC. For this purpose, we used
ID ID SiM HEK cells expressing the mouse MD-2/TLR4 receptor complex
BvMPK_3283 944849 42 (MTLR4-HEK) Figure ®), and we stimulated them for 16 h. The re-
BVMPK_3832 944816 36 sulting IL-8 secretion was detected as an indirect measure of MD-2/
BVMPK_3821 944882 33 TLR4-mediated NFB activation, since IL-8 secretion is a direct
BVMPK_4264 249053 >7 consequence of TLR4-mediated KB-activatior?:’ Stimulation of
BVMPK_1137 944838 a1 MTLR4-HEK cells with either viable BVMPK or EC at an MOI of 1
SVIPK 042 945526 > resulted in signicantly higher IL-8 secretion from EC-stimulated

— cells compared to BVMPK-stimulated celsyure D, upper panel).
BVMPK_1465 949048 % Stimulation of mTLR4-HEK cells with isolated LPSBV or LPSEC re-
BvMPK_0774 not idented sulted in a concentration-dependent increase in IL-8 secretion when
BvMPK_3353 not identied LPSBV was used. LPSEC stimulation resulted in saturated IL-8 secre-
BvMPK_0983 945863 35 tion, even at concentrations as low as 1 ng i‘nq.Figure D, lower
BVMPK_2934 945450 27 panel). The increased IL-8 secretion as a result okBlBetivatiori’

Genetic similarities (SIMs) were calculated by alignment of the genes&foherchia indicated signicantly stronger activation of LPSEC compared to
coli K12 MG1655 (EC MG1655) compared to BVMPK. IDs refer to the respectivd-PSBV in mTLR4-HEK cells. Additionally, we measured the phos-
gene identiers. phorylation of S534 of the NKB subunit p65 (p-p65) viaow cy-
tometry as a measure of NéB transactivation activif§>°in mouse
BMDCs, in response to either LPSBV or viable BVMPK and EC,
of MHC class IIhf, CD40, CD80, and CD86 cells in primed and respectively. Stimulation with BVMPK and LPSBV of BMDCs for
EC-challenged BMDCs, and we compared them with PBS-challend®@ min resulted in a signcantly lower p-p65 induction compared
controls that were primed with the same stimulus. Thus, high bate EC stimulation Figure E).
indicate high responsiveness and low bars indicate tolerénge (
ure B). As demonstrated irFigure B, both, BVMPK- and Furthermore, we determined intracellular aldehyde dehydrogenase
LPSBV-primed EC-challenged BMDCs provided sigatly lower (ALDH) activity in mouse BMDCs stimulated with viable BVMPK
secretion of TNF. Furthermore, increases in CD80 and CD86 surfageEC for 16 h Figures & andS5. ALDH triggers the induction of
expressions in LPSBV-primed and EC-challenged BMDCs weire ammation-ameliorating Foxp3regulatory T cells (Tregs) by
signi cantly lower compared to PBS-primed and EC-challengeshetabolizing vitamin A-derived retinol into retinoic acid (RR).
BMDCs, indicating the induction of hyporesponsiveness of LPSBWRA has been shown to be a crucial mediator for the induction of
primed cells concerning the surface expressions of T cell-activatifigegs, and ALDH intestinal dendritic cells are considered to be
molecules. As expected, priming with EC and LPSEC leads to firiportant mediators for immune homeosta$is'™*BVMPK-stim-
DC maturation. ulated BMDCs showed a sigoantly higher ALDH activity
compared to EC-stimulated BMDCs, indicating a stronger Treg in-
To verify that LPSBV- and BVMPK-induced semi-maturating effectduction potential.
on BMDCs are rooted in LPS-dependent TLR4 signaling, we pre-
incubated BMDCs for 1 h with the competitive TLR4 antagonisLPS is known to be a strong agonist for the MD-2/TLR4 receptor
TAK242 (Figure Sibefore stimulation with LPSBYV, BVMPK, and complex. However, it was reported that certain LPS structures also
EC for 16 h Figure €). TAK242 pre-incubation abolished cytokine induce TLR2-mediated signaling, itéelicobacter pylotiPS;>while
secretion and modulation of MHC class Il and CD40 surface expretiie TLR2-activating capacity &orphyromonas gingivali?S re-
sions for all the used stimuli. Therefore, we concluded that (Ijains controversial and is probably an experimental artifact due to
BVMPK induces BMDC semi-maturation mainly via its LPS, andh lipoprotein contaminatiofi* Therefore, these reports raise the
(2) puri ed LPSBYV is sutient to induce hyporesponsive semi-question for a contribution of TLR2 signaling to the LPSBV-mediated
mature BMDCs. immunogenic effects on CD11lcells as well as for a potential
contamination of the used LPSBV preparations, which might, in
TAK242 is described to be a selective TLR4 antagthisand our  consequence, induce TLR2 receptor activation. Concerning potential
control experiments commed that TAK242 led to an inhibition of and yet unrecognized contaminations, not only lipoproteins but also
TLR4, but not TLR2, signaling. However, we cannot exclude th#ie presence of capsular polysaccharides has to be considered. During
TAK242 may also inuence other signaling pathways. the puri cation process, an additional ultracentrifugation step was
performed to eliminate the presence of capsular polysaccharides
LPS-mediated induction of TLR4 signaling results in the activation éfom the LPSBYV preparations. Nevertheless, we checked whether sol-
nuclear factokB (NFkB) and, therefore, in the expression of pro-ubilized LPSBV preparations induce TLR2 signaling, since both
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Figure 3. Isolated LPS of BVMPK Induces Hyporesponsive Semi-mature CD11c * Cells

(A) Stimulation of CD11¢ bone marrow-derived dendritic cells (BMDCs) generated from WT C57BL/6 mice (n = 4 mice) with PBS (mock),colimpk (EC),B. vulgatus mpk
(BVMPK).E. colimpk LPS (LPSEC), andB. vulgatusmpk LPS (LPSBV). Cytokine secretion was detected by ELISA. Surface expressions of CD40, CD80, CD86, and MHC
class Il were detected by Row cytometry. (B) WT BMDCs (n = 4 mice) were stimulated with PBS (mock), EC, LPSEC, BVMPK, and LPSBV for 24 h (prime). Cell culture medium
was removed and exchanged for fresh medium before stimulation (challenge) with EC for an additional 16 h. Cytokine secretion was detected by ELISA. Surface expressions
of MHC class II, CD40, CD80, and CD86 were detected by Row cytometry, and the population of MHC class I liells and CD40 MFI, CD80 MFI, and CD86 MFI were
normalized to the PBS-challenged control of BMDCs generated from the same individual with the same priming stimulus. (C) Stimulation of CO'ldane marrow-derived

(legend continued on next page)
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potential contaminants, capsular polysacchafiti&and lipopro-  colonic in ammation Eigure 48, left panel). However, the LPSBV-

teing'®>*from gram-negative bacteria, would result in TLR2 receptoand BVMPK-treated animals exhibited sigrantly lower intestinal

activation Figure SR We detected minor differences in IL-6 secre-in ammation {Figure 8, middle and right panels) compared to

tion of LPSBV-stimulated WT BMDCs compared to TLR2-@ent  non-treated miceRigure £). CD3CD4" T cells isolated from the

BMDCs, indicating a slight activation of TLR2 by LPSBVWg{ colonic LP (cLP) of live BVMPK-treateagl’ mice expressed

ure S@). However, usingLR2/ BMDCs, we could exclude the signi cantly lower amounts of IL-17{gure D), thus providing a

contribution of TLR2-mediated signaling to the induction of hyporeselearly reduced Th17 resporSayhich crucially contributes to the

ponsive semi-mature BMDC§ifure SB). Therefore, we conclude induction of colitis in this mouse model.

that LPSBV-induced MD-2/TLR4 receptor signaling, but not TLR2

signaling, is crucial for the induction of BMDC semi-maturation. Furthermore, qRT-PCRs from colonic scrapings revealed that live
BVMPK-treated animals expressed sigantly higher amounts of

Taken together, these results indicate a siamtly weaker MD-2/  ALDH mRNA (Figure £€), which supports ouin vitro ndings of

TLR4 receptor activation of LPSBV compared to LPSEC, resultiaghigher Treg-inducing potential of antigen-presenting cells that

in reduced NFkB transactivation capacity. However, and in contrasencountered BVMPKHigure F).

to being a MD-2/TLR4 antagonist, LPSBV actively induced hypores-

ponsive semi-maturation in BMDCs without inducing the expressiohPSBV-treated T cell-transplanté@agl’ mice also provided

of pro-in ammatory cytokines. Thus, we suppose LPSBV to be rathsigni cantly lower proportions of IL-17-expressing CB®4" cLP

weak agonistic than antagonistic. T cells as well as highétdh mRNA expression in colonic scrapings.
These data indicated that both live BVMPK and isolated LPSBYV are

Administration of Puriped LPSBV Reduces Established equally able to ameliorate establishecaimmatory processes in the

Intestinal InBammation in a Mouse Model of Experimental Colitis large intestine, by downregulating the Th17 immune response pro-

Since (1) weak agonistic LPSBV provided the same semi-maturationeting cytokines and by favoring Treg-inducing environmental
inducing capacities as viable BVMPK in BMDCs and (2) BVMPKeonditions.

mediated prevention of intestinal immmation in Ragl’ mice

correlated with the induction of semi-mature LP CD1tells, we Weak Agonistic LPSBV Is Not a Competitive Inhibitor of Strong

were interested to know if the administration of LPSBV resulted iAgonistic LPS

the same inammation-reducing effects in T cell-transplantedThe results obtained frorim vivo experiments usin@Ragl’ mice
Ragl’ mice. Therefore, we us@&hgl’ mice harboring a highly raised the question of whether LPSBYV acts as a competitive inhibitor
DYSM, and we induced colonic iammation through the transplan- at the MD-2/TLR4 receptor complex-binding site, therefore prevent-
tation of 5 10° naive WT CD4CD62L*CD45RB' T cells. At week ing agonistic LPS from binding and thus inducing complete Cb11c
4, transplanted mice showed clear signs of colon&rimmation, such cell maturation characterized by pro-emmmatory immune re-

as bloody feces and diarrhea, which is in line with the PET imagirgponses. First, we aimed to determine and compare binding constants
that was performed to monitor intestinal iammation igure B).  of LPSBV and the prototype agonistic LPSEC to the mouse MD-2/
At this point, we started to administer viable BVMPK (510°  TLR4 receptor complex. Therefore, we established an optical titration
bacteria/mL drinking water) as well as LPSBV at a concentration eétting to triggeilquasidissociation constants (X of both LPSBV
160y mL tin the drinking water for 4 additional weeksigure ).  and LPSEC, using biotinylated LPSBV (bioLPSBV). Prior to that, bio-
Mice with a C57BL/6 genetic background, sucRagl’ , were re- LPSBV was conmmed to provide the identical activation of the mouse
ported to consume around 6 mL drinking water each dauggest- MD-2/TLR4 receptor complexs(gure SY, therefore suggesting that
ing the daily uptake of LPSBYV to be around 1 mg/mouse. biotinylation did not affect LPSBV-binding behavior.

Figure B illustrates representative H&E-stained colonic sectiond/e are aware of the fact that we could not determine rgald{ues,
from each group taken at the end of the experiment. As expectegince we did not know the exact molarity of the used LPS solutions.
non-treated T cell-transplanted animals showed severe signs Tdfe assembly of amphiphilic LPS monomers into micelles, vesicles,

dendritic cells (BMDCs) generated from WT C57BL/6 mice (n =5 mice) with PBS (mock), BVMPK, EC, and LPSBYV either with or without pre-incubation with TLR4 receptor
antagonist TAK242 at 1 h prior to bacterial stimulation. Cytokine secretion was detected by ELISA. Surface expressions of MHC class Il and CD40 were detected by Row
cytometry, and the population of MHC class Il Hicells and CD40 MFI, respectively, were normalized to the untreated mock control of BMDCs generated from the same
individual. (D) Stimulation of mouse MD-2/TLR4 receptor complex expressing HEK cells (mTLR4-HEK) with PBS (mock), EC, and BVMPK at an MOI of 1 (n = 2 experimental
replications with 3 technical replicates, upper panel) or LPSEC and LPSBYV at various concentrations (n = 3 technical replicates, lower panel). The resulting IL-8 secretion as a
measure of NFkB activation was detected by ELISA, and it is indicated by a blue line for mock samples in the lower panel. (E) Stimulation of BMDCs (n = 4 mice) with PBS
(mock), EC, BVMPK, and LPSBYV for 30 min. The resulting phosphorylation of intracellular p65, phosphorylated at S534 (p-p65), was detected by Row cytometry. The
resulting MFI was normalized to the mock control of BMDCs generated from the same individual. (F) Stimulation of WT BMDCs (n = 5 mice) with PBS (mock), BVMPK, and
EC at an MOI of 1 for 16 h. ALDH levels in BMDCs were then detected using an Aldel3uor ALDH activity assay. Statistical analysis was performed using one-way ANOVA
(A, B, and E) or StudentOs t test (C and F). p values <0.05 were considered to be statistically signiPcant and are indicated with an asterisk (*). Columns and error bars represent
mean + SD.
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Figure 4. Isolated B. vulgatus mpk LPS Provides the Same Capability to Reduce Intestinal InBammation in Rag1®PMice with Established Colonic

InBammation as Live B. vulgatus mpk
(A) Experimental setupRagl ! mice harboring a highly dysbiotic microbiota were transplanted with naive CD4T cells to induce intestinal inRammation as described.

4 weeks after T cell transplantation, mice were not treated (TC only, n = 5), treated with lBevulgatusmpk (TC + BVMPK, n = 8) by administration of 5 10° bacteriamL *in

the drinking water, or treated with isolatedB. vulgatus mpk LPS (TC + LPSBV, n = 8) in the drinking water at a concentration of 166y mL *. Mice were sacribced and
analyzed 8 weeks after T cell transplantation. (B) Representative H&E-stained colonic sections at week 8. (C) Histological colitis score at week 8, ranging from 0 to a maximum
of 3. (D) Left panel: gating strategy to determine the CDED4" T cell population in the colonic lamina propria (cLP) at week 8. Right panel: proportion of IL-1Zells among

the population of cLP CD3'CD4" T cells, determined by Row cytometry. (E) Relativddh2 mRNA expression in colonic scrapings at week 8, determined by gRT-PCR. Data
were normalized toAldh2 mRNA expression in colonic scrapings of non-inBamed non-T cell-transplante®agl / mice. Statistical analysis was performed using Kruskal-
Wallis test (C) or one-way ANOVA (D and E). p values <0.05 were considered to be statistically signibcant and are indicated with an asterisk (*). Columns and error bars
represent mean+ SD (C and E). Boxplots depict the mean as well as the 25th and 75th percentiles, and whiskers depict the highest and lowest values (D).

or even more complicated structures is highly dependent on tH@oLPSBV and LPSEC provide a comparable monomeric molecular
buffer and ionic strength, and it is, therefore, hardly predictablaveight, (2) bioLPSBV and LPSEC behave in a similar chemical
This exacerbated the determination of the molarity of LPS monomensianner under the experimental conditions, and (3) all experiments
which effectively have access to the receptor, rendering them activere carried out incubating both LPSs at the same time, we can spec-
ligands thus contributing to K values. However, assuming that (1)ulate that a qualitative comparison using ¥alues in the unit g L*
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Figure 5. Weak Agonistic LPSBV Is Not a Competitive Inhibitor of Strong Agonistic LPS

(A) Determination of the dissociation constant (g L, quasi Kp) of LPSBV and LPSEC using an optical titration-based approach. (B) Left panel: experimental setting. 1.0°

HEK cells expressing murine CD14, MD-2, and TLR4 (mTLR4-HEK) were incubated with a certain concentration of either LPSEC ranging from 0 to 5 migdr biotinylated
LPSBV (bioLPSBV) ranging from 0 to 6 mg L for 1 h. After 1 h, the opposite LPS (either LPSBV or LPSEC) was added for an additional 1 h. PE-coupled streptavidin
(Strep-PE) was added for 30 min, and the resulting PE RBuorescence associated with mTLR4-HEK cells was detected by Bow cytometry. Right panel: gating strategy to
determine PE RBuorescence of intact mTLR4-HEK cells is shown. (C) Binding curves of 4 distinct concentrations of LPSEC added brst to mTLR4-HEK (n = 3 technical
replicates) plotted against varying concentrations of subsequently added bioLPSBV. (D) Binding curves of 7 distinct concentrations of bioLPSBV added brst to mTLR4-HEK
(n = 3 technical replicates) plotted against varying concentrations of subsequently added LPSEC. Squares with error bars represent mezBD (C and D).

instead of mol L is quali able for a comparison of their binding af- bioLPSBYV, of about 50%, even when low concentrations of LPSEC

nity. We nally determined quasidto be 0.412 g L* for LPSBV  were added Rigure ®). Since we assumed that the detected PE
and 0.304 g L* for LPSEC Figure A, see als@igure S&or more uorescence was directly proportional to the amount of bound
details on optical titration). These data allowed us to conclude thaioLPSBYV, it can be stated that bioLPSBV was able to remove about
LPSBV and LPSEC provide similar bindingrafy to the mouse 20% of already bound LPSEEdure &), while LPSEC was able to
MD-2/TLR4 receptor complex. remove about 50% of already bound bioLPSBY\(re D).

Next, we tested the capability of each of these two distinct LPSsWe have already demonstrated that LPSBYV is able to induce tolerant
remove already bound LPS from the receptor complex. Thus, wwemi-mature BMDCB vitro (Figure 3 and reduce established intes-
incubated mTLR4-HEK cells with different concentrations of eithetinal in ammation in T cell-transplanteRagl’ mice harboring a
bioLPSBV or LPSEC for 1 h, and, subsequently, we added the oppomplex microbiotaKigure 4. So far, all experiments investigating
site LPS for 1 h and in several concentrations. Subsequent additiosalBMDCsin vitro were performed in the absence of other LPS struc-
incubation with phycoerythrin (PE)-coupled streptavidin (Strep-PEjures for the rst 16 h of the semi-maturation process. Physiological
allowed for ow cytometry-based visualization of mMTLR4-HEK cell-conditions in the colonic lumen provide the presence of different
bound bioLPSBVKigure B). Pre-incubation with LPSEC followed commensal LPSs in large amounts at the same time. Therefore, we
by subsequent incubation with bioLPSBV resulted in a low detectstimulated BMDCs with weak agonistic LPSBV and prototype
PE uorescence, fairly independent of the employed LPSEC and bagonistic LPSEC at the same time and at different concentrations
LPSBYV concentration&{gure ). This indicated that, once the mu- for 16 h (Figure @) to investigate if LPSBV-induced semi-maturation
rine MD-2/TLR4 receptor complex was bound by LPSEC, bioLPSBa¥en occurs in the presence of a strong MD-2/TLR4 receptor complex
was not able to remove LPSEC from the receptor-binding site. Pre-iagonist. Thus, we checked for the secretion of pradsinmatory cy-
cubation with LPSEC, even at low concentrations of 1.25 nig L tokines and the surface expressions of MHC class Il and TLRA4.
resulted in a decrease of the PE signal to about 20% of the PE signal

that arose when cells were not pre-incubated with LPSEQie ).  We detected a concentration-dependent effect of LPSBYV stimulation
Contrariwise, pre-incubation of mTLR4-HEK cells with bioLPSB\bn BMDCs in the absence of LPSEC (light blue lineSigure @).
followed by subsequent incubation with LPSEC resulted in a stromg®SBV concentrations of up to 100 ng miL(which equals
reduction of the PE signal, which is exclusively derived from bouns0 ng/16 BMDCs) led to a semi-mature BMDC phenotype, as
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Figure 6. LPSEC-Induced BMDC Maturation Can Not Be Anticipated by the Simultaneous Presence of LPSBV In Vitro

(A) Experimental setting for (B): simultaneous stimulation of WT BMDCs (n = 3 mice) with LPSEC and LPSBV with varying concentrations of both LPSs. (B) Detection of
cytokine secretion and surface expressions of MHC class Il and TLR4 of the experimental approach depicted in (A). Cytokine secretion was detected by ELISA. Surface
expressions of MHC class Il and TLR4 were detected by Bow cytometry. Squares with error bars represent meai$D.

previously demonstrated ifigure 3Using 1,000 ng m.*or 500 ng  vided severe intestinal inmmation Eigure B). These feces,
pure LPSBV/19cells resulted in a strong activation of BMDCs, agherefore, representa DYSM composition that arises during intestinal
indicated by high TNF, IL-6, and MHC class Il surface expressions ammation. The DYSM harbors various endogenous LPSs
(Figure @). This underlined and commed the observation that competing with LPSBYV for binding to the MD-2/TLR4 receptor com-
LPSBYV is not a MD-2/TLR4 receptor complex antagonist but rathglex on LP CD11tcells as well as various other immunomodulating
a weak agonist, with the overall concentration determiningritld =~ components. Additionally, the DYSM represents the microbiota
endotoxicity. The addition of agonistic LPSEC to LPSBV-stimulatezbmposition LPSBV faced when it was administered tarimed
BMDCs led to strong increases in secretion rates of prafmmatory Ragl’ mice and exhibited irammation-ameliorating properties.
cytokines Figure @) as well as in the expression of MHC class IIDYSM stimulation of BMDCs resulted in slight, but not statistically
(Figure B) for all the used LPSEC concentrations. Therefore, th&gni cant, increases in the secretions of procammatory cytokines
simultaneous presence of LPSBV could not anticipate LPSE&ad T cell co-stimulatory moleculeSigure ‘A). This indicated that
induced maturation effects. Surprisingly, TLR4 expression on tiiee DYSM impacted CD11cell maturation, albeit not as strongly as
cell surface remained relatively constant among all differently stim&C with agonistic LPS-{gure SY, at least at the chosen DYSM con-
lated BMDCs Figure @), indicating that no signicant TLR4 endo- centration. Interestingly, simultaneous stimulation of BMDCs with
cytosis is detectable upon binding of these two LPS structures to th¥ SM and LPSBV induced sigeantly stronger expressions of
MD-2/TLR4 receptor complex, which was in opposition to what wa#_-6 and TNF as well as increased surface expressions of MHC class
previously reported for other intestinal commensally derived PPSsll and CD40 than either of the stimuli administered alone.

So far, these results indicated that the simultaneous encounter Sifice simultaneous stimulation of BMDCs with DYSM and LPSBV
BMDCs with weak agonistic LPSBV and strong agonistic LPSEC presulted in fully mature BMDCs, we pre-incubated BMDCs with
vented LPSBV-induced semi-maturation. However, LPSBYV adminisPSBV (prime) for 24 h before adding the DYSM (challenge). As
tration into mice harboring a complex microbiota reduced intestinaseen inFigure B, pre-incubation of LPSBV resulted in an induction

in ammation. Since LPSBV-induced semi-maturation of CD11cof tolerance of IL-6 and TNF expressions, preventing the secretion of
cells might account for the observed ammation-reducing effects pro-in ammatory cytokines in response to DYSM challenge. How-
of LPSBMn vivo, we were interested to know how competition be-ever, surface expressions of MHC class Il and CD40 were not altered
tween LPSBV and endogenous LPS as well as other microbial comjpok PSBV-primed and DYSM-challenged BMDCs compared to un-
nents from a complex mouse microbiota affects the phenotype pfimed and DYSM-challenged BMDCs.

CD11¢ cells. Therefore, we generated BMDCs from WT C57BL/6

mice, and we stimulated them with isolated LPSBV as describ&tiese experiments demonstrate that the simultaneous stimulation of
before. Simultaneously, we added autoclaved feces that were taR&®11¢ BMDCs cells with LPSBV and components of an endogenous
from Ragl’ mice 4 weeks after T cell transplantation, which pro-DYSM did not lead to semi-maturation. Therefore, we concluded that
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Figure 7. LPSBV-Mediated BMDC Tolerance Is Induced in the Absence of Agonistic LPS and Protects from Pro-inBammatory Response to a Dysbiotic

Microbiota Composition

(A) Feces fromRagl / mice providing intestinal inBammation (DYSM) was autoclaved and prepared as described in thaterials and Methods WT BMDCs (n = 4D5 mice)

were stimulated with DYSM, LPSBV (100 ng mLY), or both simultaneously (DYSM + LPSBV). Cytokine secretion was detected by ELISA. Surface expressions of MHC class

Il and CD40 were detected by 3ow cytometry and normalized to the mock control of BMDCs generated from the same individual. (B) WT BMDCs were stimulated (prime) with
either PBS (mock) or LPSBYV for 24 h. Medium was changed and cells were stimulated afterward (challenge) with DYSM. Cytokine secretion was detected by ELISA. Surface
expressions of MHC class Il and CD40 were detected by Bow cytometry and normalized to an unchallenged mock control of BMDCs generated from the same individual.
Statistical analysis was performed using one-way ANOVA (A) or StudentOs t test (B). p values <0.05 were considered to be statistically signiPcant and are indicated with an
asterisk (*). Boxplots depict the mean as well as the 25th and 75th percentiles, and whiskers depict the highest and lowest values.

LPSBV-mediated induction of smBDMCs required the absence attion with host TLRZ%°%°'So far, we have no information on the
agonistic LPS for the initial phase of semi-maturation induction. chemical structure of BVMPK capsular polysaccharides, but the close
relation between BF and BVMPK and the convincing immune sys-
DISCUSSION tem-regulating properties of BF PSA prompted us to check for a
BVMPK belongs to the gram-negative bacterial phyBanteroidetes contribution of TLR2 signaling to the observed immunological effects
representing one of the two most prominent phyla in the mammaliain CD11¢ cells in response to LPSBV stimulation. This is of partic-
gut?°**However, the proportion dBacteroidetds the intestinal mi-  ular interest since such a TLR2-mediated signaling might be due to
crobiota is dependent on the iammatory status of the gut. In ulcer- contamination of the used LPSBV preparations with capsular poly-
ative colitis patients, the proportion Bacteroidespp. is markedly saccharidés*®°%>" and lipoprotein§>>* or due to the LPS
decreasetf, supporting the idea dBacteroidespp. being important  itself*>“**%Although a slight TLR2 activation was detected, LPSBV
bene cial players in the intestinal microbiota. Additionally, we havepreparations crucially mediated the induction of CD1¢ell semi-
already shown that the administration of BVMPK prevents diseasgaturation via the MD-2/TLR4 receptor complex.
induction in different mouse models for experimental cofiti§?
mainly by the induction of hyporesponsive semi-mature CD&#tls  In this context, we demonstrated that the immunomodulatory prop-
(smDCs) in the cLP. These smDCs are responsible for the preventierties of LPSBV are clearly distinguishable from that of strong TLR4
of pro-in ammatory immune responsé5?>>' In this study, we agonists such as, e.B.,coliderived prototype LPS, or antagonists,
report that the administration of BVMPK drastically reduces estabwhich block any TLR4-mediated signaling. Since LPSBV did not
lished and ongoing pathological mmmatory processes in the intes- induce the expression of pro-iammatory cytokines but actively
tine of a mouse model for experimental colitis usRmgl’ mice. induced hyporesponsiveness toward subsequent LPS stimuli in
These immune response-regulating properties were mediated G{p11¢ cells, thereby fairly merging the properties of TLR4 antago-
LPSBV, as the healing effects could be obtained usinggoltPSBYV  nists and agonists, we propose LPSBV to be a weak agonist concern-
only. We therefore propose that LPSBV might be a novel therapeutitg its interaction with the MD-2/TLR4 receptor complex.
agent for the treatment of chronic gut iammatory disorders, by
restoring physiological intestinal immune homeostasis. To elucidate how endogenous LPSs from a complex mouse micro-
biota affect the phenotype of CDT1eells, we autoclaved the feces
BVMPK is not the onl\Bacteroidestrain that exhibits such beneial  of in amed Ragl/ mice (DYSM). Hence, the DYSM represents
immunomodulatory properties. BF was reported to protect againgthe endogenous LPS composition as well as other microbial com-
intestinal in ammation in a mouse model for experimental coiftis pounds LPSBYV faced when it was administered tainedRagl’
as well as against CNS demyelination andammation during mice and exhibited irammation-ameliorating properties. Interest-
experimental autoimmune encephalomyefitignterestingly, these ingly, simultaneous stimulation of BMDCs with DYSM and LPSBV
properties were mediated by one of its capsular PSAs through inténduced signicantly stronger expressions of IL-6 and TNF as well

Molecular Therapy Vol. 27 No 11 November 2019 1985



Molecular Therapy

@ ]
o @ @ © 54 © LPSBV
@ © ) ®© ©
@ 0053 ® O. o og.g o ® b&). e OC%JO o 2‘0 QOOO variousi
(@) () @® commensa
e S o D o

no de novo T cell activation

’ \ tolerant —
tolerogenic .
’ semi-mature x> CcD4" Tcell —» homeostasis

naive LP CD11c? cell LP CD11¢c™ cell restoration

Figure 8. Proposed Mechanism of How Weakly Agonistic LPSBV InRuences MD-2/TLR4 Receptor Complex Activation and Prevents the Initiation of a CD4
T Cell-Mediated Immune Response via Modulation of the Intestinal CD11c * Cells

Therapeutic administration of LPS from symbioti®. vulgatus mpk ends up in large amounts in the intestine, exceeding the amount of present LPS from other intestinal
commensal bacteria. Excess LPSBV primes naive CD1Icells into a tolerant, tolerogenic, and semi-mature phenotype that fails to activate CDZ cells. This prevention of a
de novoactivation of CD4' T cells leads to a phase-out of ongoing inBammatory processes, whitée novoinduction of an immune response is prevented. However, our data
indicate that this only happens if LPSBV is the only TLR4 ligand that CD1% cells encounter when they are still naive and immature. LPSBV needs a certain period of time to
induce CD11c" cell tolerance. Simultaneous encounter with agonistic LPS does not lead to CD11ell tolerance, and it does not, therefore, promote abrogation of in-
Rammatory processes.

as increased surface expressions of MHC class Il and CD40 thderlying its weak agonistic properties, clearly distinguishing it from
either of the stimuli administered alone. Thisding is most likely an antagonist. Nevertheless, we demonstrated that the administration
due to the fact that the induction of cytokines as well as the expressioha daily dose of about 1 mg LPSBV/mouse via the drinking water led
of cell surface markers follows a dose-response effect. It can be seen the observed irmmmation-reducing effects Ragl’ mice with
Figure @ that the stimulation of BMDCs with high concentrations ofcolitis, indicating that such a concentration is siént to exceed the
LPSBV results in the induction of TNF and IL-6 secretions. Addingmount of endogenous LPS in the gastrointestinal tract while simul-
LPSBV and the DYSM sample simultaneously results in the stimulaneously being in a semi-maturation-inducing concentration range.
tion of the cells with high LPS levels, hence inducing the secretions@hce CD11Ecell semi-maturation is induced, this phenotype cannot
proin ammatory cytokines and expressions of BMDC activation sube overcome, and it is, therefore, thought to result in the prevention of
face markers. The anti-iammatory potential of LPSBV is nicely ade novd cell activation in the intestine. Therefore, after a phase-out
demonstrated irFigure B where BMDCs were primed with either of ongoing in ammatory processes, newly induced semi-mature DCs
PBS (mock) or LPSBV and challenged with DYSM. In this experthrough LPSBV administration would prevent a continuous T cell
ment, it can be clearly seen that priming the cells with LPSBV lagttivation Figure § and, therefore, promote healing of damaged
to reduced secretions of TNF and IL-6 upon a challenge with DY SMolonic tissue.

Referring to the therapeutic effects of LPSBYV irtiehtly reducing In general, LPS is a potent MD-2/TLR4 receptor complex agonist
intestinal in ammation, we conclude that the concentration ofleading to strong intracellular signaling in target cells, resulting in
LPSBYV located in the intestinal lumen is a decisive factor and mutte transcription of genes associated with proaimmatory immune
exceed the number of endogenous agonistic LPSs in order to induesponse$® LPS-induced strength of this intracellular signaling is
tolerant semi-mature CD11dn the LP. Such exceeding LPSBV conwidely considered to be mostly mediated by its lipid A porfiof°
centrations are thought to enhance the probability that intestinal DCs
only encounter weak agonistic LPSBV by enhancing the ratio betweleipid A structures of variouBacteroidespp. were already reported to
weak agonistic to endogenous agonistic LPSs. This seems to be inaisbor 4-5 acyl chains and only-Q phosphate groupSince we re-
pensable since we demonstrated that a simultaneous encounter withealed strong genetic similarities between the lipid A synthesis core of
strong agonistic LPS prevented LPSBV-induced DC semi-maturati@VMPK and otherBacteroidespp., we suggest LPSBV also to be
and induced pro-inammatory responses instead. We could furthehypo-acylated and hypphosphorylated compared to LPSEC.
demonstrate that prototype agonistic LPSEC was able to remoMexa-acylated andisphosphorylatecE. colilipid A is considered
already bound LPSBV from the MD-2/TLR4 receptor complexo be the most potent activator of the MD-2/TLR4 receptor com-
more ef ciently than vice versa. plex-mediated signaling, since it was demonstrated thatof the

six acyl chains are buried inside the MD-2-binding cavity while the
In a scenario of exceeding LPSBV concentrations in the gastrointesxth acyl chain points out to the MD-2 surface-mediating hydropho-
tinal lumen, this effect is thought to be irrelevant. As demonstratedjc interactions with the TLR4 ectodomain, which are necessary for
the endotoxicity of LPSBV is dependent on its concentration, andBLR4 activatiort>>*This might partly explain the lower endotoxicity
very high LPSBYV concentration leads to complete DC maturation urof hypo-acylated lipid A structures lacking this sixth acyl chain and
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the weak agonistic activity of hyjawylated LPSBV. Furthermore, Our results and those of other groups raise the question of the poten-
both 1- and 4 phosphates on the lipid A diglucosamine backbongial use of weak agonistic LPS as a suitable therapeutical tool to restore
were demonstrated to be important moieties for MD-2/TLR4 recephomeostatic conditions not only in experimental mouse models but
tor complex activation® Since Bacteroidalepossessed only one also in IBD patients. Therapy of IBD patients is, to date, restricted
phosphate at position 1 of the reducing glucosariitnés may also  to a general suppression of the patieitnmune response, often asso-
contribute to its weakly agonistic effects, as a missipp@sphate ciated with undesirable side effects. LPS (derivative)-based treatment
was demonstrated to result in a 100-fold reduction in endotoximight avoid this problem by acting only locally at the site ofim-
activity* mation, the intestine.

We suppose the weak agonistic features of LPSBV to be responsiitbough our results strongly indicate a direct LPS-mediated modu-

for the observed healing effects in mice with intestinahimma-  lation of CD11& cells in the intestinal LP to be the key driver for the

tion. In this context, weak agonistic LPS is thought to induce abserved healing effects, we cannot completely rule out that the re-

weaker, but still detectable, intracellular signaling andkBRctiva-  establishment of intestinal homeostasis only represents a secondary

tion, providing a basic anti-irmmmatory intracellular transcription effect in response to a potential LPSBV-induced microbiota shift

program without exceeding a pro-iammatory threshold. Further- from dysbiotic to homeostatic.

more, LPSBV leads to the active induction of hyporesponsive

CD11¢ cells. These properties clearly distinguish LPSBV fromlevertheless, we aim to promote p@il LPSBV as an alternative for

strong agonistic LPSEC, which induces endotoxin tolerance bilite treatment of intestinal irammatory disorders or IBD, providing

also strong pro-inammatory signaling. However, weak agonistieevidence that this compound demonstrated its beiz effects as not

LPS is also different from antagonistic LPS, which does not promdbeing an antagonist but rather a weak agonist. Concluding, we

pro-in ammatory reactions but also does not promote tolerance ircontribute this study to IBD therapy-related research, offering a

duction in TLR4-expressing cells. The property of LPSBV of beirmmpletely new approach that avoids the disadvantages of current

an effective ligand for the MD-2/TLR4 receptor complex and, adtate-of-the-art IBD therapies.

the same time, a weak agonist must, of course, be attributed to its

chemical structure. We think that this is a chemical paradigm dATERIALS AND METHODS

the commensal intestinal microbiota LPS, contributing to the adapice

tion of microbes to the host. In line with this, other groups reportedZ57BL/6 mice were purchased from Charles River Laboratories, and

on the contribution ofBacteroidekPS to the preservation of intes- C57BL/6JRagi™M°™ (Ragl’ ) mice were obtained from our own

tinal homeostasi$However, our study represents thest success- breeding. All animals were kept and bred under sgepathogen-

ful attempt to actively restore intestinal immune homeostasis ifree (SPF) conditions in individually ventilated cages (IVCs),

mice providing severe intestinal mmmation by using commen- receiving standard chow and regular drinking water. For the isolation

sally derived LPS. of bone marrow from C57BL/6 mice, only female mice aged
6-12 weeks were usedagl’ mice were used as a mouse model

However, the immunogenic effects of weak agonistic LPS seem toftwe T cell transplantation-dependent experimental chronic colitis.

situation dependent. In another study, Vatanen et'akvealed a Animal experiments were reviewed and approved by the responsible

higher incidence of type 1 diabetes (T1D) in children who were legsstitutional review committee and the local authorities (Regierung-

exposed to strong agonistic LPS in early childhood, accompanisgrasidium Tibingen, Permit H6/10, Anzeigen 01.12.11, 09.01.15,

by higher proportions of microbes harboring hypoylated and 14.06.17).

hypo-phosphorylated LPS. In line with this, continuous intraperito-

neal administration oE. coliLPS starting shortly after birth delayed T Cell-Mediated Induction of Chronic Colitis in Rag1®®Mice

the onset of T1D in non-obese diabetic (NOD)/Shilt mice while the€57BL/6Ragi™M°™ (Ragl’ ) mice were transplanted with

administration of hypeacylated and hypphosphorylated BD LPS 5 10° splenic CDACD62L"CD45RB'C WT T cells at 810 weeks

failed to do sG° This study supported the hygiene hypothesis that assf ageRagl’ mice harbored a so-called DYSM, whichaiéntly

sumes that early exposure to highly immunogenic microorganisms triggers the induction of pathological intestinal @ammation upon

early childhood bends immune system development and protectgransplantation of naive T cells, as reported previoli$fyThis

the host from allergic and autoimmune diseases.rét sight, these microbiota was absent of Norovirus, Rotavirus, Heticobacter hep-

observations seem to be contradictory to our results. Though, aticus Furthermore, detailed next-generation sequencing-based anal-

our study, we aimed to actively re-establish immune homeostasisis of DYSM composition revealed a sigaintly increased relative

from severe intestinal immmation in adult animals. This approach abundance of the bacterial phyRaoteobacteriaVerrucomicrobia

is different from the aim to protect from spontaneous disease onsahd Firmicutes while the relative abundance Bacteroidetewas

through microbiota modulation in infants. Additionally, other groupsdrastically reduced compared to a symbiotic microbiota composition,

consider hypo-phosphorylated and hypoylated3acteroidesPSto  as published previously by our groluring the experiments,

be antagonistic. However, we have clearly demonstrated that thésagl’ mice were kept under SPF conditions in IVCs and analyzed

LPS structures rather act as weak agonists. 8 weeks after T cell transplantation, as indicated inRheults
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Radiopharmaceuticals Cells were extracted by hot phenol-water extractiowater and

[*8F] uoride was produced by usif§O (p,n) ¥ nuclear reaction phenol phases were both exhaustively dialyzed and lyophilized. After
on the PETtrace cyclotron (General Electric Medical Systemiaspection by SDS-PAGE, an enzymatic treatment to remove proteins
GEMS, Uppsala, SwedenJ*{JFDG synthesis was performed asand nucleic acids was executed, followed by a dialysis step. The SDS-
described elsewhete.After the synthesis, speci activity was PAGE executed on both pugd water and phenol phases highlighted
calculated and revealed to be >50 GBg/mmol with a radiochemiadle presence of LPS only in the water phase from which it was further
purity of >99%. puri ed.

In Vivo PET Imaging Biotinylation of LPSBV

High-resolution PET imaging was performed using two identical0 mg LPSBV was biotinylated with EZ-Link Micro Sulfo-NHS-LC-
small animal Inveon microPET scanner (Siemens Medical SolutiorBiptinylation Kit (Thermo Scientic), according to the manufac-
Knoxville, USA) with a spatial resolution of 1.4 mm in the recon+turer's protocol, using PBS as a solvent. To remove PBS, an exhaustive
structed images €ld of view [FOV]: transaxial, 10 cm; axial, dialysis against distilled water was performed. The biotinylateglL. PS
12.7 cm)?® By applying iterative ordered subset expectation maxibioLPSy) was then collected and lyophilized. Forvitro experi-
mization (OSEM) 2D algorithm for reconstruction, list mode dataments, lyophilized bioLR$ was dissolved in distilled water in con-
were processed. Mice were anesthetized with 1.5%ur&@w centrations not higher than 1 mg mi

(Abbott, Wiesbaden, Germany) vaporized with (1.5 L/min)

and injected intravenously (i.v.) into the tail vein with 83 Cultivation of BMDCs

1.3 MBq [®F]FDG. After tracer injection, animals were kept anesBone marrow cells were isolated from C57BL/6 WT, TLRZiéet,
thetized for 60 min, in an anesthesia box, placed on a heating patlR4-de cient, and TLR2 TLR4 double-decient mice and culti-

to maintain body temperature of animals during tracer uptakevated as described previouShAt day 7 after isolation, the resulting
time. Shortly before the end of the uptake time, mice were plac&D11c-positive dendritic cells were used for stimulation experiments.
in the FOV of the PET scanner on a warmed @) scanner bed.

Static (10-min) PET scans were performed on weeks 0, 4, 6, agthulation of BMDCs

8 after T cell application. Data were corrected for decay, normalized 10° BMDCs were stimulated with PBS, BVMPK, or EC at an MOI

to the injected activity, and analyzed using Pmod Software (PMOGX 1 or the respective isolated LPS at concentrations as indicated in the
Technologies, Zurich, Switzerland) by drawing regions of intereBtesultsCells were stimulated for a maximum of 24 h. If viable bac-

over the intestine. teria were used for stimulation, gentamycin was added aabcon-
centration of Ing mL * to avoid bacterial overgrowth under aerobic
Bacteria conditions. If a second challenge was used, cells were stimulated with

The bacteria used for stimulation of the mouse BMDCs were EC atcteria or LPS preparations for 24 h. Cell culture medium was
BVMPK, which were described in detail previod8ly?*"®“Addi-  changed before challenging the cells with a second stimulus for a
tionally, we used BD CL02T12C06, BTIO VPI-5482, BV848@haximum of additional 16 h. PBS was used as a mock stimulation
ATCC 8482, and BF ATCC 25285, DSM 2151. The EC strain waentrol. For stimulation with a DYSM composition, feces were
grown in Luria-Bertani (LB) medium under aerobic conditions atcollected from living SPRagl’ animals exhibiting severe intestinal
37 C. All Bacteroidestrains were grown in brain-heart-infusion in ammation, 4 weeks after T cell transplantation. Feces were auto-

(BHI) medium and anaerobic conditions at & claved for 15 min at 12C and weighed, and sterile PBS was added
to obtain a nal concentration of 50 mg mlX. Homogemnized feces
Comparison of Bacteroides spp. Lipid A Synthesis Genes were then Itered through a 100an sieve. The ltered suspension

Lipid A synthesis genes were ideetl in BVMPK (GenBank: was diluted by a factor of 2.5, andbwas added to 1 mL cell culture
NZ_CP013020.1) using thB. vulgatusATCC8482 type strain medium containing 19BMDCs. The competitive TLR4 antagonist
genome sequence (GenBank: NC_009614.1). The amino atilK242 was added at anal concentration of 1@M at 1 h prior
sequences of all lipid A synthesis enzymes of BVMPK wete stimulation with LPS, Pam2CgK agellin fromS.Typhimurium
subsequently compared to BD CL02T12C06 (GenBankELA-ST), or viable bacteria.

NZ_AGXJ00000000.1), BTIO VPI-5482 (GenBank: NC_004663.1),

BF NCTC 9343 (GenBank: NC_003228.3), BndoliK12 MG1655  Stimulation of HEK Cells

(GenBank: NC_000913.3), using the standard protein BLASY 10° HEK cells expressing murine CD14, MD-2, and

(blastp suite). TLR4 (MTLR4-HEK) in 1 mL medium were stimulated with
1-1,000 ng mL'isolated LPS or bacteria (MOI 1) for the time points
Isolation of LPSBV and LPSEC indicated in theResults

The lyophilized bacterial pellet was washed several times with distilled

water, ethanol, and acetone, followed by several ultracentrifugatibetection of Bound Biotinylated LPSBV

steps (45,000 rpm at @) in order to remove cell, growth broth, After incubation with biotinylated LPSBV, mTLR4-HEK cells were
and capsular contaminants. scraped off, washed once in PBS + 1% fetal calf serum (FCS), and
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incubated with Strep-PE for 30 min, followed by another washinfpr reanalysis; purity was generally >90% with >80% being
step. Cell-attached Strep-PE was detectecbbycytometry. All ex- CD3 *CD4'CD62L'CD45RB'. 5 10° CD4' T cells were injected
periments to be compared were carried out in one experimentaitraperitoneally (i.p.) intd/Ragl’ mice, as described previou§iy.
setting to guarantee for comparability of the detected MFI (median

uorescence intensity) values of the Rierescence. Histology
Colonic tissues were xed in neutral buffered 4% formalin.
Cytokine Analysis by ELISA Formalin- xed tissues were embedded in pamafind cut into

For the analysis of secreted cytokines (IL-6, IL-10, and TNF), ELISR-nm sections. They were stained with H&E (Merck) for histological
based detection kits were purchased from BD Biosciences and usedring. Scoring was conducted in a blinded fashion on a validated

according to the manufactursrinstructions. scale of 83, with O representing no immmation and 3 represent-
ing severe inammation characterized by iltration with in am-
Flow Cytometry Analysis matory cells, crypt hyperplasia, loss of goblet cells, and distortion

Multi-color ow cytometrical (FCM) analyses were performed on af architecturé”

FACS Calibur or FACS LSRII (BD Biosciences). Adrochrome-

coupled antibodies were purchased from BD Biosciences if not statedibodies

otherwise. Data were analyzed using the FlowJo software (Tree Stéwe following antibodies were used fosw cytometry analysis of

USA). intracellular and surface proteins: anti-mouse CD11c-allophycocya-
nin (APC) (clone H3; Becton Dickinson), anti-mouse MHC class
ALDH Activity Assay II- uorescein isothiocyanate (FITC) (clone 2G9, Becton Dickinson),

Intracellular ALDH activity in BMDCs was assayed using the Aldeanti-mouse MHC class 1I-BV510 (clone 2G9, Becton Dickinson),
uor kit (STEMCELL Technologies), according to the manufactureranti-mouse CD40-FITC (clone 3/23, Becton Dickinson), anti-
instructions. Samples treated with the spe@LDH inhibitor dieth-  mouse CD40-BV421 (clone 3/23, Becton Dickinson), anti-mouse
ylaminobenzaldehyde (DEAB) served for the determination of bas€D80-FITC (clone B7-1 (16-10A1), Becton Dickinson), anti-

line uorescence and deing ALDH-positive cellsKigure Sh mouse CD86-FITC (clone GL1, Becton Dickinson), anti-mouse
p65-PE (pS534) (clone 96H1, Becton Dickinson), anti-mouse
Puribcation of RNA and Quantitative Real-Time PCR Ly6G/Ly6C-FITC (clone GR-1/RB-68C5, Becton Dickinson), anti-

Puri cation of RNA from colonic scrapings was performed usingnouse CD45R-FITC (clone RA3-6B2, Becton Dickinson), anti-
QIAGEN's RNeasy Mini Kit, according to the manufactisénstruc- mouse CD64-FITC (clone X54-5/7.1, Becton Dickinson), anti-mouse
tions. Additional DNA digestion was conducted by using 4 U rDNas€D45-BV421 (clone 30-F11, Becton Dickinson), anti-mouse CD11b-
I and 40 U rRNasin for an RNA solution of Oniyni. . After 30 min  BV605 (clone M1/70, Becton Dickinson), anti-mouse CD103-PerCP-
of incubation at room temperature (RT), DNase was inactivated usir@y5.5 (clone M290, Becton Dickinson), and anti-mouse TLR4-biotin
Ambion DNase inactivation reagent, which was later removed kiglone SA15-21, BioLegend).

centrifugation for 1 min at 10,000 g SybrGreen-based gRT-PCR

was performed on a Roche LightCycler480 using QIAGEN SybrGrestatistics

RT-PCR Kit. Primer annealing occurred at6016-100 ng DNA-di-  For comparisons of two groups, a parametric Studemest was used
gested RNA was used for qRT-PCR. Relative mRNA expressionfan normally distributed values. For multiple comparison of more
BMDCs stimulated with bacteria to unstimulated BMDCs was detethan two groups, one-way ANOVA was used for normally distributed
mined, with b-actin as the housekeeping gene, using BIXCp  values and non-parametric Kruskal-Wallis test was used elsewhere.
method that included the sped ampli cation ef ciency of every p values are indicated in thegures; p values <0.05 were considered
used primer pair and each PCR run. to be signicant.

Primer Sequences SUPPLEMENTAL INFORMATION

Primers used for gRT-PCR were as follows: Aldhla2 forw&@A5 Supplemental Information can be found onlinehéips://doi.org/10.
GACACGAGCCCATTGGAG-B reverse, 5GGAAAGCCAGCCT  1016/j.ymthe.2019.07.007

CCTTGAT-F and b-actin forward, 8CCCTGTGCTGCTCACC

GA-3 reverse, BACAGTGTGGGTGACCCCGTC® AUTHOR CONTRIBUTIONS
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Supplementalinformation

Supplementalinformation 1:

Comparison of surface molecule expression pattern of colonic lamina gda (cLP) CD11c+ cells and bonemarrow
derived dendritic cells (BMDCs)

To verify the similarity ofex vivoisolated cLPCD11c+ cells within vitro generated BMDCs in terms of expression of important
surface markers, we stained both cell types with fluoropboupled antibodies for detection of CD11c, Ly6G, Ly6G, CD64,
CD45R, CD45, CD103, CD11b and MHC (Figure S1) Viable cLP CD11¢ single cells and viable BMDC single cells were
demonstrated to provide similar expression of surface total MHCD45 and norexpression of Ly6G, Ly6C, CD64 and
CD45R. We could detect slight differences in the expression of CEB1#BD11b°°5" dendritic cell subpopulations, with
BMDCs providing a slightly higher proportion of CDI8ED118°°CD11¢ cells while the CD108CD11d'*% subpopulation is
slightly morefrequent among cLP CD11c+ cells. However, thegsor differences are assumed to be irrelevant for the performed
experiments and conclusions

Figure ST Comparison between BMDCs and cLP CD11c+ cells.

Bonemarrow derived dendritic cells (BMDCs) were generated as described in thedidaaed Methods section. Colonic lamina
propria (cLP) cells were isolated from Ré‘gr:hice as described in the Materials and Methods section. Both cell types were staine
with a fixable viability dye as well as with d@nbdies detecting CD11c, Ly6G, Ly6G, CD64, CD45R, CD45, CD103, CD11b and
MHC-II. Upper paneland middle panelGating strategy for BMDCg¢upper panel) and cLP cells (middle pand&)ngle cells



(FSGA vs. FSGH) were gated for viable cells. Viable single cells wgated for CD11c expression and CDi1tells were
analyzed for expression of Ly6G, Ly6C, CD64, CD45R, CD103, CD1tbMidC-II. Lower panel: Determination of surface
expression of the respective surface molecules as a proportion of altCf21$ (n = 15 for each cell typefolumns and error
bars represent mean + SD



Supplementalinformation 2:

Gating strategy to determine CD40 surface expression as well as to defihe subpopulation of MHC-I high positive cells

Figure S2 BMDC gating strategy

Gating strategy to determine CD40rface expression as well as to define the subpopulation of-MH@h positive cells.
Viable, single CD11tcells were stained for MH@ and CD40 surface expression. Analysis of MHGurface expression was
assessed by determination of the MHQigh positive population, which is increased during DC maturat@id40 expression
was determined by measuring Median Fluorescence Intensity (MFI). Tiee panel shows stained cells while the lower panel

shows fluoresceneminusone controls to determine MHIC™?and CD40%cells.



Supplementalinformation 3:

Heat-killed Bacteroidesstrains induce the same seminature phenotype in BMDCs as viableBacteroidesstrains.

Figure S3: Heatkilled Bacteroidesspecies induce the sameyporesponsivephenotype inCD11c+ cellsas viableBacteroides
species

a) Stimulation of CD11c+ bonmarrow derived dendritic cells (BMDCs) generated from wt C57BL/6er(i=3) with PBS
(Mock), heatkilled E. colimpk (HK EC),heakilled B. vulgatus mpkHK BVMPK), heatkilled B. dorei(HK BD), heatkilled B.
vulgatusATCC8482(HK BV8482), heakilled B. fragilis (HK BF) and heakilled B. thetaiotaomicror(HK BTIO) for 16 h at
MOI 1. Cytokine secretion was detected by ELISA. Surface expressidilGfll and CD40 was detected by flow cytometry and
the population of MHAI hi+ cells and CD40 MFI, respectively, was normalized to the mock control of BM@eherated from
the same individualColumns and error bars represent mean = SD

b) wt BMDCs were stimulated with PBS (mock), HK EC, HK BVMPK, HK BD, HK BV482, HK &#d HK BTIO atMOI 1 for
24h (prime). Cell culture medium removed and exchanged for fresh méudifore stimulation (challenge) with viable EC for
additional 16 h. Cytokine secretion was detected by ELISA. Surfacessiqgmmeof MHGCII and CD40 was detected by flow
cytomdry and the population of MH@ hi+ cells and CD40 MFI, respectively, was normalized to thekapmrimed and EC
challenged control of BMDCs generated from the same indiviQedlimns and error bars represent mean + SD



Supplementalinformation 4:
Evaluation of TAK252 as a specific TLR4 inhibitor

To verify that TAK242 selectively inhibits TLR4ignalling we treated BMDCs generated from wildtype mice with 10 uM
TAK242 1h prior stimulation for 16 h with PBS (mock) LK as potent TLR4 ligand;LA-ST as potent TLR5 ligand and
PAM2CSK4 a potent TLR2 ligand, all at a final concentration of 100 ng8ekretion of IL6 as an indicator of TLR signalling
was detected by ELISA. TAK242 significantly inhibited-6Lsecretion in cells stimulated with LEEK but showed no significant
inhibitory activity in cells stimulated with FLAT or PAM2CSK4. This result supports findings by éfiial, Takashimeet al.
and Matsunagat al ', observing no or only marginal binding of TAK242 to other TLRs compared to TWR4therefore
consider TAK242 as a selective TLR4 inhibitor.

Figure $4:
TAK242 selectively inhibits TLR4 signaling

The competitive TLR4 antagonist TAK242 was adde€fil 1c+ bonemarrow derived dendritic cells (BMDCs) generated from
wt C57BL/6 miceat a final concentration of 10 uM 1h prior to a stimulation for 16 h with PBS (Mock) or ligands for TLR4
(LPSEK, Invivogen), TLR5 (FLAST, Invivogen) and TLR2 (PAM2CSKA4, Invivogen), all at a final concenmmatfal 00 ng/mL.
IL-6 secretion was detected by ELISA. Inhibitory activity of TAK242 @idated by a significant reduction of-B.secretion in
LPS stimulated cells but not in FLBT or PAM2CSK4stimulated cells pon TAK242 treatment compared with mere TLR ligand
stimulation.Columns and error bars represent mean + SD



Supplementalinformation 5:

Gating strategy to determineintracellular ALDH activity

Figure S5: ALDH activity assay

Stimulation of CD11EBMDCs generated from wt C57BL/6 mice with PBS (modk)yvulgatusmpk (BVMPK) andE. coli mpk
(EC) for 16 h. ALDH activity in stimulated cells was then analysét the Aldefluor kit (Stemcell). Flow cytometric analysi
with additional staining for CD11was used to determine the mean fluorescence intensity (MFI) of CBLDH " cells. DEAB
treated samples (left histogram panel) were used for determination ojrtvac#t fluorescence and defining ALDdells ,

indicated by exemplary samples shown in right histogram panel.



Supplementalinformation 6:

LPSBV-induced semimaturation of BMDCs requires TLR4, but not TLR2-signaling

We stimulatedBMDCs generated from wildtype, TLR&eficient, TLR4deficient and TLR2xTLR4louble deficienimice with
PBS (negative control), LPSBY100 ng/mL)and EC MOI1, positive control) and checked feubsequent secretion of pro
inflammatory cytokines It6 and TNFas well as surface expression of MiHGnd CD40.As already demonstrated in the main
manuscript, stimulation of wildtype BMDCs with LPSBV resulted in imediate secretion of 6, low to intermediate
expression of MH@I and CD40 as well as to abserafeTNF compared to the EC positive contridl:6 and TNF expression as
well as increase in surface expression of MH@nd CD40 was completely abolished using TkdRficient and TLR2xXTLR4
double deficient BMDCslmportantly, stimulation of TLR&leficient BMDCs with LPSBV resulted in the sanexpression
pattern of the detected cytokines and surface markdrB@BV stimulation ofwildtype BMDCs. To assess tlentribution of a
potential TLR2signaling to the induction dfPSBV-inducedsemimaturation in BMECs, weprimed TLR2deficientBMDCs
with PBS, LPSBV and EC and challenged them wither PBS or EC as a second stimulus as already demonstrated fopavildty
BMDCs (Fig. 3). Asshown in Figure SGkhyporesponsiveness in terms of TNF and MH€xpressiorwas inducedy LPSB\W-
priming, indicatingthat TLR2mediated signaling idispensable for LPSBYhduced BMDCs seminaturation.Taken together,
these results indicathat (1) either LPSBV or a potential contaminant induce a slight activattibhR2-mediated signaling in
MTLR2-HEK cells, (2) TLR4-signaling is far more important than TLR&naling for LPSBVmediated effects on BMDOs
terms of cytokine expression and MHIZCD40 surface expression in response to stimulation with LPSBYapa&ons (3)
LPSBYV or a potential contaminant does not activate TLR2 signaling in BMDC¢4rdPSB\tinduced MDB2/TLR4 receptor
signaling is essential for induction of sematuration in BMDCs.



Figure S6:LPSBV-induced semimaturation of BMDCs requires TLR4, but not TLR2-signaling

a) Stimulation of CD11c+ bonmarrow derived dendritic cells (BMDCs) generated from wt C57BII8R2-deficient, TLR4
deficient and TLR2xTLR4loubledeficientmice (n=4-8) with PBS (Mock) E. colimpk (EQ andB. vulgatusmpk LPS (LPSBV).
Cytokine secretion was detected by ELISA. Surface expression of-MBi CD40 was detected by flow cytometry and the
population of MHGII hi+ cells and CD40 MFI, respectively, was normalized to the mock coot®MDCs generated from the
same individualColumns and error bars represent mean + SD

b) TLR2-deficientBMDCs were stimulated with PBS (mock), BELPSBV for 24h (prime). Cell culture mediuwasremoved
and exchanged for fresh medium before stimulation (challenge) witbrBRBSfor additional 16 h. Cytokine secretion was
detected by ELISA. Surface expression of MH@nd CD40 was detected by flow cytometry and the population of MHW
cellsand CD40 MFI, respectively, was normalized to RS primed and®PBSchallenged control of BMDCs generated from the
same individualColumns and error bars represent mean + SD



Supplementalinformation 7:

Biotinylation of LPSBV does not affect weak agonistic properties of LPSBV

To verify that biotinylation of LPSBV does not affect the wesgonistic properties of LPSBV, HEK cells overexpresshmg t
mouse CD14/MER/TLR4-receptor complex were stimulated with LPSBV, bioBRSand LPSEC. We determined resulting
expression of L DV D PHDVXUH RI 1) % DFWLYDWLRQ VHLQLWKG@RW % HMNFRFIWY DOVDL
LPSBYV compared tbioLPSBV (Figure7)

Figure S7 Influence of LPSBYV biotinylation on TLR4 receptor activation.

MTLR4-HEK cells were stimulated with 10 ng/mL LPSBV, biotinylated LPSBWI(PSBV) and LPSEC. Resulting&
FRQFHQWUDWLRQ DV D PHDVXUH RI LQWG ER HOG®KanD ahdleyrénbdyrepitesbiaw D Z D



Supplementalinformation 8:

Determination of quasi dissociation constant& of LPSBV and LPSEC

The observation that both LPS structures, dP8d LP$c, showed different immunological effects on Di@witro, prompted us

to define their binding affinity to the M2/TLR4 receptor complex. We established an experimental setting to detepmaisi
dissociation constant&g) of both LPS structures using biotinylated LR®hioLPS:y). We are aware of the fact that we cannot
determine reaKp-values since we do not know the exact molarity of the used LPS solufieasassembly of amphiphilic LPS
monomers into micelles, vesicles or even more complicated structunéghlg dependenbn the surrounding buffer and salt
conditions and is therefore hardly predictable. This exacerbated the detitvmiof the molarity of LPS monomers which
effectively have access to the receptor, rendering them “active ligandstdhtributing tKp values. However, assuming that (1)
bioLPSy and LP$¢ provide a comparable monomeric molecular weight, (2) bigl.R8d LP$c behave in a similar chemical
manner under the experimental conditions and (3) all experiments weeg aaurtiincubating both LPS #ite same time, we can
speculate that a qualitative comparison usi{gevalues in the unit [g £] instead of [mol ['] is qualifiable for a comparison of
their binding affinity. In order to determirkéy, values for both LPS structures, we used human emhtryadney (HEK) cells
which were stably transfected with a plasmid encoding formau@D14, MDB2 and TLR4 (HEKMTLR4). These latter were
expressed by HERTLRA4 cells in excess and in equal amount by HBKLR4 cells in all executed experiments, represend
fundamental prerequisite fét, determination. LPSg, was biotinylated (bioLPgy) as described in the experimental sections and
its immunological behaviour was tested and compared tédbimimylated LP$y. Since we could not detect any differencethim
immunological behaviour (data not shown), we concluded that biotinylatio not affect the interaction with the receptor
complex. We incubated HEKiTLR4 cells with various concentrations of biolgg%nd we then visualized bound biolR Sy
adding PEcoupled streptavidin followed by flow cytometric analysis of #sulting PE fluorescence. As shown in FS@a, non
biotinylated LPS and cells without addition of any LPS did not contribute tdPEhdluorescence signal. The resulting- PE
fluorescence inbioLPS;y-treated samples was dependent on bighP&ncentration and showed a classical perpendicular
hyperbola binding curve of a ligand to its respective receptor 8. right panel). In order to determiig of bioLPSy and
LPS:c we simultaneously incubated HEKTLR4 cells with different concentrations of both LPS for 1 h andatied resulting
PE fluorescence, which is directly proportional to the amount of bound BigL(Fig. S&). In order to define th&p value of
bioLPSy, various concentrations of this LPS alone without addition ofckR¥&re used. Th&y equalled the concentration of
bioLPSsy corresponding to the half maximal MFI PE intensity, which could bermigted as 0.412 mgL In other words,
adding 0.412 mg t to the used 1 x TOHEK-mTLR4 cells led to occupation of half of the availab®-2/TLR4 binding sites
(Fig. S&). In order to determinkp of LPS:, several concentrations of LRSvere ceincubated with different concentrations of
bioLPSy, resulting in 4different binding curves representing the 4 employedgkR8ncentrations (FigS8d). The resulting
binding curves follow the equation
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with n being the number of different binding sites (which was assumed to be 1 imsejr Te binding curves shown in Fi§ad
were then plotted into a double reciprocal form resulting in 4 differentgbtréines whose slopes were detared using
GraphPadPrism (Fig. S8). The slopes obtad from FigureS8 were afterwards plotted against the respectivegd PS
concentration resulting in a straight line whose intersection with -iodsxrepresented the negative value of the cRhding
constant which wasetermined to be 0.304 mg'Lbeing in the same biologically relevant range as biglF$. Therefore,
based on the above described experiments, we can conclude thatdtSLP$c provide similar binding affinity to the Mb
2/TLRA4 receptor complex.



Figure S& B. vulgatus mpk LPS and E. coli mpk LPS provide similar binding affinity to the MD -2/TLR4 receptor
complex.

(a) Human embryonic kidney (HEK) cells expressing murine CD14;Manhd TLR4 (HEKMTLR4) were ceincubated withB.
vulgatusmpk LPS (LP8V), biotinylatedB. vulgatusmpk LPS (bioLP8V) or PBS (w/o LP§,) at several concentrations. PE
coupled streptavidin (StrePE) was added to each sample in constant concentrations. Cells weed wadhanalysed afterwards
for PE fluorescence using flosytometry. Left panel: gating strategy to determine intact HEK_R4 cells. Middle panel:
representative histograms of PE fluorescence of intact-HEKR4 cells that were treated as described above. Right panel:
Detected mean PE fluorescence intensity (WEIl)) as a function of used bioLBgsconcentration.

(b) experimental setting for the determination of LPS bindinghiffi HEK-mTLR4 cells were incubated simultaneously with
various concentrations of ndnotinylatedE. colimpk LPS (LP&C) or biotinylaed B. vulgatusmpk LPS (bioLP8V) for 1 h.
Cells were washed and incubated with-é¥tpled streptavidin (StreépE) for 30 min. PE fluorescence was detected afterwards
using flow cytometry.

(c) HEK-mTLR4 cells were incubated with bioLBS only according to the experimental setting described in (b). By using
different concentrations of bioLBY and the resulting detected PE fluorescence, alinear regression for a perpendicular
hyperbola could be created. The biolBRS concentration corsponding to the halihaximal PE intensity equals to KD of
bioLPBV. Squares with error bars represent mean + SD



(d) according to (b) 1 x TOHEK-mTLR4 cells were simultaneously incubated with bioBRSand LPEC. For each
differentially coloured perpenditar hyperbola binding curve the concentration of biotinyl&esiulgatusmpk LPS (bioLP8V)

was varied while the concentration Bf coli mpk LPS (LP&C) was kept constant. According to (b), resulting PE fluorescence
was detected by flow cytometry as demwated in (a). The detected PE signal is therefore directly proportmradund
bioLPBV. Each data point repregsra distinct combination of LPSE&hd bioLP8V concentrations (n=3). Squares with error
bars represent mean + SD

(e) Data obtained fronjd) were mathematically transformed into a double reciprocal form atigglinto a graph. The sigmoidal
binding curves from (d) are therefore transformed into straight lifiles. slopes of the straight lines were determined using
GraphPad PrisnsSquareswvith error bars represent mean +.SD

() The slopes which were obtained from the double reciprocal plotting imhielh were derived from the binding curves in (d)
were plotted against the corresponding concentration oECREhich was kept constant in the experiment. A linearization led to
a straight line whose intersection with thexs represents the negative value of the dissociation condghtdr the binding of
LPS:c to the murine MB2/TLR4 receptor complex.



Supplementalinformation 9:

Figure S9

a) Feces fromRagI™ mice providing intestinal inflammation (DYSM) was autoclaved prepared as described in Matherials
and Methods. Wt BMDCs were stimulated with either DYSM, LPSBV @0nL?), E. colimpk (EC, MOI1)) or simultaneous
(DYSM + LPSBV). Cytokine secretion was detected by ELISA. Surface expressiMHCII and CD40 was detected by flow
cytometry and normalized to the mock control of BMDCs generated fieraame individuaBox plots depicthe mean as well
as the 25th and 75th percentile, whiskers depict the highest and lovuest val

b) wt BMDCs were stimulated (prime) with either PBS (mock) or LPSBV 4 h. Medium was changed and cells were
stimulated afterwards (challenge) with DYSM or EC (MOI 1). Cytokimeretion was detected by ELISA. Surface expression of
MHC-II and CD40 was detected by flow cytometry and normalized to an unchallemmgdcontrol of BMDCs generated from
the same individualBox plots depict the mean as well as the 25th and 75th percentile, whiské&ttte highest and lowest
values
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Gut Commensal-Induced | kBz
Expression in Dendritic Cells
In uences the Th1l7 Response

Lena Michaelis 1, Marcel TreR ¥, Hanna-Christine Léw 2, Johanna Klees 2,
Christian Klameth !, Anna Lange *, Anne GrieBhammer !, Andrea Schéfer *, Sarah Menz?,
Alex Steimle 12, Klaus Schulze-Osthoff 2 and Julia-Stefanie Frick *

1 Department for Medical Microbiology and Hygiene, Interfaculty Institute for Microbiology and Infection Medicine, University
of Tubingen, Tubingen, Germany? Department of Infection and Immunity, Luxembourg Institute of Health, Esch-sur-Alzette,
Luxembourg, 3 Interfaculty Institute for Biochemistry, University of Tubingen, Tubingen, Germany

Intestinal commensal bacteria can have a large impact on the state of health and disease
of the host. Regulation of Th17 cell development by gut commensals is known to
contribute to their dichotomous role in promoting gut homeostasis and host defense,
or development of autoimmune diseases. Yet, the underlying mechanisms remain to be
fully elucidated. One candidate factor contributing to Th1l7 diffentiation, and the
expression of which could be inuenced by commensals is the atypical nucleakB
protein kBz. IkBz acts as a transcriptional regulator of the expression of Th17-related
secondary response genes in many cell types including dendritic cells (DCs). Insights into
the regulation of kBz in DCs could shed light on how these immune sentinel cells at the
interface between commensals, innate and adaptive immune system drive an immune-
tolerogenic or inammatory Th17 cell response. In this study, the inence of two gut
commensals of low Bacteroides vulgatu$ or high Escherichia coli immunogenicity on
IkBz expression in DCs and its downstream effects was analyzed. We observed that the
amount of kBz expression and secretion of Th17-inducing cytokines correlated with
the immunogenicity of these commensals. However, under immune-balanced conditions,
E. colialso strongly induced an KBz-dependent secretion of anti-inammatory IL-10,
facilitating a counter-regulative Treg response as assessed in vitro CD4" T cell
polarization assays. Yet, in afn vivo mouse model of T cell-induced colitis, prone to
in ammatory and autoimmune conditions, administration oE. coli promoted an
expansion of rather pro-inammatory T helper cell subsets whereas administration of
B. vulgatusresulted in the induction of protective T helper cell subsets. Thesadings
might contribute to the development of new therapeutic strategies for the treatment of
autoimmune diseases using commensals or commensal-derived components.

Keywords: dendritic cells, Th17, intestinal commensals, in ammatory bowel disease, immunogenicity,  Escherichia

coli, Bacteroides vulgatus , IkBz
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INTRODUCTION at its carboxyl terminus, and is encoded by Mfkbiz gene (6,
17). Also known as MAIL or INAP,KBz is expressed in a variety
With an area around 200 times larger than the skin, theof cell types and is essential for the induction of a subset of
gastrointestinal mucosa is the largest immunological organ isecondary response genes, -6, J1-12, I-17, andCcl2(16, 18-
the body (). It faces a challenging environment and needs t@®(). Transcription of theNfkbiz gene is rapidly induced as
maintain a careful balance betweeghting intestinal intruders primary NFkB response gene upon TLR- and cytokine-
and tolerating commensal and nutrition-derived antige®s ( receptor signalingl@®, 19, 21). The necessity okBz in Th17
Failure of maintaining gut homeostasis promotes a shift in thelevelopment was shown Nfkbiz”~ mice which were resistant to
microbiota composition, known as dysbiosis and characterizegikperimental autoimmune encephalomyelitis (EAE), a model of
by a loss of bacterial diversity and/or commensals, as well asTa17-mediated autoimmune disease with a multiple sclerosis-
bloom of pathobionts J). A dysbiotic microbiota has been like phenotype 16, 22).
associated with many multifactorial autoimmune diseases such |kBz expression in DCs is of particular importance for regulating
as multiple sclerosis, type 1 diabetes mellitus andrimatory  Th17 development due to the steering role of DCs in states of
bowel diseases (IBD2,(4). homeostasis and immmation. Yet, the impact of a shifting
Dendritic cells (DCs) play a major role in the regulation of microbiota, as it is observed in states of dmmatory and
gastrointestinal mucosal immunity since they are among thautoimmune diseases, okBz-dependent, DC-mediated T cell
rst-line antigen-presenting cells at mucosal surfaces and linkfferentiation has not been characterized. In this study, we elucidate
the innate and the adaptive immune systénDCs encounter a  the impact of two model gut commensals on the induction of Th17
diversity of gut microbes and respond by inducing eitherresponses mediated by DCs. We could show that the induction of
immune tolerance to harmless commensal-derived antigens ®kBz-expression by commensals with Idacteroides vulgajusnd
an in ammatory response to potential pathogens. DCs recognizfigh (Escherichia cpimmunogenicity positiig correlates with their
various surface structures deacteria, so-called microbe- immunogenicity in DCs. Furthermore, in &amvivo mouse model of
associated molecular patterns (MAMPs)a their patter |BD, enhancing abundance of these commensalseirced the
recognition receptors (PRRs), such as Toll-like receptorgifferentiation of intestinal T helper cells towards rather protective
(TLRs) 6, 7). Upon sampling of these antigens, DCs undergand regulatory phenotypesB ( vulgatu or pro-in ammatory
a differentiation process resulting in e.g., semi-mature (smDCsghenotypesE. col. This effect could experimentally be traced back
or mature DCs (mDCs), characterized by low or high expressiot the differential expression dtBz in DCs.
of activation and maturation markers, respectivélyd). Under
homeostatic conditions, DCs orchestrate the differentiation of
naive CD4 T cells into functionally distinct T helper cell subsets
by creating an environmental cytokine milieu required for theMATERIALS AND METHODS
balanced co-existence of regulatory andammatory CDZ4 T .
cells (LO). In this role, smDCs are known to induce T cell anergyBaCte_“a . N . .
and regulatory T cells (Tregs) whereas mDCs are potent antigé’__l'§(:r'er'(3h"",1 cainpk (23 was grown overr_ught n Luna—l?ertam
presenting cells promoting CD4&nd CD8 T cell responses). (LB) ”.‘ed'“m under aerob!c conditions at 37°C and
A subset of IL-17-secreting CDZ cells (Th17 cells) plays a SUbCl"_lt'VaFed in the same "‘e.d'””? for 2.5 h the next dgy prior
dichotomous role in gut homeostasis by promoting protectionquz"‘mI cation to ensure Io.garlthmlc.growth phagiacteroides
against fungal and bacterial pathogens on one side, and drivirt .Igatusmpk (2,3) was cultlvateq n Ilvgr broth for 3 days apd,
in ammatory pathology and development of autoimmune diseas«%) ior to qgantl cation, subcultivated in Braln-'ljleart-lnfusolon
on the other sidel(l, 12). The orphan nuclear receptor R@# the BHI) medlur_n fOT 2 days and anaerobic conditions at 37°C to
lineage-determiningmastet transcription factor directing the ensure logarithmic growth phase.
production of the hallmark cytokines IL-17A, IL-17F as well as .
IL-21 and IL-22 (2, 13. Among these, especially IL-17A plays a Ice )
dominant role in driving autoimmunity 13. Due to intrinsic Female C57BL/6NCrl (WT) mice were purchased from Charles

instability and plasticity, Th17 delare able to transdifferentiate to RIver, Laboratom/as. C57/BL/§J'R%YI o (Ragl"), TLRZ",
more in ammatory or regulatory phenotypes in response tol LR4" and TLRZ__X;'_LR_‘I_ mice were obtained from Jackson

uctuating physiological environments( 12). Differentiation of ~LaboratoriesNfkbiz™ mice were k”_“j}y provided by Dr. M
Th17 cells is dependent on interleukin 6 (IL-6) and transformingViorimatsu @4) and bred fromNfkbiz™ breeding pairs. For
growth factorb (TGFb), whereas their full maturation depends on iSolation of bone marrow and T cells;¥2 week old mice were
IL-1b and IL-23, possibly favoring their pathological activity in theuSed. All mice were kept and bred under spe@athogen-free
induction of autoimmunity {4, 15. Beyond their demonstrated (SPF) conditions.

ability to secrete all these cytokines, how DCsiémce plasticity

and poise protective and iammatory responses is not fully Cultivation and Stimulation of Bone

known (14). Marrow-Derived Dendritic Cells

Besides ROgR, another transcription factor required for Bone marrow cells were isolated and cultivated as described

Th17 development is the atypical inhibitor of the nuclearpreviously 25. At day 7 after isolation, CD11done marrow
factorkB (IkB) protein kBz which harbors six ankyrin repeats derived-dendritic cells (BMDCs) were usediiforitro experiments.
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1 x 1¢ BMDCs/ml were stimulated with PBS (mock, ThermoMP Biomedicals) dissolved in drinking water for 7 days. Onset of
Fisher Scientkc), B. vulgatusr E. coliat a multiplicity of infection in ammation was assessed on day 0 and on dayshy
(MOI) of 1 at 37°C. 100 ng/ml isolated LPSBofvulgatugLP Sy, monitoring body weight and disease activity index (DAI) with
isolated as described iag 27) and 29)] or E. col[LPS, isolated  parameters ranging from-8 regarding blood in stool and on

as described in2¢, 27) and 28] were used for stimulation. For anus, stool consistency, relieving posture and appearance of fur.
stimulation with a complex microbiota, fecal samples were collecteéfiolon tissue was used for histopathological analysigibyg it in

from SPFRag?” mice prior to administration of bacteria and 4% formalin and sections stained with Hematoxylin/
induction of colitis, as well as at the end of the experiment (see T c@&bsin (H&E).

transfer inRag?™ mice). Samples were weighed, dissolved in sterile

PBS to a stock concentration of 50 mg/ml, heat-inactivated for Cell Transfer Colitis in Ragl-/- Mice

15 min at 80°C and ltered through a 100 pm cell sieve. Fecalpgministration ofB. vulgatusr E. colito 10 week-olRag?” mice
samples were then further diluted in sterile PBS and BMDCS we{g, grinking water in a concentration of 2 x 3Bacteria/ml started
stimulated with prepared fecal samples in a concentration of 100 lgfe week prior to intraperitoneal injection of 5Rive T cells.

ml. Gentamicin (1 pg/ml) was added to all samples in order {Qzepjacing drinking water with bacteria and weighing of mice
prevent bacterial overgrowth and to create equal treatmenfcrred twice a week. Mice were kept in IVCs in order to
conditions. Cells were harvestefien the indicated stimulation  aintain stability of the newly developed microbiota composition.
periods and processed for subsequent analyses. Fecal samples were collected prioadministration of bacteria and
L . . at the end of the experiment. Mice were samd 5 weeks after T
CUIt'\/_at'on and St'mUIajt'on ,Of mICCIZ_ Cells _cell transplantation for alysis. Degree of colonic @mmmation
Trans-immortalized mouse intestinal epithelial cells derivedy,q jetermined using colonic histological sections, stained by H&E
from the small intestine of a transgenic mouse were cultured;§ scored as described elsewhag (

as described elsewhegd) One day priorsitimulation, mliCcl2
cells were seeded at a concentration of 5>c&ls/ml. Cells were . "
stimulated with PBS (mockB. vulgatusr E. coliat a MOI of 10 Isolation of Dendnt.lc Cells atnd T Cells

for 2 h and gentamicin (1 pg/ml) was added to all samples irFrom COIinc Lamina Propria and

order to prevent bacterial orgrowth and to ensure equal Mesenteric Lymph Nodes

treatment conditions. Cells were gently detached with 0.05%°" isolation of colonic lamina propria (cLP) cells, caecum and
trypsin-EDTA (Gibco) from culture vessels and processed fofolon were thoroughly washed with PBS and cut into 1.5 cm pieces,

further analysis. followed by two incubation periods in HBSS/5% FCS/2 mM
EDTA/L mM DTT, washing in HBSS/5% FCS/1 mM HEPES for
Isolation of Naive T Cells 10 min and digestion of minced pieces in RPMI/40 U/ml DNase I/

For adoptive T cell transfer aridl vitro T cell polarization assay, 0-12 mg/ml collagenase for 15 min. All steps were performed at
splenic naive CDED4'CD25CD45RE T cells from female 37°C and gentle stirring, with vortexing aritering through a 100
WT mice were puried using a MACS-based negative selectiohtM cell strainer in between single steps. Final cell suspension was

kit (Miltenyi) according to the manufacturerinstructions. washed twice with ice-cold HBSS/5% FCS. Immune cells from
mesenteric lymph nodes (mLN) were isolated by gentle disruption
T Cell Polarization Assay and passing through a nylon cell strainer (40 um mesh) with PBS/

Antigen-independent activation of naive CDR cells occurred 1% FCS and a washing step with PBS/1% FCS. T cells from cLP and
by overnight incubation with plate-bound anti-CD3 (145-2C11)MLN were activated with leukocyte activation cocktail (BD
antibodies (BioLegend, coated with 10 pg/ml in PBS) and 2 pdgiosciences) for 4 h with subsequent processing fow
ml anti-CD28 (37.51) (BioLegend). As polarizing factor, sterileCytometry analysis.

ltrated cell culture supernatants of 16 h-stimulated BMDCs
containing stimulus-dependent cytokine concentrations wer@&NA Isolation and RT-PCR
used, diluted 1:2 in T cell medium (RPMI 1640 supplementedisolation of RNA from mICcl2 cells, BMDCs and colonic tissue
with 10% FCS, 56M 2-mercaptoethanol, 25 mM HEPES, 1% lysates was performed using QiageRNeasy Mini Kit according
non-essential amino-acids, 1% sodium pyruvate and 1% manufactures instructions. Additional DNA digestion was
penicillin/streptomycin). In order to mimic an imbalanced conducted by using the DNA-free DNA Removal Kit (Thermo
cytokine milieu, neutralizing anti-IL-10 (JES5-2A5) antibodiesrisher Scientic). SybrGreen based quantitative RT-PCR was
(BioLegend, 10 pg/ml) were added to naive T cells simultaneouglgrformed on a Roche LightCycler480 using Qiagen SybrGreen
with the BMDC supernatant. Cells were incubated for 4 h withRT-PCR Kit. Primer annealing occurred at 60°C-10D ng
GolgiStop (BD) prior to end of polarization time and processed foDNase-digested RNA was used for qRT-PCR. Relative mRNA

ow cytometry analysis. expression in cells stimulated with bacteria to unstimulated cells
was determined by usirgactin as housekeeping gene according
Dextran Sodium Sulfate (DSS)-Induced to the DDCp-method, which takes into account the speci
Colitis in WT and Nfkbiz = Mice ampli cation efciency of every primer pair and each PCR run.

Acute DSS colitis was induced in SPF WT &tikbiz’~ mice by  Primer sequenced\fkbiz (NCBI Gene ID: 80859) forward:
administration of 2.5% (w/v) DSS (molecular weights8bkDa, ¥GTGGGAGAACAGATCCGACG, reverse: AGTGAGTGTC

Frontiers in Immunology | www.frontiersin.org 3 January 2021 | Volume 11 | Article 612336



Michaelis et al. Commensal Inuence on Th17 Induction

GCTGAACCAG; b-actin (NCBI Gene ID: 11461) forward: (11B11)-PE, LY6G/C (RB6-8C5)-PE, I-A/I-E (MHC II) (AF6-
CCCTGTGCTGCTCACCGA, reverse: ACAGTGT120.1)-APC, I-A/l-E (MHC II) (AF6-120.1)-BV421, RQR

GGGTGACCCCGTC. (Q31-378)-BV421, and T-bet (4B10)-BV421 (BioLegend).
Quanti cation of Bacteria in Fecal Statistics
Samples Statistical analysis of the data was performed with the GraphPad

Plasmid standards were generated by blunt-end cloning usirfgrism 8 Software. Data were tested for normality using the
pJET (Thermo Fisher Scient) and the respective specilés Shapiro-Wilk normality test. Statistical analyses were then
PCR fragments of. coli (Primer forward: GTTAATA performedvia unpaired studens t test or ANOVA for
CCTTTGCTCATTGA, reverse: ACCAGGGTATCTAATC normally distributed data red Mann-Whitney or Kruskal-
CTGTT (31) or B. vulgatus(Primer forward: AACCTGCCG Wallis multiple comparison test for nonparametric statistics.
TCTACTCTT, reverse: CAACTGACTTAAACATCCAT3?).  Statistical signicance:*p < 0.05,**p < 0.01,***p < 0.001,
The concentration of the isolated plasmids was determinef™*p < 0.0001. Error bars represent + standard deviation (SD).
and the standard concentrations were prepared in 10-fold

serial dilutions in a range of 100,6a0® copies. Bacterial DNA

was isolated using the QIAamp DNA Stool Mini Kit (Qiagen) RESULTS

according to manufacturir instructions. DNA concentration

was measured using Qubit dS& High Sensitivity Assay Expression of | kBz Promotes Intestinal

(Thermo F.lsher SC|entn:.). For the gPCR mea;urement, DNA Homeostasis in a Mouse Model

concentrations were adjusted to 5 ng per reaction, and PCR w. Acute Colitis

performed using QuantiFast SYBR Green PCR Kit (Qiage o con rm the role of kBz in the modulation of mucosal

E""Cttflf'a' copy ”“Imbir)s \;ve{e (;et((ejrmlned by E standard ICUt?@;mune responses, we analyzed the impackBgdexpression
or this purpose, log1u of standard copy numbers were plott€gl, o course of intestinal immmation in a mouse model of

against ct-values. dextran sodium sulfate (DSShduced acute colitis. Wild type
(WT) and Nfkbiz’~ specic-pathogen-free mice were
administered 2.5% DSS for seven days in order to induce acute
Ifolitis. The severity of disease was estimated by monitoring the
weight of the mice and determining the disease activity index

Cytokine Analysis
For determination of IL-6, IL-10, IL-23, ILblconcentrations in
cell culture supernatants, ELISA kits purchased from B

Biosciences or eBiosciences were used according EBAD. Nfkbiz"~ mice were found to be sigréantly more

manu_facturel‘sm_structlons. For detection of mouse Serumsusceptible to DSS colitis, as shown by a sigmily increased
cytokines, the Bio-Plex Pro assays Mouse Cytokine 23'P|9\3(ei ht loss and DAI, as well as clear signs of severe colitis as
and sets for Mouse IL-17F, Mouse IL-21, Mouse IL-22, Mousg 9 ' 9

IL-23 and TGB1 (Bio-Rad) were performed according to shown by histopathological examination of colon sections

. . . Figure 1). B n th results, w ncl 2z bl
manufactures instruction and analyzed on a Bio-Plex 200. ( gure ). Based 0 t ese resu Fs € conc ude .p ays
an important role in maintaining intestinal homeostasis.

Flow Cytometry Analysis o )

After harvesting or isolation, miCcl2cells, BMDCs, cLP cells antkBz Expression in BMDCs and Intestinal

mLN cells were washed and Fc-receptors were blocked f&pithelial Cells Is Differentially Modulated

15 min at 4°C. Staining withxable viability dyes (Thermo by Distinct Commensals

Fisher Scientic) for 15 min at 4°C was applied for live-dead Next, we assessed the contribution of two model gut commensals
discrimination. For intracellular staining, cells wereed and  to IkBz-dependent activation and maturation of DCs. The mouse
permeabilized using Cyta/Cytoperm (BD Biosciences) gut commensaB. vulgatusexhibits low immunogenicity and
according to manufactur& instructions, washed and induces smDCs in the colonic lamina propria (cLP), thus
resuspended in PBS/1% FCS/0.1% saponin. For intracelluleontributing to the promotion of homeostasis and prevention of
staining and cell surface staining, cells were labeled for 30 mintestinal in ammation in mouse models for colitig, 3 33). E.

at 4°C with uorophore-conjugated antibodies (all BD, if not coli however, is strongly immunogenic and provokes a pro-
stated otherwise) and washed twice. Flow cytometric analysies ammatory immune response by inducing mDCs, resulting in
were performed on a FACS LSRII (BD Biosciences). Data wergestinal in ammation inll-2 de cient mice 8, 23 34). Since
analyzed using the FlowJo software (Tree Star Inc., USA)one marrow-derived dendritic cells (BMDCs) are phenotypically
Antibodies: CD11c (HL3)-APC, CD11c (HL3)-PE-Cy7, CD4similar tointestinal lamina propria DC&®) and can be generated
(RM4-5)-BV605, CD45 (30-F11)-APC-Cy7, CD45R (RA3-in high numbers and comparable maturation status, we used
6B2)-PE, CD64 (X54-5/7.1)-PE, Foxp3 (MF23)-AF647, FoxpBMDCs to evaluatekBz induction by B. vulgatusor E. coli
(MF23)-BV421, GATA3 (L50-823)-PE-Cy7, I§NXMG1.2)-  Wild type (WT) BMDCs were stimulated with either of the two
PE-Cy7, IFN (XMGL1.2)-APC, IFN (XMGL1.2)-FITC, kBz = commensals at a MOI of 1 for 16 h, aNdkbizgene expression as
(LK2NAP)-PerCP-EF71@Thermo Fisher Scientc), IL-10  well askBz protein levels were determined at different time points
(JES5-16E3)-BV510, IL-10 (JES5-16E3)-FITC (BioLegend), I(Figures 2A, B andSupplementary Figure )L E. colistimulation
17A (TC11-18H10)-PE, IL-17A (TC11-18H10)-APC-Cy7, IL-4strongly inducedNfkbiz gene expression with a maximal
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FIGURE 1 | IkBz expression promotes intestinal homeostasis in the mouse model of DSS colitis. Wild type (WT) (n = 6) Nfidbiz"~ (n = 6) specic-pathogen free
(SPF) mice were administered 2.5% DSS (w/v) in drinking water for 7 days to induce col{¥§.Changes in body weight were monitored throughout the experiment:
dotted lines indicate each individual, and continuous lines indicate group means + SB) Disease activity index (DAI) was determined according to the criteria
mentioned in the material and methods part, with indicated group means + SD. **p < 0.006) Representative H&E stained colon sections.

expression at 2 h post stimulation, followed by a decrease ovBMDCs, indicating that IL-6 and IL-10 production by BMDCs is
time to levels close to the starting onEgg(re 2A). In contrast, dependent on KBz. In contrast, deciency of kBz did not
stimulation of WT BMDCs withB. vulgatuglid not signi cantly ~ signi cantly reduce cytokine secretion . vulgatus
alter the basal levels Nfkbizgene expression. In agreement with stimulated or unstimulated BMDCs. HencéBk-mediated
the enhanced mRNA levels, 2 h stimulation of WT BMDCs withcytokine secretion by BMDCs seems to be dependent on a
E. colistrongly increased th&Bz protein levels in comparison to strong stimulus, as provided & coli
those inB. vulgatusstimulated BMDCs, which did not differ much Since DCs are not the only cell type in the gut expreskiBg |
from the basal protein level&igure 2B. Yet, the kBz protein  and in direct contact to the mrobiota, we also analyzed
levels inE. colistimulated BMDCs did not decrease as stronglycommensal-mediated effects okBg-expression in mouse
and rapidly as the mRNA levels, indicative of a stable proteirintestinal epithelial cells. We stimulated immortalized mouse
These results suggest theBt expression in BMDCs is differently small intestinal epithelial cells (mICcl2) cells with PBS (md&k),
regulated by commensals, wikh coliprovoking a strong cell vulgatusor E. colifor 2 and 4 h, and measurekiBz protein and
response an®. vulgatus weak one. Hence, the question arisesnRNA levels, respectively. Flow cytometry analysis revealed that,
whether kBz-mediated cytokine secretion required for T cellsimilar to what was observed in BMDOsBE protein levels were
polarization is also iruenced by commensals. signi cantly higher inE. colistimulated cells compared to
To address this, we measured the secreted levels of Thiufistimulated orB. vulgatusstimulated cells after 2 hF{gure
inducing cytokines IL-6, IL4 and IL-23 as well as anti- 2D andSupplementary Figure R After 4 h, a strong induction
in ammatory IL-10 in cell culture supernatants of BMDCsof Nfkbiz gene expression could still be observedEincol
derived from WT and kBz-de cient (Nfkbiz) mice after stimulated, but noB. vulgatusstimulated cellsKigure 2B.
stimulation Figure 2Q. IL-6 and IL-b are crucial for the These results indicate that commensals display similar
induction of RORYt, whereas IL-23 is required for Th17 immunogenic effects on different cell types of the gut barrier,
effector functions, since the receptor for 1L-23 (IL-23R) isfacilitating a uniform and coordinated immune response by
absent on naive T cell$g). Upon 24 h-stimulation withE.  different cell types.
coli, but not withB. vulgatusWT BMDCs secreted sigraantly . .
higher amounts of IL-6, IL+Land a clearly higher amount of IL- Commensals Trigger Secretion of Th17-
23 than unstimulated WT BMDCs. In agreement with our|ndUCing Cytokines in BMDCs via TLR4
previous ndings @4), E. colistimulation also signcantly  Signaling
enhanced IL-10 secretion by WT BMDCs when compared té\s previously described, immunogenicity of the model
stimulation withB. vulgatusCytokine secretion iB. vulgatus  commensal bacteriB. vulgatusand E. coliis mainly mediated
stimulated WT BMDCs was generally very low and did notby their lipopolysaccharide (LPS) and affects both the maturation
signi cantly differ from that in unstimulated WT BMDCs. status and cytokine secretion of BMDQS,(34). To identify the
However, IL-6 and IL-10 secretion byfkbiz’~ BMDCs  bacterial MAMP and the host TLR responsible for the observed
stimulated withE. coliwas signicantly lower than that in WT 1kBz induction, Nfkbiz gene expressionkBz protein and
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FIGURE 2 | The inuence of B. vulgatusand E. colistimulation on kBz expression in bone marrow-derived dendritic cells (BMDCs) and mICcl2 cell8) Nfkbiz

gene expression after stimulation of wild type (WT) BMDCs wigh vulgatus (BV) orE. coli(EC) at the indicated time points for a total of 16h as determined by RT-
PCR (n = 4).(B) The respective kBz protein levels were determined byow cytometry analysis.(C) Cytokine secretion into cell culture supernatants of WT BMDCs
and Nfkbiz~ BMDCs after 24 h stimulation with mock, BV and EC was determined by ELISA (n = @)) IkBz protein levels after 2 h stimulation of mICcl2 cells with
mock, BV or EC was determined by ow cytometry and (E) Nfkbizgene expression after 4 h stimulation of mICcl2 cells with mock, BV or EC was determined by RT-
PCR. Data are represented as geometric mean + SD, ns, not sigoant, *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.00005.

secreted cytokine levels were determined in stimulated BMDCs To evaluate the role ofkBz in TLR-dependent DC
isolated from WT as well as TLRZI2""), TLR4 ([TIr4”) and  maturation, we correlated the percentage of highly mature
TLR2/TLR4 TIr2” x TIr4”) de cient mice. The signcant BMDCs, as indicated by MHC N expression, 16 h post
reduction inNfkbiz gene expression anéBz protein levels in  stimulation with the kBz protein levels measured 2 h after
TIrd" and TIr2”" x TIr4” BMDCs, but notTIr2”- BMDCs, stimulation in these cellsF{gure 3D). A positive correlation
suggested that the TLR4 ligand LPS was mainly responsible foould be observed which decreased uporcigecy for TLR2
the high kBz induction in E. colistimulated WT BMDCs and/or TLR4, suggesting a possible role ki3zlin TLR-ligand
(Figures 3A, B. In TIr2” x TIr4”- BMDCs, the induced levels induced maturation processes of BMDCs.

were even slightly but not sigrantly lower than those of single To con rm LPS as the main trigger fokBz expression, WT
knockoutsTIr2”~ and TIr4”~ BMDCs, suggesting a synergistic BMDCs were stimulated for 2 h wiB. vulgatusE. coliand the
effect of TLR2 and TLR4 signaling upon strong immunogenicespective LPS (LBgand LP$c). As expected kBz protein
stimulation. Deciency of TLR2 and/or TLR4 did not levels normalized to levels in unstimulated BMDCs did not
signi cantly in uence kBz induction in B. vulgatusstimulated  signi cantly differ betweerB. vulgatusand LPgy as well as
BMDCs, emphasizing the low immunogenicity of thisbetweenE. coliand LP$c (Figure 3B. Furthermore, LP&-
commensal. TLR4 signaling was also responsible for thaduced kBz levels were signcantly higher than the LRS-
secretion of Thl7-inducing cytokines, since the amount oinduced protein levels, mirring the results obtained with
secreted IL-6, IL4, IL-23 and IL-10 was signtantly reduced B. vulgatusand E. colistimulation. This data suggests that the
in TIr4”- BMDCs despite a strong stimulus, and slightly but notimmunogenicity-dependent effects ®f vulgatusaind E. colion
signi cantly lower in TLR2 and/or TLR4-deient BMDCs |kBz expression, cell maturation and cytokine secretion are
stimulated with weakly immunogeni. vulgatugFigure 30. mediated by their LPS.
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FIGURE 3 | kBz induction in bone marrow-derived dendritic cells by commensals is mainly TLR4-dependef#) Nfkbizgene expression in wild type (WT)Ir2”,
TIr4” and TIr2"x TIr4"" BMDCs after stimulation wittB. vulgatus (BV) orE. coli (EC) as determined by RT-PCRB) The respective kBz protein levels were
determined by ow cytometry after 2 h of stimulation(C) Cytokine secretion into cell culture supernatants after 16 h of stimulation was determined by ELISA.
(D) Correlation between percentages of MHCtexpressing BMDCs after 16 h of stimulation and thé&Bz levels after 2 h with indicated Pearson (E) IkBz levels in
WT BMDCs after stimulation with BV, LP&, (100 ng/ml), EC, LP$¢ (100 ng/ml) for 2 h, normalized tokiBz levels in unstimulated WT BMDCs. Data represent
geometric mean + SD, ns, not signicant, *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.00005.

concentration of the available cytokine36,(37). As we

The Unique Composition of the observed a distinct cytokine secretion pattern in respon& to

Cytokine Milieu in Response to Various vulgatusand E. colj we analyzed the imience of the different
Commensals Differentially cytokine milieu on CD4 T cell differentiation. To this aim, we
Polarizes T Cells antigen-independently activated naive CD4cell with plate-

Antigen-inexperienced, i.e., naive, CO4cells can differentiate  bound anti-CD3 and soluble anti-CD28, and ded their
into multiple lineages upon activation, depending on thepolarization fate in response to sterilktrated cell culture
local environment mainly dened by the composition and supernatant (SN) of BMDCs previously stimulated for 16 h
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with PBS (mock SN)B. vulgatugBV SN), orE. coli(EC SN) mucosa of patients with Crohn’s Diseagé)( Th17 cells co-
(Figure 4A and Supplementary Figure B As control, expressingIL-17 and IL-10 are instead protective and prevent the
differentiation in presence of the sole BMDC mediumaccumulation and activity of immmatory Th1l7 at sites of
was performed. in ammation @1). Therefore, we futter characterized

To mimic an imbalance between pro- and antiimmatory  differentiated Th17 cells with respect to the co-expression of
cytokines as reported for the pathogenesis of autoimmunk.-17 with IFNg, Foxp3 or IL-10 to dene their in ammatory or
diseases3@), we added neutralizing anti-IL-10 antibody to the non-in ammatory potential. No sign¢ant in uence of the
cell culture supernatants (medium + anti-IL-10, mock SN+ anti-differentiation environments on the subsets of Th1l7 cells was
IL-10, BV SN + anti-IL-10, EC SN + anti-IL-10). Neutralization observed Figure 4B bottom panels). However, the percentage
of extracellular IL-10 appeared to slightly reduce T cell survivalf Foxp3 IL-17" T cells and IFNg" IL17" T cells signicantly
after 72 h of incubationRigure 4B). Yet, it also induced a more increased upon neutralization of IL-10 in BV SN, suggesting that,
pronounced differentiation of naive T cells into Thleven in absence of anti-iammatory IL-10, a balanced Th17
(IFNg+CD4") and Th2 (IL-4CD4") effector helper subsets. immune response is guaranteed by an increased number of anti-
Furthermore, it signicantly increased differentiation into Th17 Th17 Tregs.
cells (IL-17 CD4") when present alone (BMDC medium only) . .
and in combination with BV SN or EC SN. Yet, BV SN and ECE. Coli Promotes a Pro-In  ammatory CD4
SN induced similar levels of Th17 cells, under both balanced anti Cell Response in the Mouse Model of T
imbalanced cytokine conditions. Cell Transfer Colitis

Th17 cells are known to have certain plasticity. On the on@he initial lack of Tregs and induction of iammatory Th1 and
hand, they are able to convert to Thl-like Th17 cells, coTh17 cells are known to play a role in disease onset in the T cell
expressing IL-17 and IR\ and contributing to increased transfer model of colitis irRagl™ mice @2, 43. Transfer of
in ammatory activity 9. On the other hand, anti-Th17 Treg naive T cells into these immune-agent mice lacking functional
cells co-expressing IL-17 and Foxp3 were shown to suppre$scells and B cells induces a chronic colonicaimmation that
CD4" T cell proliferation, and found in the iamed intestinal is largely dependent on the microbiota compositioh)(

FIGURE 4 | In vitroCD4" T cell polarization in response to the supernatant of BMDCgA) Overview of the experimental setup: WT BMDCs were stimulated with
PBS (mock),B. vulgatus (BV) orE. coli(EC) for 16 h. The resulting supernatants were sterilirated and used for differentiation of anti-CD3/anti-CD28-activated WT]
CD4" T cells with or without addition of neutralizing anti-IL-10 antibodies (10 pg/ml). After 72 h, T cells were analyzeddwy cytometry. (B) Flow cytometry analysis
of differentiated CD4 T cell subsets after incubation with T cell medium or supernatants of mock, BV or EC-stimulated WT BMDCs with or without addition of
neutralizing anti-IL antibodies (10ug/ml) (n = 5). Data represent geometric mean + SD, ns, not s@mit, *p < 0.05, **p < 0.005.
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We therefore analyzed the impact of administration of an E. coliadministered mice starting three weeks after T cell
symbiont or a pathobiont, respectively, on DC responses and ffansplantation compared to mice administered with eitBer
helper cell polarization in the colonic lamina propria (cLP) andvulgatusor no bacteria. Furthermore, a high variation within
mesenteric lymph nodes (mLN). SAFagl™ mice were experimental groups was observed, as indicated by large standard
administered eitheB. vulgatusor E. coliby continuous deviations irFigure 5B To evaluate the iruence oB. vulgatusand
administration of 2 x 1® bacteria per mL drinking water, E. coliadministration on systemic immmation, the concentration
starting one week prior to transplantation of 5 x°Ifaive T  of serum cytokines was determindgigure 5Q. No signi cant
cells fFigure 5A). Mice were weighed and drinking water differences were observed between the different experimental groups
renewed twice a week. Mice were sa@id ve weeks after T with the exception of increased IL-21 levels in sdfecol
cell transplantation. administered mice. Serum concentrations of Th17-inducing IL-6
Administration ofB. vulgatusr E. colidid not lead to signicant  and IL-1b were very low with IL-23 concentrations even under the
differences in weight loss over tintégure 5Band Supplementary  detection limit in all mice. Concentrations of the anti-ammatory
Figure 4. However, a slightly accelrd weight loss was observed IL-10 did positively correlate it concentrations of many pro-

FIGURE 5 | E. coliadministration accelerates colitis induction in a T cell transfer model of coli(i&) Overview of the experimental setup: speai-pathogen free
(SPF)Ragl” mice were continuously administered witlB. vulgatus (n = 4) orE. coli (n = 5)viadrinking water. A control group was left untreated (n = 4). After one
week of bacterial association, naive CD4T cells were transplanted. Mice were sactéed 5 weeks after T cell transplantation(B) The change in bodyweight was
monitored throughout the experiment: dotted lines indicate each individual and continuous lines indicate group means * SD, ns, not signt. (C) The
concentration of the indicated cytokines was determined in mouse serum, using Bio-Plex assays. Each column represents one indiviDpRNA was isolated from
colonic tissue andNfkbizgene expression was determined by RT-PCR. Data represent geometric mean + SD.
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in ammatory cytokinesSupplementary Figure b indicating a protective Th1l7 cells in mLN, emphasizing the anti-
systemic repressive function. Wetkbiz gene expression in colonic in ammatory role of these cellBigure 6F.
tissue was found to be higher upgncoladministration, compared
to B. vulgatusadministration, giving rst hints of a more Increased Abundance of B. vulgatus in
pronounced Th17 response to a microbiota rich Bn coli Microbiota Dampens the Secretion of Pro-
(Figure 5D). In ammatory Cytokines by BMDCs

Flow cytometry analyses revealed that total numbers of cLP DGthe above presented results indicate that the enhanced intestinal
were signicantly higher in theB. vulgatusdministered group abundance oB. vulgatuseads to an increase in regulatory/anti-
compared to the control group, whereBs coliadministration  in ammatory CD4 T cell subsets whereas higher numberg.of
resulted in only slightly increased numbefsiglire 6A and  colipromote differentiation of pro-inammatory CDZ T cells in
Supplementary Figure $ A positive correlation between the an immune-compromised host with a presumably dysbiotic
maturation status of cLP DCs, as indicated by MHE Il microbiota. However, a differential activation of DCs by the
expression, andkBz protein levels in these DCs was observediwo commensals could not be clearly observed in these mice. To
with only low percentages of highly mature DC8irvulgatusr E.  directly link ourin vitro results with those obtained in the model
colradministered miceRigure 6B left panel). However, highly of T cell transfer colitis, we collected fecal samples from
mature DCs with low KBz levels were observed in mLN Bf  representativeRagl” mice with a presumably dysbiotic
vulgatusor E. cokiadministered miceRigure 6B right panel). In - microbiota (DYS) prior to bacterial administration and from T
the control group, the percentage &BE" MHC II" mLN DCs  cell transplanted mice with or without commensal enrichment
remained low. after development of colitis (DYS + TC, DYS + TC + BV, DYS +

Total numbers of recruited cLP CD7 cells were not foundto  TC + EC). Heat-inactivated fecal samples were then used to
be dependent on microbiota compositidfigure 6Q. Yet, the  stimulate WT BMDCs Eigure 7A). Increased abundance Bf
polarization of these CD4T cells seemed to be conditioned by coliinduced signicantly highemNfkbiz gene expressiorfrigure
microbiota composition: enhanced abundanceBofvulgatus 7B) and lkBz—protein levels Figure 7Q than all the other
clearly induced more Tregs thab. cokadministration or no  microbiota. However, we did not observe a sigant increase in
microbiota-manipulation. Also the total numbers of FOXpB-  the secretion of pro-inammatory cytokines in response to DYS
17" anti-Th17 Tregs were sigrdantly higher, and total numbers + TC + EC- stimulation as compared to DYS+TEigure 7D).
of IL10" IL-17" protective Th17 cells were slightly higherBn  Rather, 4 h stimulation of BMDC with DYS + TC + BV decreased
vulgatusadministered mice compared to the other groups. Inthe secretion of pro-irammatory cytokines, with a slight but not
contrast, E. cokadministration resulted in signcantly higher signi cant decrease of secreted IL-6, and a sigmit lower
total numbers of Th1 cells and slightly higher total numbers ofecretion of IL-23 compared to DYS + TC or DYS + TC + EC.

Thl-like Th17 cells than the control group, but at levels similarrhe levels of IL-10 decreased as a result of T cell transfer.
to those detected in thB. vulgatusadministered group. Total

numbers of Th2 cells were sigoantly higher inB. vulgatusor
E. coliadministered groups compared to the control group.D|SCUSSION
Taken together, polarization of CDZ cells in the cLP is tilted
to rather anti-in ammatory and regulatory phenotypes in The impact of the intestinal microbiota on health and disease is
B. vulgatusadministered mice whereas . coliadministered indisputably large. Due to the close link between microbiota and
mice, cLP CDAT cells express rather pro- iammatory markers, host immunity, it is not surprising that dysbiosis is associated
promoting colonic inammation. with many diseases linked to a malfunctioning immune system,
In order to evaluate the role of DCs in the induction of thee.g., autoimmune diseases. A local impact of a disturbed
observed phenotypes and overall disease progression, merobiota is well described for iammatory bowel diseases
correlated kBz-expression in cLP DCs with CD4T cell  (IBD) such as Crohs disease or ulcerative colitis). Moreover,
phenotypes in cLP and mLNFigure 6D). IkBz-expression in  many extra-intestinal disses such as type 1 diabetes,
cLP DCs was negatively correlated with total numbers of cLFheumatoid arthritis, asthma or multiple sclerosis have been
Thl cells in all experimental groupEigure 6D, left panel). reported to be inuenced by the microbiota(46).
Furthermore, induction of the anti-Th17 Tregs seemed to be The rst model commensal used in this study, vulgatus
dependent on intermediatekBz-levels as observed in thi&®  belongs to the phylum of Bacteroidetes, one of the most
vulgatus administered groupKigure 6D, right panel). High and abundant phyla in the mammalian gut, and was found to
low IkBz-levels in cLP DCs in control dE. coliadministered reduce inammation in mouse models of coliti®3 47). A
mice did not correlate with high numbers of anti-Th17 Tregs. decrease iBacteroidespecies was reported in patients with IBD,
With respect to the classical Th1/Th2 balance, a shift toward®gether with the simultaneous increase of facultative anaerobes
autoimmune-disease promoting Thl cells was observef. in such as. colj the second model commensal used in this study
colradministered mice whereas B. vulgatus administered (48). E. coliis a colitogenic pathobiont,that can promote
mice the number of Th2 cells exceeded the number of Thinhtestinal in ammation in genetically predisposed hosis)(
cells Figures 6C, E (45. Consistently, the grade of colonic Differences in bacterial immunogenicity as well as in the
in ammation negatively correlated with the induction ofinteraction with several cell types of the innate and adaptive
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FIGURE 6 | B. vulgatuspromotes induction of immune regulative mechanisms in a T cell transfer model of colitis. Dendritic cells (DCs) and"dDeklls were
isolated from the colonic lamina propria (cLP) and mesenteric lymph nodes of T cell transplar®ay1”~ mice and analyzed by ow cytometry (see Fig.5)A) Total
number of cLP CD11¢ DCs as determined by ow cytometry. (B) Correlation between percentages of MHClexpressing cLP (left panel) and mLN DCs (right
panel) and theirkBz levels, indicated Pearson r(C) CD4" T cell phenotypes in cLP with corresponding gatingD) Correlations between kBz expression in cLP DCs
and cLP Th1 cells or CLP anti-Th17 Tregs are indicated Pearson(E) Th1/Th2 balance in cLP(F) Correlation between histological colitis score and number of cLP
protective Th17 cells, as indicated Pearson r. Data represent geometric mean + SD, *p < 0.05.

immune system are accountable for these contrary outcomes. tlefect in Th17 development, explainable by the fact thaz |
this study, we focused on the interaction of commensals witenhances IL-17 expression by directly binding to the regulatory
DCs and the resulting CD4T cell respons@ vitro andin vivo  region of thell-17 gene {6). However, kBz-de cient epithelial
in an autoimmune-driven mouse model of coliti). cells provoke a Sjogrensyndrome-like inammation in mice,
The role of kBz has already been extensively studied inand kBz-de cient hepatocytes showed defective proliferation
various autoimmune diseases and cell types. For instanadye to impaired TLR4-signaling?{, 52). Furthermore, kBz
keratinocyte-derivedkBz was found to drive psoriasiS@  exerts both inhibitory and transcription-promoting effects on
51); and mice decient in kBz are resistant to EAE due to a NFkB activity. The transcription factor B plays an
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FIGURE 7 | Enhanced abundance ofE. coliincreases kBz levels in dendritic cells(A) Overview of the experimental setup: fecal samples were collected from SPF

Rag1’ mice prior to bacterial administration and T cell transplantation (DYS) as well as from T cell transplanted mice with established colitis, and left untreated (DYS

+ TC) or administered withB. vulgatus(DYS + TC + BV) oEE. coli (DYS + TC + ECyiadrinking water. Samples were dissolved in PBS, heated for 15 min at 80°C,
Itered and used in a concentration of 100 pg/ml for a 2 h and 4 h stimulation of wild type (WT) bone marrow-derived dendritic cells (BMDOB§Nfkbizgene

expression, as determined by RT-PCR andC) kBz protein levels, as determined byow cytometry, after 2 h stimulation of WT BMDCHD) Secreted cytokines

after 4 h stimulation of WT BMDCs, as determined by ELISA. Data represent geometric mean + SD, ns, not sagmit, *p < 0.05, **p < 0.005, ***p < 0.0005,

***+p < 0.00005.

importantrole in cellular responses to stress, injury andHere, we could relate the expression levelkR¥ to the degree of
in ammation 63). Its subunits p50, p52, p65 (RelA), RelB andDC maturation and induction of T cell differentiatioB. colibut not
c-Rel can form various homo- and heterodimers which bind tdB. vulgatuincreased the mRNA and protein levelskd# (Figures
specic DNA elements to induce target gene expression of e.®A, B). Based on this, we propose that the transition from smDCs to
IL-6, IL-1b, IL-23, or IL-10 64-56). More recently, upregulation mDCs requires a relief of the tight regulation &z expression
of Nfkbiz has been detected in iamed intestinal tissue of UC and activity.
patients, suggesting that an altered function Bz may IkBz is generally induced by stimulation with MAMPs or the
contribute to the development of the diseaS&).(We could cytokines IL-1, IL-17 and IL-181¢ 20, 21, 57). Here, we could
demonstrate a deleterious effectkiz de ciency in the mouse demonstrate thaE. coliinduced kBz expression as well as BMDC
model of acute DSS-induced colitBigure 1). Nfkbiz/~ mice  maturation is mainly mediated by LR& TLR4 signalingRigure
progressed towards a sigoantly more severe disease than WT3). Despite being one of the most conserved structures in Gram-
mice, indicating an important role ofkBz for intestinal negative bacteria, differences in immune-activating activities of LPS
in ammatory responses to DSS administration. Takemave been observed before: isolateds|.RiEsplayed only weak
together, these data suggest that the functiorkBE Ineeds to  agonistic interactions with thieost MD2/TLR4 receptor complex,
be tightly regulated in many cell types: too much or too little ofthus inducing smBMDCs, whereas isolatedddpBtently activated
its activity can lead to disease. the MD2/TLR4 receptor complex, causing rather prammatory

We could also show that bactimmunogenicity regulatekBz ~ signaling by mBMDCs2(). We additionally demonstrate that the
expression in DCs thus driving either an @ammation-promoting  extent of LPS-induced TLR4 signaling impacts the ability of BMDCs
or tolerogenic DC phenotype. In our previous studies, weo induce a Thl7 response: a stronger activation signily
demonstrated thaB. vulgatusnduces smDCs, characterized by aenhances secretion of Th17-promoting cytokines by BMDCs
lower expression of maturatiomarkers, such as MHC I, CD40, (Figures 2Cand 3C). In addition, we observed a synergistic effect
CD80 and CD86, as well as lower secretion of prasmmatory  of TLR2 and TLR4 signaling upon a strong stimulus, indicated by a
cytokines compared to mDCs induced By coli(8, 58. These decreased response in BMDCsdaent for both receptors compared
smDCs are tolerant towards maturation-inducing stimuli and aréo BMDCs decient for only one of these TLRs. This observation
unable to induce pro-irammatory Thl and Th1l7 responsed. (  supports earlier ndings, describing a marked increase in pro-
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in ammatory cytokine secretion by mouse peritoneal macrophagesutralization. Immature DCs are known to promote T cell anergy
upon co-stimulation with TLR2 and TLR4 ligands compared to theand generate Tregs)(Here, we suggest a Treg-promoting effect by
stimulation of either receptor alon&9). As previously reported, immature DCs independent of antigen presentation and IL-10,
only secretion of IL-6 and IL-10 was found to bd2-dependent  which needs further investigation.
(21, 60). IL-6 is mainly induced by p65/p50 KB heterodimers and When we evaluated the immuno-modulating effectsBof
IL-10 by p50/p50 NKB homodimers %6 61). IkBz preferentially  vulgatusand E. coliunder in ammatory conditions in a genetically
associates with p50 present in p65/p50 heterodimers or p50/ppdedisposed host with a presably dysbiotic microbiotak. coli
homodimers, stabilizggomoter binding and thus assists expressionadministration induced colitis slightly but not sigoantly quicker
of IL-10 and IL-6 (7, 60, 61). IL-1b is mainly induced by subunits than an unchanged microbiota d@. vulgatuadministration as
p65 and cRel and, thus, presumably not preferentially bourkBay |  indicated by accelerated weight loss beginning 3 weeks after T cell
(62). Nevertheless, an indirect imence of kBz activity on IL-b  transfer Figure 5. Nonetheless,ow cytometry analysis of the cLP
secretion has been elucidated recentyBzl upregulates the immune cells revealed signant differences in CD4T cell subsets
transcription of theNIrp3 gene, which encodes the ammasome  even though the absolute numbers of CD4cells remained equal:
component NLRP36Q). Activation of the NLRP3 irammasome In B. vulgatusadministered T cell-transplanteRag?™ mice,
leads to the cleavage of inactive proiiito active IL-b, which  numbers of regulatory and anti-iammatory T helper subsets
can then be secreted by the cell. Kim et al. reportedNifidtiz  were higher than upork. coli administration or in T cell-
de ciency results in impaired ILblsecretion, which we could transplanted control mice, indicating a potent regulation of
con rm (Figure 2Q. An IkBz-dependent regulation of IL-23 in ammation Figure 6. In contrast,E. coli administration
secretion by BMDCs was however not observed. resulted in high numbers of pro-iammatory Thl and Thl-like
We tested whether the cytokine milieu of stimulated BMDCs iS'h17 cells in the cLP, indicating an uncontrolled ammation,
suf cient for determining the differentiation fate of already activatedvhich was not dampened by lewimbers of regulatory CD4T cell
T cells. We could not observe sigrant induction of effector T cells phenotypes. Administration of commensals thus seems to
(Thl, Th2, Tregs, Thl7 subsetdjigure 4. A slightly but manipulate the Th1/Th2/Th17/Treg balance as well as the
insigni cantly increased survival of T cells could be observed upgmathogenicity of induced Th17 cells. In previous studies, we had
differentiation with the cytokine mix originating frof. vulgatus  already observed th& vulgatusmpaired in ammation in T cell-
andE. coli stimulated BMDCs. Cytokines such as IL-6 serve as T celfansplantedRag1’~ mice, whereas transplantation of
survival factors and are secreted in higher amounts by BMDCs updinterobacteriacegieh microbiota strongly exacerbated the course
contact with bacterial antigenBigures 2Cand 3C) (64). IL-10 is  of colitis 7, 33. So far, the cellular mechanisms underlying the
known to exert a critical role in limiting immune-mediated protective effect dB. vulgatugemained unknown. Here, we could
in ammation and to prevent automune pathologies. IL-10 is shed light on the inuence of the two commensal bacteria on T cell
broadly expressed by many cell types of the innate and adaptipelarization and disease progression.
immune system, serving as feedback negative regulator of the innateln addition to thein vitro experiments, we observed increased
effector functions of macrophages, DCs and, indirectly, T celldifkbizgene expression in immed colonic tissue isolated from T
Furthermore, IL-10 stimulates its own production by enhancingell-transplantedRagl”~ mice administered withE. coli
differentiation of IL-10-secreting Tregs8y. Interestingly, creating compared to control oB. vulgatusadministered mice. This
an “imbalancet] pro-in ammatory cytokine environment by nding could not be completely traced back to intestinal DCs
neutralizing IL-10 in the cytokine mixes led to a slightly decreaseds sole source okBz-expressing cells. Since mouse small
survival in all conditions tested. Nevertheless, it also increasa@utestinal epithelial cells also increasé&®a expression upon
differentiation of effector T cells. The cytokine mix secreted.by stimulation withE. coli in vitro(Figures 2D, B, we assume that
colistimulated BMDCs induced sigmiantly higher amounts of the measured\fkbiz expression originated from intestinal
Th2 cells upon neutralization of IL-10, suggesting a Th2-inhibitingepithelial cells.We are aware of the limitation that small
action of IL-10 upon exposure to strong stimuli. Since overshootingtestinal cells do not fully recapitulate the response of colonic
Th2 responses provoke allergic reactions, a strategy for inducing llissue and might not be a colonization site for these commensals.
10-secreting DCs with strong stimuli such as bacteria or bacterial In IBD, the colonic barrier is weakened, resulting in a close
components is of large therapeutic interés).(Furthermore, DC-  contactof the commensals with the epithelial lay&r).( This
secreted IL-10 also appears to inhibit Thl differentiation upon @ncreased contact to epithelial cells represents an antigen-
strong stimulation, here representedbyolistimulation. This effect overload, and can lead to an inappropriate and dysregulated
could be abolished by neutralizat of IL-10 and was less evident response of CD4 T cells, resulting in pro-inammatory
with the other cytokine mixes used. Neutralization of IL-1Bin  phenotypes and, eventually, in chronic ammation.
vulgatusnduced cytokine mixes resulted in sigrantly increased We cannot rule out a contribution of DC-deriveklBz to the
differentiation of Th17 cells, especially of those expressing Foxp3 atmhsolidation of inammation. Intestinal DCs migrate to the mLN
IFNg However, the percentage of induced CD4 cells was upon antigenic challengewhere they present microbiota-derived
relatively low, questioning thedbbgical relevance of the observedantigens to naive T cells thus initiating an adaptive immune
differences. Comparatively high amounts of induced FoXp8gs response. Recognition of the cognate antigen along with DC-
could be observed by cytokineixes produced by unstimulated secreted lineage specifying cytokines leads to the differentiation
immature BMDCs, which was not signantly in uenced by IL-10-  and proliferation of effector T cells, which migrate to the effector
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site, e.g., the cLBE 69. On a rst sight, low kBz levels observed were reviewed and approved by the responsible Institutional
in vivo in cLP and mLN DCs in bacteria-administered T cell- Review Committee and the local authorities within H5/10, H1/
transplantedRag?” mice would contradict thi vitro ndings. Iris 15, §4 09.01.2015, §4 14.06.2017 and §4 28.09.2017 approval.
however conceivable that cLP and mLN DCs represent DCs in

different stages of maturation and differentiation. An earlier

accumulation of KBz results in suppression of KB-induced
gene transcription due to the inhibitory activity &Bz, creating AUTHOR CONTRIBUTIONS
LM, AIS, KS-O, and J-SF conceived and designed the

a self-limiting negative feedback loop. We speculate that theo-
induced kBz expression levels are already diminished in th%xperiments. LM, MT, H-CL, JK, CK, AL, AG, AnS, and SM

analyzed cLP and mLN DCs as aufesf its self-limitation at a  performed the experiments. LM, MT, HC-L, and J-SF analyzed
later time point of the maturation stage. WT BMDCs stimulatedihe data. LM, AL, and J-SF wrote the manuscript. All authors

with heat-inactivated microbiotaamples of T cell-transplanted contributed to the article and approved the submitted version.
Rag?™ mice from the experimerdiscussed above camed the

commensal-dependenkBz expression in DCs: Supporting

the in ammation-dampening inuence ofB. vulgatusis the

signi cantly decreased secretion of IL-23 by BMDCs stimulateE UNDING
with the microbiota ofB. vulgatusadministered mice, a cytokine
responsible not only for the maintenance of Th17 cells but also f
the innate immune-based pathologioy.

In conclusion, our study suggests that modulating the'sost
immune response by commensal bacteria caneéhe outcome
of a Th1l7-mediated disease, at least in pae,regulation of
IkBz in DCs. These ndings can be applied for the optimization
of microbiota-based therapeutic strategies.

This work was funded by the Deutsche Forschungsgemeinschaft
ctrDFG, German Research Foundation) under Germsny
Excellence StrategdEXC-2124 and Collaborative Research
Centres 685 (CRC685), the DFG research training group 1708,
the Bundesministerium fur Bildung und Forschung (BMBF), and
the German Center for Infection Research (DZIF).

ACKNOWLEDGMENTS

We would like to thank Dr. Libera Lo Presti for her support in

o o ) ) _editing and proof-reading the manuscript. We acknowledge
The original contributions presented in the study are included iNupport by Open Access Publishing Fund of University
the articleSupplementary Material Further inquiries can be ¢ Tubingen.

directed to the corresponding author.

DATA AVAILABILITY STATEMENT

SUPPLEMENTARY MATERIAL

ETHICS STATEMENT _ o _

The Supplementary Material for this article can be found online
This study was carried out in accordance with the principles oét: https://www.frontiersin.org/articles/10.338&mu.2020.
the Basel Declaration. Protocols and experiments involving mid&2336/full#supplementary-material

REFERENCES

1. Rutella S, Locatelli F. Intestinal dendritic cells in the pathogenesis of
in ammatory bowel diseasé/orld J Gastroenter@2011) 17(33):376%5. 8.
doi: 10.3748/wjg.v17.i33.3761

. Zhao Q, Elson CO. Adaptive immune education by gut microbiota antigens.
Immunology(2018) 154(1):287. doi: 10.1111/imm.12896

7. Granucci F, Ricciardi-Castagnoli P. Interactions of bacterial pathogens with
dendritic cells during invasion of mucosal surfadggstr Opin Microbiol
(2003) 6(1):726. doi: 10.1016/S1369-5274(03)00007-9

Frick JS, Zahir N, Muller M, Kahl F, Bechtold O, Lutz MB, et al. Colitogenic
and non-colitogenic commensal bacteria differentially trigger DC maturation
and Th cell polarization: an important role for IL4ur J Immuno(2006) 36
(6):153747. doi: 10.1002/eji.200635840

. Levy M, Kolodziejczyk AA, Thaiss CA, Elinav E. Dysbiosis and the immune9.
systemNat Rev Immuno(2017) 17(4):2182. doi: 10.1038/nri.2017.7

. Sohail MU, Althani A, Anwar H, Rizzi R, Marei HE. Role of the
Gastrointestinal Tract Microbiome in the Pathophysiology of Diabete 10.
Mellitus. J Diabetes Re®017) 2017:9631435. doi: 10.1155/2017/
9631435

. Steimle A, Frick JS. Molecular Mechanisms of Induction of Tolerant and

Frick JS, Grunebach F, Autenrieth IB. Immunomodulation by semi-mature
dendritic cells: a novel role of Toll-like receptors and interleukimt] Med
Microbiol (2010) 300(1):324. doi: 10.1016/j.ijmm.2009.08.010

Fu SH, Chien MW, Hsu CY, Liu YW, Sytwu HK. Interplay between Cytokine
Circuitry and Transcriptional Regulation Shaping Helper T Cell Pathogenicity
and Plasticity in Inammatory Bowel Diseadat J Mol Sc{2020) 21(9):3379.
doi: 10.3390/ijms21093379

Tolerogenic Intestinal Dendritic Cells in Micd. Immunol Reg2016) 11. Lee GR. The Balance of Th17 versus Treg Cells in AutoimmimbifyMol Sci
2016:1958650. doi: 10.1155/2016/1958650 (2018) 19(3):730. doi: 10.3390/ijms19030730
. Kawasaki T, Kawai T. Toll-like receptor signaling pathwegsit Immunol 12. Stockinger B, Omenetti S. The dichotomous nature of T helper 17Nzlls.
(2014) 5:461. doi: 10.33881mu.2014.00461 Rev Immuno(2017) 17(9):53544. doi: 10.1038/nri.2017.50
Frontiers in Immunology | www.frontiersin.org 14 January 2021 | Volume 11 | Article 612336



Michaelis et al.

Commensal Inuence on Th17 Induction

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Monin L, Gaffen SL. Interleukin 17 Family Cytokines: Signaling Mechanism82.

Biological Activities, and Therapeutic Implicatio@®ld Spring Harb Perspect
Biol (2018) 10(4):a028522. doi: 10.1101/cshperspect.a028522

Agalioti T, Villablanca EJ, Huber S, Gagliani N. TH17cell plasticity: The role
of dendritic cells and molecular mechanisth&utoimmun(2018) 87:5860.
doi: 10.1016/j.jaut.2017.12.003

Zenobia C, Hajishengallis G. Basic biology and role of interleukin-17 in
immunity and in ammation. Periodontol 200q2015) 69(1):14%59. doi:
10.1111/prd.12083

Okamoto K, Iwai Y, Oh-Hora M, Yamamoto M, Morio T, Aoki K, et al.
IkappaBzeta regulates T(H)17 development by cooperating with ROR nuclear
receptorsNature (2010) 464(7293):1384. doi: 10.1038/nature08922
Yamazaki S, Muta T, Takeshige K. A novel IkappaB protein, lkappaB-zeta,
induced by proinammatory stimuli, negatively regulates nuclear factor-
kappaB in the nuclei] Biol Chen(2001) 276(29):276582. doi: 10.1074/
jbc.M103426200

Hildebrand DG, Alexander E, Horber S, Lehle S, Obermayer K, Munck NA,
et al. lkappaBzeta is a transcriptional key regulator of CCL2/MCP-1.
J Immunol(2013) 190(9):48120. doi: 10.4049/jimmunol.1300089
Amatya N, Childs EE, Cruz JA, Aggor FEY, Garg AV, Berman AJ, etal. IL-17
integrates multiple self-reinforcing, feed-forward mechanisms through the
RNA binding protein Arid5a.Sci Signak2018) 11(551):eaat4617. doi:
10.1126/scisignal.aat4617

Sundaram K, Rahman MA, Mitra S, Knoell DL, Woodiga SA, King SJ, et al.
lkappaBzeta Regulates Human Monocyte Proammatory Responses

Induced by Streptococcus pneumoni&oS Ong2016) 11(9):e0161931. 39.

doi: 10.1371/journal.pone.0161931

Yamamoto M, Yamazaki S, Uematsu S, Sato S, Hemmi H, Hoshino K, et al.
Regulation of Toll/IL-1-receptor-mediated gene expression by the inducible
nuclear protein IkappaBzethature (2004) 430(6996):2382. doi: 10.1038/
nature02738

Belikan P, Buhler U, Wolf C, Pramanik GK, Gollan R, Zipp F, et al. CCR7 on
CDA4(+) T Cells Plays a Crucial Role in the Induction of Experimental
Autoimmune Encephalomyelitisl Immunol (2018) 200(8):25542. doi:
10.4049/jimmunol.1701419

Waidmann M, Bechtold O, Frick JS, Lehr HA, Schubert S, Dobrindt U, et al.

Bacteroides vulgatus protects against Escherichia coli-induced aolitis 42.

gnotobiotic interleukin-2-decient mice.Gastroenterology2003) 125
(1):162-77. doi: 10.1016/S0016-5085(03)00672-3
Shiina T, Konno A, Oonuma T, Kitamura H, Imaoka K, Takeda N, et al.

Targeted disruption of MAIL, a nuclear lkappaB protein, leads to severd3.

atopic dermatitis-like diseasd. Biol Chem(2004) 279(53):55498. doi:
10.1074/jbc.M409770200
Lutz MB, Kukutsch N, Ogilvie AL, Rossner S, Koch F, Romani N, et al. An

advanced culture method for generating large quantities of highly puret4.

dendritic cells from mouse bone marrod.Immunol Method$1999) 223
(1):7792. doi: 10.1016/S0022-1759(98)00204-X

Steimle A, Michaelis L, Di Lorenzo F, Kliem T, Munzner T, Maerz JK, et a$5.

Weak Agonistic LPS Restores Intestinal Immune Homeostsisis.Ther
(2019) 27(11):19781. doi: 10.1016/j.ymthe.2019.07.007

Gronbach K, Flade I, Holst O, Lindner B, Ruscheweyh HJ, Wittmann A, et adl6.

Endotoxicity of lipopolysaccharide as a determinant of T-cell-mediated colitis
induction in mice. Gastroenterolog{2014) 146(3):7655. doi: 10.1053/
j-gastro.2013.11.033

Di Lorenzo F, Pither MD, MartuM, Scarinci |, Guzman-Caldentey J,
Lakomiec E, et al. Pairing Bacteroides vulgatus LPS Structure with Its
Immunomodulatory Effects on Human Cellular ModeSCS Cent Sci
(2020) 6(9):1602L6. doi: 10.1021/acscentsci.0c00791

33.

34.

35.

36.

37.

38.

40.

41.

47.

48.

Sato K, Kumita W, Ode T, Ichinose S, Ando A, Fujiyama Y, et al.

OmpA variants affecting the adheree of ulcerative colitis-derived

Bacteroides vulgatud. Med Dent Scf2010) 57(1):5%4. doi: 10.11480/

jmds.570107

Steimle A, Gronbach K, Beifuss B, Schafer A, Harmening R, Bender A, et al.

Symbiotic gut commensal bacteria act as host cathepsin S activity regulators.

J Autoimmun(2016) 75:8295. doi: 10.1016/j.jaut.2016.07.009

Maerz JK, Trostel C, Lange A, Parusel R, Michaelis L, Schafer A, et al. Bacterial

Immunogenicity Is Critical for the Induction of Regulatory B Cefis i

Suppressing Inammatory Immune ResponseBront Immunol (2019)

10:3093. doi: 10.3389"mu.2019.03093

Kempski J, Brockmann L, Gagliani N, Huber S. TH17 Cell and Epithelial Cell

Crosstalk during Inammatory Bowel Disease and Carcinogendsisnt

Immunol (2017) 8:1373. doi: 10.33881mu.2017.01373

Martinez-Sanchez ME, Huerta L, Alvarez-Buylla ER, Villarreal Lujan C. Role

of Cytokine Combinations on CD4+ T Cell Differentiation, Partial

Polarization, and Plasticity: Contious Network Modeling Approach.

Front Physio(2018) 9:877. doi: 10.3389/fphys.2018.00877
Brucklacher-Waldert V, Ferreira C, Innocentin S, Kamdar S, Withers DR,

Kullberg MC, et al. Thet or Continued RORgammat Expression Is Not

Required for Th17-Associated Immunopatholodylmmunol (2016) 196

(12):4893904. doi: 10.4049/jimmunol.1600137

Moudgil KD, Choubey D. Cytokines in autoimmunity: role in induction,

regulation, and treatmend. Interferon Cytokine R€2011) 31(10):69503.

doi: 10.1089/jir.2011.0065

Gartlan KH, Varelias A, Koyama M, Robb RJ, Markey KA, Chang K, et al.

Th17 plasticity and transition toward a pathogenic cytokine signature are

regulated by cyclosporine after allogeneic 8Idod Ady2017) 1(6):34451.

doi: 10.1182/bloodadvances.2016002980

Hovhannisyan Z, Treatman J, Littman DR, Mayer L. Characterization of

interleukin-17-producing regulatory T cells in imed intestinal mucosa

from patients with inammatory bowel diseas&sastroenterolog2011) 140

(3):95765. doi: 10.1053/j.gastr0.2010.12.002

Wu X, Tian J, Wang S. Insight Into Non-Pathogenic Th17 Caells i

Autoimmune Diseasedrront Immunol (2018) 9:1112. doi: 10.3389/
mmu.2018.01112

Leppkes M, Becker C, Ivanov I, Hirth S, Wirtz S, Neufert C, et al.

RORgamma-expressing Th1l7 celislice murine chronic intestinal

in ammation via redundant effects of IL-17A and IL-1@astroenterology

(2009) 136(1):25%67. doi: 10.1053/j.gastro.2008.10.018

Reinoso Webb C, den Bakker H, Koboziev I, Jones-Hall Y, Rao Kottapalli K,

Ostanin D, et al. Differential Susceptibility to T Cell-Induced Colitis in Mice:

Role of the Intestinal Microbiotdn amm Bowel Dig2018) 24(2):36479.

doi: 10.1093/ibd/izx014

Kiesler P, Fuss 1J, Strober W. Experimental Models afMimatory Bowel

DiseasesCell Mol Gastroenterol Hepat@015) 1(2):15470. doi: 10.1016/

j.jcmgh.2015.01.006

Hirahara K, Nakayama T. CD4+ T-cell subsets irainmatory diseases:

beyond the Th1l/Th2 paradignint Immunol (2016) 28(4):16371. doi:

10.1093/intimm/dxw006

Kamada N, Seo SU, Chen GY, Nunez G. Role of the gut microbiota in

immunity and in ammatory diseasélat Rev Immuno(2013) 13(5):321435.

doi: 10.1038/nri3430

Johnson EL, Heaver SL, Walters WA, Ley RE. Microbiome and metabolic

disease: revisiting the bacterial phylum Bacteroidétds! Med (Berl§2017)

95(1):18. doi: 10.1007/s00109-016-1492-2

DeGruttola AK, Low D, Mizoguchi A, Mizoguchi E. Current Understanding

of Dysbiosis in Disease in Human and Animal Modéts.amm Bowel Dis

Lange A, Schafer A, Bender A, Steimle A, Beier S, Parusel R, et al. Galleria(2016) 22(5):113%0. doi: 10.1097/MIB.0000000000000750

mellonella: A Novel Invertebrate ModelDistinguish Intestinal Symbionts From  49.

PathobiontsFront Immunol(2018) 9:2114. doi: 10.338%Mmu.2018.02114
Krajina T, Leithauser F, Reimann J. MHC class ll-independent CD25+ CD4+

CD8alpha beta+ alpha beta T cells attenuate CD4+ T cell-induced transf&0.

colitis. Eur J Immunol2004) 34(3):7065L4. doi: 10.1002/eji.200324463
Hermann-Bank ML, Skovgaard K, Stockmarr A, Larsen N, Molbak L. The Gut
Microbiotassay: a high-throughput gPCR approach combinable with next
generation sequencing to study gut microbial diverBC Genomicg013)
14:788. doi: 10.1186/1471-2164-14-788

51.

Chen YL, Chen YT, Lo CF, Hsieh CI, Chiu SY, Wu CY, et al. Early Detection
of T cell Transfer-induced Autoimmune Colitis by In Vivo Imaging System.
Sci Reff2016) 6:35635. doi: 10.1038/srep35635

Lorscheid S, Muller A, Lafr J, Resch C, Bucher P, Kurschus FC, et al.
Keratinocyte-derived IkappaBzeta drives psoriasis and associated systemic
in ammation. JCI Insight(2019) 4(22):e130835. doi: 10.1172/
jci.insight.130835

Muller A, Hennig A, Lorscheid S, Grondona P, Schulze-Osthoff K, rdiit

S, et al. lkappaBzeta is a key transcriptional regulator of IL-36-driven

Frontiers in Immunology | www.frontiersin.org

15

January 2021 | Volume 11 | Article 612336



Michaelis et al.

Commensal Inuence on Th17 Induction

52.

53.

54.

55.

56.

57.

58.

59.

60.

psoriasis-related gene expression in keratinocptes. Natl Acad SciU S A 63.

(2018) 115(40):100883. doi: 10.1073/pnas.1801377115
Okuma A, Hoshino K, Ohba T, Fukushi S, Aiba S, Akira S, et al. Enhanced

apoptosis by disruption of the STAT3-lkappaB-zeta signaling pathway ir64.

epithelial cells induces Sjogtsnsyndrome-like autoimmune disease.
Immunity (2013) 38(3):4560. doi: 10.1016/j.immuni.2012.11.016

May MJ, Ghosh S. Signal transduction through NF-kapparBunol Today
(1998) 19(2):888. doi: 10.1016/S0167-5699(97)01197-3

McFarland BC, Hong SW, Rajbhandari R, Twitty GBJr., Gray GK, Yu H, et al. NF-

kappaB-induced IL-6 ensures STAT3ivation and tumor aggressiveness in 66.

glioblastomaPLoS On¢2013) 8(11):e78728. doi: 10.1371/journal.pone.0078728
Liu T, Zhang L, Joo D, Sun SC. NF-kappaB signaling amimation.Signal
Transduct Target Th¢R017) 2:e17023. doi: 10.1038/sigtrans.2017.23

Cao S, Zhang X, Edwards JP, Mosser DM. NF-kappaB1 (p50) homodimers
differentially regulate pro- and anti-iammatory cytokines in macrophages.
J Biol Chenf2006) 281(36):2604%0. doi: 10.1074/jbc.M602222200

Nanki K, Fujii M, Shimokawa M, Matano M, Nishikori S, Date S, et al.
Somatic inammatory gene mutations in human ulcerative colitis epithelium.
Nature (2020) 577(7789):25@. doi: 10.1038/s41586-019-1844-5

Muller M, Fink K, Geisel J, Kahl F, Jilge B, Reimann J, et al. Intestinal
colonization of IL-2 decient mice with non-colitogenic B. vulgatus prevents
DC maturation and T-cell polarizatiorPLoS Ong2008) 3(6):€2376. doi:
10.1371/journal.pone.0002376

Sato S, Nomura F, Kawai T, Takeuchi O, Muhlradt PF, Takeda K, et al.
Synergy and cross-tolerance between toll-like receptor (TLR) 2- and TLR4-
mediated signaling pathway3. Immunol (2000) 165(12):709601. doi:
10.4049/jimmunol.165.12.7096

65.

67.

68.

69.

70.

Kim J, Ahn H, Yu S, Ahn JH, Ko HJ, Kweon MN, et al. IkappaBzeta controls
NLRP3in ammasome activation via upregulation of the Nirp3 g&y¢okine
(2020) 127:154983. doi: 10.1016/j.cyt0.2019.154983

Li B, Jones LL, Geiger TL. IL-6 Promotes T Cell Proliferation and Expansion
under In ammatory Conditions in Association with Low-Level RORgammat
ExpressionJ Immunol (2018) 201(10):29346. doi: 10.4049/jimmunol.
1800016

Saraiva M, @arra A. The regulation of IL-10 production by immune cells.
Nat Rev Immuno{2010) 10(3):1#381. doi: 10.1038/nri2711

Schulke S. Induction of Interleukin-10 Producing Dendritic Cells As a Tool to
Suppress Allergen-Speci T Helper 2 ResponseBront Immunol (2018)
9:455. doi: 10.3389hmu.2018.00455

Antoni L, Nuding S, Wehkamp J, Stange EF. Intestinal barrier in
in ammatory bowel diseas@&/orld J GastroenterqR014) 20(5):11659.

doi: 10.3748/wjg.v20.i5.1165

Chewning JH, Weaver CT. Development and survival of Th17 cells within the
intestines: the inuence of microbiome- and diet-derived signdlémmunol
(2014) 193(10):47697. doi: 10.4049/immunol.1401835

De Calisto J, Villablanca EJ, Wang S, Bono MR, Rosemblatt M, Mora JR. T-
cell homing to the gut mucosa: general concepts and methodological
considerationsMethods Mol Biol(2012) 757:4184. doi: 10.1007/978-1-
61779-166-6_24

Hue S, Ahern P, Buonocore S, Kullberg MC, Cua DJ, McKenzie BS, et al.
Interleukin-23 drives innate and T cell-mediated intestinalammation.

J Exp Med2006) 203(11):24783. doi: 10.1084/jem.20061099

Con ict of Interest: The authors declare that the research was conducted in the

Horber S, Hildebrand DG, Lieb WS, Lorscheid S, Hgér S, Schulze-Osthoff  absence of any commercial arancial relationships that could be construed as a
K, et al. The Atypical Inhibitor of NF-kappaB, IkappaBzeta, Controlspotential conict of interest.

Macrophage Interleukin-10 ExpressidnBiol Chen{2016) 291(24):12851

61. doi: 10.1074/jbc.M116.718825 Copyright © 2021 Michaelis, TreB, Léw, Klees, Klameth, Lange, GrieBhammer,
Willems M, Dubois N, Musumeci L, Bours V, Robe PA. IkappaBzeta: an emergigghafer, Menz, Steimle, Schulze-Osthoff and Frick. This is an open-access article
player in canceOncotargef2016) 7(40):663322. doi: 10.18632/oncotarget. 11624 distributed under the terms of the Creative Commons Attribution License (CC BY).
Hiscott J, Marois J, Garoufalis JAddario M, Roulston A, Kwan |, et al. The use, distribution or reproduction in other forums is permitted, provided the
Characterization of a functional NF-kappa B site in the human interleukin loriginal author(s) and the copyright owner(s) are credited and that the original
beta promoter: evidence for a positive autoregulatory ldg. Cell Biol publication in this journal is cited, in accordance with accepted academic practice. No
(1993) 13(10):62340. doi: 10.1128/MCB.13.10.6231 use, distribution or reproduction is permitted which does not comply with these terms.

61.

62.

Frontiers in Immunology | www.frontiersin.org 16 January 2021 | Volume 11 | Article 612336



Supplementary Figure 1: Gating strategy applied for the flow cytometry analysis of

bone marrow derived dendritic cells (BMDCs).,Q RUGHU WR TXDQWLI\ , % SU
BMDCs, cell doublets (FSC-A/FSC-H), cell debris (FSC-A/SSC-A) and dead cellbl€fixa

viability dye * ZHUH H[FOXGHG IURP IXUWKHU DQDO\VLV OHDC
determined in CD1IcMHCI® %0'&V +HUH UHSUHVHQWDWLYH KLVWR]J
BMDCs stimulated with PBS (mock}. vulgatugBV) andE. coli (EC) are depicted.



Supplementary Figure 2: Gating strategy applied for the flow cytometry analysis of

miCcl2 cells ,Q RUGHU WR TXDQWLI\ , % SURWHLQ OHYHOV L«
A/SSC-A), cell doublets (FSC-A/FSC-H) and dead cells (fixable viability Hyavere
HIFOXGHG IURP IXUWKHU DQDO\VLY OHDQ IOXRUHVFHQFH I
cells. Depicted here artd HSUHVHQWDWLYH KLVWRJUDPV IRU , % 0),

with PBS (mock)B. vulgatugBV) andE. coli (EC).



Supplementary Figure 3: Gating strategy applied for the flow cytometry analysis of

CD4" T cell subsets In order to analyze different CDZ cell subsets, cell doublets (FSC-
A/FSCH), cell debris (FSC-A/SSC-A), and dead cells (fixable viability §yend CD4 cells

were excluded from further analysis. Subsets were determined with specific gates set

according to FMO controls.



Supplementary Figure 4: Concentration ofB. vulgatusand E. coli in fecal samples of
RagI” mice. Fecal samples were collected prior bacterial administration (BV start, EC start)
and at the end of the experiment (BV end, EC end). Copy nhumbBrs/olgatus andE. colr
specific 16S rDNA genes were determined from 5 ngoiflg



Supplementary Figure 5:Correlation matrix of histological colitis scores and respective

serum cytokines of T cell-transplantedRagI’” mice for the experiment described in Fig.

5. Positive Pearson r value= positive correlation (blue), negative Pearson r value =negative
correlation (red). IL-23: no Pearson r calculable since measured concentrations were under the
detection limit.



Supplementary Figure 6: Gating strategy for flow cytometry analysis of cLP ananLN

DCs. Cells were isolated from cLP and mLN of gnotobiotic WT mice or T cell transplanted

RagI mice from experiments described in Fig. 4 and Fig,6. RUGHU WR TXDQWLI\ , ¢
levels in DCs, cell doublettes (FSC-A/FSC-H), cell debris (FSC-A/SSC-A), dead cells
(fixable viability dye™) and CD4CD45R Ly6C/G" cells were excluded from further analysis.

CD45 CD11¢ cells were regarded as DCs and méanX RUHVFHQFH RI , % ZDV GH
MHC II* DC and MHC I ' & SRSXODWLRQV +HUH UHSUHVHQWDWLYH
MHC 1I" DCs isolated from T cell transplanted (TC) mice without or Bittvulgatus(TC +

BV) or E. coli (TC + EC) administration are depicted.
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Bacterial Immunogenicity Is Critical
for the Induction of Regulatory B
Cells in Suppressing In ammatory
Immune Responses

Jan Kevin Maerz, Constanze Trostel, Anna Lange, Raphael Paru sel, Lena Michaelis,
Andrea Schafer, Hans Yao, Hanna-Christine Léw and Julia-Stef anie Frick *

Department for Medical Microbiology and Hygiene, Interfadtary Institute for Microbiology and Infection Medicine, Uwersity
of Tubingen, Tubingen, Germany

B cells ful Il multifaceted functions that in uence immuneresponses during health and
disease. In autoimmune diseases, such as in ammatory bowalisease, multiple sclerosis
and rheumatoid arthritis, depletion of functional B cellsesults in an aggravation of
disease in humans and respective mouse models. This could belue to a lack of a
pivotal B cell subpopulation: regulatory B cells (Bregs).lhough Bregs represent only a
small proportion of all immune cells, they exhibit criticgdroperties in regulating immune
responses, thus contributing to the maintenance of immune dmeostasis in healthy
individuals. In this study, we report that the induction of Begs is differentially triggered
by the immunogenicity of the host microbiota. In comparati® experiments with low
immunogenic Bacteroides vulgatusand strong immunogenicEscherichia colj we found
that the induction and longevity of Bregs depend on strong Tii-like receptor activation
mediated by antigens of strong immunogenic commensals. Theotent B cell stimulation
via E. coli led to a pronounced expression of suppressive molecules onhie B cell
surface and an increased production of anti-in ammatory cjokines like interleukin-10.
These bacteria-primed Bregs were capable of ef ciently inibiting the maturation and
function of dendritic cells (DCs), preventing the prolifation and polarization of T helper
(Th)1 and Th17 cells while simultaneously promoting Th2 ceflifferentiation in vitro.
In addition, Bregs facilitated the development of regulaty T cells (Tregs) resulting
in a possible feedback cooperation to establish immune homestasis. Moreover, the
colonization of germfree wild type mice withE. coli but not B. vulgatus signi cantly
reduced intestinal in ammatory processes in dextran sulfee sodium (DSS)-induced
colitis associated with an increase induction of immune supressive Bregs. The quantity
of Bregs directly correlated with the severity of in ammatin. These ndings may
provide new insights and therapeutic approaches for B celtontrolled treatments of
microbiota-driven autoimmune disease.

Keywords: immune regulation, homeostasis, microbiota, regula
immunogenicity, in ammatory bowel disease (IBD), Toll-like re

tory B cells (Bregs), interleukin 10 (IL-10),
ceptors
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INTRODUCTION to a regulatory phenotype (Tregs) in both mice and humans
(19, 35. The in uence of regulatory B cells on the induction
The fact that B cells play a critical role during the onsefof Tregs polarization has been veri ed in B cell-de ciemMT
and course of inammatory processes is indisputable angnjce and mice harboring a B cell-speci ¢ deletion of IL-10.
has been demonstrated in many studies in both mice angdhese genotypes revealed a reduction of Treg numbers with a
humans. However, these studies focused on the production @multaneous increase of proin ammatory Thl and Th17 cells
autoantibodies with B cells being understood as the cause @19 36-39).
the development of in ammation, e.g., multiple sclerosis (MS) |n addition to the production of IL-10, Bregs express
(1-3). Nevertheless, it is important to discriminate betweenand secrete suppressive molecules and thus possess further
the versatile functions of B cells. More and more studies hav@echanisms to regulate immune responses in an IL-10-
revealed that the depletion of B cells leads to an aggravation ﬁ’fdependent manner: CD73 is a cell-surface enzyme that
disease in many autoimmune disorders, such as in ammatorgonverts adenosine monophosphate to adenosine with potential
bowel disease (IBD) and rheumatoid arthritis (RA}).(B cells immunosuppressive e ects3f); PD-L1 (programmed death
were shown to mediate an anti-in ammatory e ect in mice that jigand 1) is an inhibitory costimulatory molecule that restricts
spontaneously develop chronic colitis, exhibiting more severg cell dij erentiation (40-43); FasL (Fas ligand) bound with
disease in the absence of B celis9). Even in experimental jts receptor induces apoptotic cell death4(46); GITRL
autoimmune encephalomyelitis (EAE), an animal model foriglucocorticoid-induced tumor necrosis factor receptor-teth
MS, CD20 aﬂtibOdy-mediated B-cell depletion SUbStantia”)protein ||gand) induces pro]iferation of Tregs/_]_'o, EBI3/IL-
exacerbated the disease when the treatment was initiatedebef®s (Epstein-Barr virus induced gene 3) regulates in ammatory
EAE induction (L0-12). This may link the activation of functional immune responses through induction of Tregg8¢51). In
B cells with a suppressive e ect in in ammation by promoting combination, these molecules perfect regulatory B cells to a
immune tolerance. strong immune-suppressive cell subset.

The benecial inuence of B cells during inammatory  However, only a few studies have been published that
processes is primarily attributable to a specic B cellinvestigate the activation B cells by a direct interaction with
population—regulatory B cells (Bregs)l3. Hitherto, no viable bacterian vitro andin vivo. It has thus far been shown
de nitive phenotype with speci ¢ markers has been identi ed that several bacterial and viral pathogens, as well as parasites,
for Bregs. Certain phenotypes are characterized and describeflanipulate B cell function directly to modulate host immune
but they di er in their expression of surface proteins. However,responses as part of an immune evasion strategy facilitating their
these phenotypes possess similar functionalities which explagurvival and prolonging infection51-55). Recently published
the reason why the de nition of Bregs is based on theirstudies highlighted the in uence of the resident microbiota on
immune-regulatory and anti-in ammatory capabilities14). the activation of B cells that modulate intestinal in ammation
The main features of Bregs include the potent suppressiogind promote immune homeostasis§ 56). The intenseness of
of type 1T helper (Th) cell dierentiation, the inhibition of B cell activation and di erentiation depends on the composition
autoimmune pathogenesis and the maintenance of immunef the host microbiota and the involved resident bacteria which
homoeostasis 1¢). The three most intensely studied Breginteract and stimulate various immune cells (immunogenicity)
subsets are splenic transitional 2 marginal-zone precursq66-58). The immunogenicity of bacteria is pivotal for the
(T2-MzP) cells (CD1§CD21"CD23"CD24"), B10 cells strength of provoking an immune response. As demonstrated in
(CD19°CD5°CD1d°IL10°), and Tim-1° B cells (CD18Tim-  recently published studies, the immunogenicity is dependent on
1€) (16-21). A common and most important feature of these the structure of di erent MAMPs (e.g., LPS) and consequently
B cell subsets is the production and secretion of the antito the binding anity to PRRs £9). We thus investigate
inammatory cytokine interleukin 10 (IL-10). IL-10 fullls the immunogenicity-dependent potential of the two model
regulatory functions by e ectively suppressing cell-mediatedommensalsBacteroides vulgatugveak immunogenic) and
in ammatory responses, thus restoring Th1/Th2 balan@&{ Escherichia cofstrong immunogenic) to modulate and regulate
25). IL-10-producing B cells have also been identi ed in humanghe immune system of the host via B cells. In this context, we
(26, 27). The powerful immune downregulation quality of IL-10- could already show that a weak immunogenic signal provided by
producing Bregs has already been shown in various autoimmurm, vulgatuss bene cial in genetically predisposed host (de cient
diseases, such as EAE, collagen-induced arthritis, lupus afel Ragl or IL-2) in the course of in ammation. In contrast,
in ammatory bowel diseased( 28-31). Depending on the type the administration of strong immunogeni&. coli aggravates
of in ammatory response, there are two major mechanisms byhe disease progression due to the lack of a functional B cell
which Bregs suppress in ammation via IL-10: (1) in autoimmune immunity which can restore immune tolerance in a healthy host
diseases, such as IBD where both innate and adaptive immuibg counter-regulating the induced pro-in ammatory immune
responses are involved, Bregs directly dampen the productiamesponse{9-61).
of proin ammatory cytokines by macrophagesSZ-34); (Il) In this study we demonstrated the following: (I) B cells
during in ammatory processes in, for example, EAE and RAcan be activated directly by commensal members of the host
in which an overshooting T cell-mediated response is thenicrobiota and, depending on the immunogenic potential of
driving force for in ammation, Bregs balance Th1/Th2 immune the encountered bacterial species, B cells can mint strong
homeostasisy, 28). Moreover, Bregs shift T cell di erentiation regulatory cell phenotypes to promote immune tolerance; (Il)
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the intensied induction of Bregs byE. coli can counter- Stimulation of Naive B Cells and Bone

regulate pro-in ammatory immune responses in a healthy hosf\jarrow-Derived Dendritic Cells

inherently caused by the same bacteria; (lll) this regulation  10f/mL splenic B cells or BMDCs were stimulated with

mechanism may serve as a feedback loop to maintain immungsgs B, vulgatusmpk or E. coli mpk at a Multiplicity of

homeostasis and even attenuate inammatory processes ffection (MOI) of 1 at 37C (“-stimulated B cells/BMDCS”). One

autoimmune disease. mL/mL gentamicin was added to prevent bacterial overgrowth.
According to the experimental setting, cells were harvested
following stimulation at di erent time points.

MATERIALS AND METHODS

Bacteria Cultivation

E. colimpk was grown in Luria-Bertani (LB) medium under
aerobic conditions at 3TC. B. vulgatusnpk was grown in Brain-
Heart-Infusion (BHI) medium and anaerobic conditions at &.

Co-culture Experiments

For B-T cell co-culture experiments B cells served as APCs
and were stimulated for 24 h with commensals as described
previously (“-primed B cells”). Prior to co-cultivation with naive
CFSE-labeled OT-Il CO4 T cells, B cells were incubated with
10mg/mL Ova-Peptide (ISQAVHAAHAEINEAGR, EMC) for 2 h
Mice at 37 C. B cells were washed and supernatant was exchanged

C57BL/6NCrl mice and C57BL/6-Tg(TeraTerb)425Chbn/Crl (OT With fresh media (*-pulsed B cells”). Primed and pulsed B cells
II) mice were purchased from Charles River Laboratories. Tolland naive T cells were co-cultured at di erent ratios for 72h at
like receptor 2 and 4 double KO mic&l¢2 = , Tlr4 = ) were 37 Cand 100ng/mL puri ed anti-mouse IL-10 antibody (Clone:
provided by Jackson Laboratory. All animals were kept andES5-2A5, BioLegend) was added to certain samples.

bred under SPF conditions. For isolation of B cells, T cells For CD11€ dendritic cells maturation assay, naive B cells and
and bone marrow, only female mice aged 8-10 weeks wefkerentiated immature BMDCs were simultaneously stimulated
used. Germfree C57BL/6J mice were bred and housed in owfith bacteria at MOI 1 and co-cultured at a ratio of 5:1 (B
own gnotobiotic faC|||ty Animal experiments were reviewed a Ce"S/BMDCS) To show the e ect of indirect cell-cell interaction,

approved by the responsible institutional review committee andi@ive B cells and BMDCs were additionally co-cultured in
the local authorities. Transwells (pore-size Omm) and stimulated with bacteria at

MOI 1. To mimic the in uence of soluble IL-10 produced by
. . . . . B cells on the maturation of BMDCs, b@/mL recombinant
Puri cation and Cultivation of Naive B mouse IL-10 (BioLegend) were added to BMDC mono-cultures.
Cells and Naive T Cells -
B cells were puried from spleens of WT or TLR2 ~ DSS-Induced Colitis
TLR4 = mice by magnetic isolation using negative Germfree (GF) C57BL/6J mice were colonized for 7 days
selection with microbeads (Miltenyi Biotec) accordingWith 1 10° B. vulgatusor E. coliper mL sterile drinking
to the manufacturers instruction. The purity of water. After day 8, mice received sterile drinking water
CD19°CD43 CD4 Terl1l9 B cell population was>95%. Without bacteria. Colonization was checked weekly by collgctin
B cells were cultured in complete medium (RPMI1640fresh feces and determining CFU on selective growth agars
supplemented with 10% FCS, M 2-mercaptoethanol, 25 mM (Supplementary Figure 1. After 4 weeks of colonization, mice
Hepes, 1% non-essential amino-acids, 1% sodium pyruvate ai¢@re administered 2% DSS (molecular weight 36-50 kDa; MP
1% penicillin/streptomycin) at a density of 1 10° cells/mL in  Biomedicals, Santa Ana, CA) in their drinking water for 7 days,
at-bottom plates for subsequent stimulation experiments. Thefollowed by regular drinking water for 2 days. The disease
purity of naive CD#CD44 CD8a CD11b CD11c CD19 activity index (DAI) was determined daily by assessment of
CD25 CD45R CD49b CD105 MHCII Ter-119 TCRg/d body weight, stool consistency, and detection of rectal blegdin
T cell population was>94%. After puri cation, T cells were On day 9, mice were sacri ced. Colon, spleen and mesenteric
directly used for co-culture experiments. For proliferation assay lymph nodes (mLN) were removed and cleaned for histological
isolated splenic B cells or T cells were adjusted to a concentratiéialysis and cell isolation. For the latter, colons were nely
of 1P cells/mL in PBS/1% FCS, resuspended imWCFSE and Mminced and incubated in HBSS containing 5mM EDTA atG7
incubated at 37C for 20 min. for 15min in motion for 2 cycles. Then, tissue was digested in
RPMI 1640 containing 0.4 mg/ml collagenase D (Roche) and
L . 0.01 mg/ml DNase | (Roche) for 20min at 37 on a shaking
Cultivation of Bone Marrow-Derived platform. After collagenase digestion, mononuclear cells were
Dendritic Cells (BMDCs) collected by centrifugation at 400g for 5min. In addition, cells
Bone marrow cells were isolated from femurs and tibias of WTof mesenteric lymph nodes (mLN) and spleen were extracted by
mice and cultivated for di erentiation in GM-CSF supplemented gently disrupting the tissue with a sterile syringe plunger and
media as described previousBZj. Cells were supplemented with passing through a nylon cell strainer (4n mesh) with PBS
fresh DC media on days 3 and 5. Seven days after isolation, tkeentaining 1% FBS.
resulting CD11€ bone marrow-derived dendritic cells (BMDCs)  Viable cells were counted and cultured for 4h with 2
were harvested and used for co-culture stimulation experimentsri/mL Leukocyte Activation Cocktail with Brefeldin A (BD
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Bioscience). After incubation, cells were prepared for ow In order to show that B cells are activated and di erentiated

cytometrical analysis. upon the MAMP recognition via TLRs and that the activation
) ) level is dependent on the immunogenicity of encountered
Flow Cytometrical Analysis (FCM) microbes, B cells isolated from wild type (WT) and TLR2

Harvested cells were washed and FC-receptors were blocked TLR4 = (KO) mice were stimulated with two dierent
to avoid non-specic binding. Cell death was measuredmmunogenic bacteriaB. vulgatusnpk andE. colimpk (66-69).
by LIVE/DEAD Cell Viability kit (ThermoFisher) staining Survival of CD18 B cells was investigated vitro after 0,
for 20min at 4C. Intracellular staining was performed 24, 48, and 72h of stimulation witB. vulgatusor E. coli The
using Cyto x/Cytoperm (BD Biosciences) according to theviability of B cells decreased signi cantly 24 h after stimulation
manufacturer's description. For intracellular and cell-surfacavith PBS (Mock) orB. vulgatusin comparison toE. coli
staining, cells were labeled for 25min atC4with specic  stimulated B cells, indicating that the survival of B cells is strongly
uorophore-conjugated antibodies, washed, and resuspended ilependent on a potent stimulus with strong immunogeitic
staining bu er (PBS/1% FCS). Multi-color FCM analyses wereoli (Figure 1A). In addition, no signi cant di erences between
performed on a FACS LSRII (BD Biosciences). For compensatioR, colj B. vulgatusor PBS stimulated TLRZ TLR4 =
uorescence minus one (FMO) samples served as control8 cells were observable, indicating that the activation of naive
Doublets were excluded using FSC-A/FSC-H gating. Data wa cells depends on interaction of bacterial MAMPs with the
analyzed using FlowJo software (Tree Star, Ashland, OR). corresponding TLRs. This is in line with the analyzed B cell
Antibodies: CD11c-APC, CD19-Bv421, CD1d-AF647 proliferation in response to bacterial encounter after 72 h: a
CD21/CD35-BV605, CD23-BB515, CD24 AF700, CD365(TIMrobust bacterial interaction with TLR2 or TLR4 on the surface
1)-PE, CD4-APC, CD4-Bv605, CD40-APC, CD40-Bv42lof B cells is critical for the induction of B cell proliferation
CD45R(B220)-FITC, CD5-Bv605, CD80-PerCP-Cy5.5, CD8GFigure 1B). Stimulation with E. coliresults in an increased
PE-Cy7, CD178(Fas-L)-PE, CD274(PD1-L)-PE, CD73-Phyroliferation of naive B cells expressing TLR2 and TLRAcoli
CD210(IL10R)-PE, FoxP3-AF647, I-A/l-E(MHC-II)-FITC, andB. vulgatudailed to activate naive TLR2 TLR4 = B
IFNg-PE-Cy7, IgM-APC, IL10-PE, IL17A-APC-Cy7, IL4-PE,cells, resulting in alack of proliferation. Additionally, maturation
Vb5.1,5.2-Bv605, GITR-L-PE, Ebi3-PE. All uorophore-coupledand activation markers characteristic for APCs on the surfdce o

antibodies were purchased from BD Biosciences. splenic B cells were measured after stimulation with bacteria. As
. . shown in Figure 1C the production and expression of MHC-
Cytokine Analysis by ELISA class-Il, CD80, CD86, and IgM were strongly upregulated in

For determination of TNF and IL-10 concentrations in cell response t&. coliand increased distinctly over time. In contrast,
culture supernatants, ELISA Kits purchased from BD Biosciencg. vulgatuschallenged B cells expressed only moderate levels of

were used according to the manufacturer's instructions. cell activation markers with a constant surface protein expressio
Lo during 72h of cultivation. In line with B cell survival and
Statistics proliferation, the activation of B cells was shown to be TLR2/4

Data have been tested for normality using the Shapiro-Wilkjependent, as TLRZ TLR4 = splenic B cells did not

normality test. Statistical analyses were then performed vigxpress signi cant levels of activation markers, regardlesseof th
unpaired studentst-test or ANOVA for data with Gaussian pacterial stimulus.

distribution and via Mann-Whitney or Kruskal-Wallis test for
non-parametric statistics. Correlation analyses were performed . .
via Spearman's rank correlation coe cientr) Statistical >trong lmmunogenic E. coli Induces

signi cance: p< 0.05, p< 0.01, p< 0.001, p< 0.0001. Differentiation of Regulatory B Cell

Error bars represent standard deviation (SD). Phenotypes
We rst demonstrated that B cells can interact directly with
RESULTS MAMPs via TLRs resulting in di erently pronounced survival,
N . . activation and proliferation of B cells depending on the
B Cell Activation and Maturation via Strong recognized microbial antigen. We next determined the cell
Immunogenic E. coli Are TLR-Dependent phenotype of B cells stimulated with. colior B. vulgatusIn

B cells are mainly associated with the production of antibodiesrder to demonstrate that, in a healthy host, immunogenic
against invaders during adaptive immune responsé$. ( bacteria are able to counter-regulate a pro-in ammatory
Activation and proliferation of B cells are achieved by either Timmune response, hence contributing to the maintenance of
cell- dependent or -independent interaction, whereas the lattemmune homoeostasis, we focused on the dierentiation of
is coordinated by antigen-recognition via membrane-boundnaive B cells to regulatory B cells (Bregs). We determined
immunoglobulin on the B-cell surface, known as B-cell receptothe percentage of the best characterized Breg subsets: B10
(BCR) 63). However, B cells express additional receptors focells, T2-MZP cells, and Tim®LB cells, at several time points
the speci ¢ and initial recognition of microbial antigens: Toll- after stimulation with strong immunogenicE. coli or low

like receptors (TLRs)&d). These surface-bound molecules playimmunogenicB. vulgatusn comparison to naive, unstimulated

a key role in the identi cation of microbe-associated molecularB cells Figure 2A) (70). As shown inFigure 2B, the induction
patterns (MAMPs), such as LPS (via TLR4) or PGN (TLR2) byf the regulatory B cell phenotypes C@D5°CD1dC IL10C
professional antigen-presenting celi&). (B10 cells) and CDIaCD21MCD23"CD24" (T2-MZP cells)
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FIGURE 1 | Toll-like receptor-dependent activation of naive B cells\oE. coli Naive B cells were isolated from spleens of WT or TLRZ2 TLR4 = (KO) mice via
magnetic cell sorting. B cells were stimulated wittB. vulgatus (B.v.)or E. coli (E.c.)at MOI 1 and PBS as control (Mock) for various time points (0,£ 48, and 72h).
After incubation, cells were blocked for non-speci ¢ bindirg of antibodies, permeabilized for intracellular antibodgtaining and xed prior ow cytometric analysis. (A)
Survival of CD1$ B cells was assessed by staining with life-dead dye(B) B cell proliferation of CD1$ B cells was analyzed via CFSE cell labeling. Left panel shows
exemplary histograms for each stimulus (colored peaks) iheding unstained control (white peak)(C) Surface expression of IgM, MHC-II, CD80, and CD86 was
measured to determine B cell activation after bacterial stiulation g D 3—-4). p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

were signi cantly enhanced after being challenged withTim-1¢ B cells are found in the spleen and are reported
E. coli in comparison to B. vulgatusor PBS stimulation, to produce IL-10 and suppress e ector CBAT cells {70).
reaching the maximum proportion after 48—72 h of incubationTo further characterize the regulatory properties of PBS,
(Figure 2B Supplementary Figures 2 3). Furthermore, E.  B. vulgatusor E. colistimulated B cells, we determined the
colistimulated B cells dierentiated to a higher proportion concentrations of pro- and anti-in ammatory cytokines
into CD19 Tim-1€ cells (Tim-£ B cells), an additional secreted in cell culture supernatant. The concentrations of
regulatory B cell phenotype compared to PBS &dvulgatus secreted IL-10 were signi cantly increased upon stimulation
stimulation  (Figure 2B, right; Supplementary Figure 4 of B cells with E. coli compared to stimulation with PBS
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FIGURE 2 | Induction of regulatory B cell phenotypes vi&. coli Naive B cells were isolated from spleens of WT or TLRZ TLR4 = (KO) mice via magnetic cell
sorting. B cells were stimulated withB. vulgatus (B.v.)or E. coli (E.c.)at MOI 1 and PBS as control (Mock) for various time points (0,42 48, and 72 h). (A) Exemplary
ow cytometry gating strategy for CD19°CD5¢CD1dC1L10° (B10 cells) of puri ed and stimulated splenic B cell§B) Induction of regulatory B cell phenotypes
CD19°CD5°CD1dCIL10° (B10 cells), CD1$ CD21MCD23"CD24" (T2-MZP cells) and CD1§ Tim-1¢ (Tim-1° B cells) as determined by ow cytometry.(C)
Concentration of secreted cytokines IL-10 and TNE& by stimulated B cells measured via ELISAD) Expression of suppressor molecules on B cell surface after
bacterial stimulation as determined by ow cytometryif D 3—-4). p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

or B. vulgatus(Figure 20Q). In contrast, only low levels of analyzed immune suppressive molecules starting after 24 h of
the pro-in ammatory cytokine TN were detectable<(80 stimulation (Figure 2D).

pg/mL) and not di erent in the various treatment$-{gure 2C).

Furthermore, we analyzed dierent suppressor molecules . . L

produced by immune cells that are not directly linked to aE- COli- Stimulated B Cells Inhibit DC

specic Breg phenotype: CD73, PD-L1, FasL, GITRL, and\ctivation and Maturation

EBI3. E. colj but not B. vulgatusstimulation of naive splenic In the next step we wanted to elucidate whethér coli-
wild type B cells led to signi cantly elevated productions of allactivated B cells featuring regulatory properties via the intedsi
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production and upregulated expression of suppressive moleculesmpared to the stimulation of DCs witk. colistimulated B
directly in uence the function of other immune cells, e.g.,cells Figure 3C upper panel, orange and red columns). Further,
dendritic cells (DCs). We primarily focused on the maturation ofwe measured the concentration of IL-10 in the cell culture
di erentiated CD11& bone marrow-derived dendritic cells co- supernatant of all samples and proved the equal distribution
cultured with bacteria-stimulated B celBigure 3A). Interaction  of secreted cytokines through the Transwell membranes in
of immature DCs (iDCs) with MAMPs (e.g., Lipopolysaccharidethe upper and bottom chamberF{gure 3C lower panel).
LPS) results in DC maturation characterized by an enhanceds expected, and already shown fkigure 2B in single cell
expression of MHC-II, CD40, CD80, and CD86 and increasedultures, the concentration of IL-10 in co-culture supernatant
secretion of TNR (61, 68,69, 71). Activated DCs, as professional was highest . colistimulated sample${gure 3C lower panel,
APCs, are responsible for a robust immune response via antigered columns).

recognition, -processing, and -presentation resulting in a proper

activation of T cells {2, 73). E. coli-Primed B Cells Inhibit T Cell

In line with our group's previous work, stimulation of iDCs Activation and Induce Treg Differentiation
for 24 h with strong immunogenic. coliled to a fully mature  Ag presented above, we were able to show that commensal primed
DC phenotype with a strong upregulation of surface-boundg celis signi cantly shape DC maturation and consequently
MHC-II, CD40, CD80, and CD86Higure 3B DC dataset, red i yence antigen presentation and the potential to activate
columns) and high levels of secreted TaNEFigure 3G upper T cells. Next, we investigated the direct e ect of commensal
panel, DC dataset, red columns). In contrast, the stimulationyctjyated B cells on the proliferation and polarization of T cells
with low immunogenicB. vulgatusesulted in a semi-mature DC ythout the involvement of professional APCs. We primed WT
phenotype with an mtermedlatg expression of T cell activationy celis with PBSB. vulgatusor E. colifor 24 h, pulsed the cells
markers and alleviated production of TlRFigures 3B,G DC  ith Ova-peptide and co-cultured these B cells at di erent cell
dataset, blue columnsjs(, 68 69). To demonstrate the e ect y4tis (1:1, 1:5) for 72 h with naive CFSE-labeled E0B44 T
of stimulated B cells on DC maturation, we co-cultured iDCs¢g|is jsplated from OT-II mice, which express an Ova peptide-
with B cells either in direct contact (DC B cells) or separated speci ¢ TCR Figure 4A). The proliferation of naive CO%4 T
via Transwell membranes (DC | B cells) and stimulated thggis was signi cantly lower in co-cultures with. coliprimed
cells with PBSB. vulgatusor E. coli E. colichallenged B cells g cells, with a T cell-B cell ratio of 1:1 in comparison to
inhibit DC maturation during stimulation, as indicated by a pgg orB. vulgatusprimed B cells Eigure 4B). Increasing the
notably reduced expression of MHC-II, CD40, CD80, and CD86,ymper of antigen-pulsed B cells (ratio T/B 1:5) resulted in a
(Figure 3B DC C B cells and DC|B cells dataset, red columnshtent reduction of T cell proliferation in botfE. coli-and B.
and signi cantly Q|m|n|shed secretion of the pro-in ammatory vulgatusprimed cells Figure 4B). B cells asona de APCs,
cytokine TNFa (Figure 3G upper panel, D@ B cells and DC|B - gya]ly direct the induction of Th2 responses by suppressing the
cells dataset, red columns). This e ect was observed in both direg} arentiation of Th1 and Th17 cells and promoting regulatory
and indirect DC-B cell co-cultures stimulated with colileading  T_q¢ expansion{4-76). Th1 (CD£ IFNgC), Th2 (CD£1L4C),
us to conclude that soluble factors able to translocate through,17 (CDFIL17ACIL4 IFNg ) cell, and Treg (CDEFoxP¥)
the Transwell membrane possess the strongest potential fgf erentiation in B-T cell co-culture was analyzed by ow
inhibiting DC maturation. However, the maturation was slight cytometry. PBS-primed naive B cells appeared to favor the
more suppressed in direct interaction with B cells stimulated withyj arentiation of naive T cells to Th1 and Thl7 cells, whereas
E. coli ) _ E. coliprimed B cells led to a signi cantly enhanced T cell

As IL-10 has been described as an important regulatorgo|arization toward Tregs. In addition, co-culture &. coli
factor of Bregs, mainly driving the mgdgla’uon of immunological primed B cells with naive T cells resulted in a polarization of Th2
functions of other cell types, we mimicked the e ect of IL-10g|is at a T cell-B cell ratio of 1:Figure 4C) and the frequency

on DC maturation by adding recombinant IL-10 to DC culture of Th1 cells signi cantly decreased with a simultaneous increase
(Figures 3B,C DC C IL10 dataset) {0). We propose that the 4 Th2 cells compared to PBS control.

stimulation of iDCs withB. vulgatusr E. coliin the presence of

recombinant|L-10 ed to areduced maturation ofDCs, Indledte Induction of Begs by Strong Immunogenic

y the tendency of lower expression o -Il, , | . .
and CD86 in comparison to the stimulation without recombinant E. coli ConmbUt?S to the

IL-10 (Figure 3B DC C IL10 and DC dataset). We support Counter-Regulation of DSS-Induced
this hypothesis by the detection of signi cantly lower levels oln ammation
secreted TN& (Figure 3C upper panel, DCC IL10 and DC Inthein vitro experiments, we could show that B cells, especially
dataset) Figure 3C upper panel, DA IL10 and DC dataset).  regulatory B cells, play a crucial role during the initiation of

To investigate the eect of IL-10 secretion bi. coli  immune responses and that B cells can directly or indirectly a ect

stimulated B cells on DC maturation, we neutralized IL-10 inthe function of other immune cells by their regulatory properties.
the DC-B cell co-culture by adding anti-IL-10~igures 3B,C This led us to the hypothesis that in a host having functional B
orange columns). The use of anti-IL-10 mAb partially blockscell immunity, E. coliwith its immunogenic potential counter-
the inhibitory e ect of Bregs on DC maturation, resulting regulates in ammatory processes via the strong induction
in a restored production of pro-in ammatory cytokine TNE  of regulatory cell populations and can consequently help to
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FIGURE 3 | E. coliinduced regulatory B cells inhibit maturation of professhal APCsin vitro. Naive B cells were isolated from spleens of WT mice and stinfated with
B. vulgatus (B.v.)or E. coli (E.c.)at MOI 1 in co-culture with bone marrow-derived dendritic céis (DC) for 24 h(A) Differentiated bone marrow-derived DCs were
cultured alone (DC), with recombinant IL-10 (DC IL10) or co-cultured with primed B cells without (DCC B cells) or with Transwells (DC|B cells) and challenged with
bacteria. (B) Maturation of CD11¢€ APCs was determined through the expression of MHC-Il and co4imulatory markers CD40, CD80, and CD86(C) Concentrations
of secreted pro- and anti-in ammatory cytokines TNF and IL-10 of mono- and co-culture stimulation were determind in the cell culture supernatants. In Transwell
stimulations, supernatant of bottom and upper chambers wasanalyzed ( D 4). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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FIGURE 4 | E. colrinduced Bregs inhibit T cell proliferation and direct T ckpolarizationin vitro. (A) Naive B cells were isolated from spleens of WT mice and primed
with B. vulgatus (B.v.)or E. coli (E.c.)at MOI 1 for 24 h. T cell proliferation and polarization assaywere performed with Ova peptide-speci c TCR-expressing nave T
cells in combination with primed and with Ova peptide-pulsé B cells at various ratios.(B) Left panel shows exemplary ow cytometry gating strategy. Midle panel
shows exemplary histograms for each stimulus (colored pea} including unstained control (white peak). Percentage giroliferated TCFE CD4C T cells was assessed
by CFSE staining (right panel)C) Polarization of naive T cells incubated for 72 h with diffen¢ stimulated B cell ratios: Th1 (TCRCD4C INFg®), Th2
(TCRECDACIL-4%), Th17 (TCECDACIL-172C) cells, and Treg (TCRCDA4C FoxP3°) cells (1 D 4). *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

maintain immune homeostasis. Therefore, we used the Dextramice (Figure 5D). Further, the increased absolute numbers of
Sulfate Sodium (DSS)-induced colitis model in gnotobioticCD11* Gri€ neutrophils in the spleen and the in ltration
C57BL/6 mice which have a physiological B and T cell responsef these neutrophils in the colonic tissue implied a severe
We colonized germfree WT mice witB. vulgatusor E. coli in ammatory state in germfree mice after DSS treatment in
for 4 weeks via drinking waterSupplementary Figure 1 and  comparison toE. colicolonized mice Figure 5B. Interestingly,
administered 2% DSS for 7 days in order to correlate thé¢he inux of neutrophils was also reduced iB. vulgatus
bacteria-dependent induction of regulatory B cells in spleerolonized mice as compared to germfree mice. The percentage
and mesenteric lymph nodes (mLN) with the disease pathologgf CD4 CD1$1L10° regulatory B cells in the spleen and
(Figure 5A). mLN was signi cantly increased ifE. colicolonized mice in
Colonization of germfree mice withe. colj but not with comparison toB. vulgatuscolonized and germfree animals
B. vulgatusresulted in signi cantly reduced weight loss and abefore and after DSS-administratioSpplementary Figure 5
lower disease activity index in comparison to germfree mic&igure 6A). This enhanced Breg induction correlated with
in response to DSS-administratioRigures 5B,G. Additionally, a lower histological score, whereas highly inamed mice
the histological score of tissue damage in the colon washowed a minimal activation of regulatory B cells in the
signi cantly attenuated inE. colieolonized mice but not spleen and mLN Kigure 6B). In addition, we analyzed the
in B. vulgatusassociated mice as compared to germfre@olarization of CD& T cells in all three DSS-administered
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FIGURE 5 | E. colicolonization of germfree mice ameliorates DSS-induced cibis. (A) Germfree wild type mice andB. vulgatus- or E. coli-colonized wild type mice
were administered with 2% DSS in drinking water for 7 days, fowed by regular drinking water for an additional 2 daygB) Bodyweight changes and(C) disease
activity index (DAI)(D) Representative colon histological sections stained withématoxylin and eosin (H&E) and histological scor¢E) Exemplary ow cytometry
gating strategy and analysis of absolute in ltrated CD116GR1C neutrophils in spleen and colonic lamina propria (cLP) (GR:D 5; B.v/E.c: n D 5-6). b < 0.05, *p <
0.01, ***p < 0.001, ***p < 0.0001.

groups. No signi cant dierences were observed in the Th2T cells (CD19 CD4°CD25 FoxP¥) in the spleen and mLN,
cell di erentiation between the groupsigure 6C). HoweverE. whereas the proportion of Thl (CD1Z€D3°CD4CIFNg®)
coli-colonized mice showed a signi cant increase of regulatorand Th17 (CD19CD3°CDA4CIL-17C) cells was signi cantly
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FIGURE 6 | E. colicolonization of germfree mice triggers the induction of regatory B cells accompanied by an increase of Treg cells durg DSS-induced colitis.(A)
Exemplary ow cytometry gating strategy and analysis of CD4CD19°IL-10C regulatory B cells (Bregs) in the spleen and mesenteric lyrhmodes (MLN).(B)
Correlation between histology colitis score and percentag of CD4 CD19€IL-10¢ Bregs in the spleen (left panel) and mLN (right panel) of colized and
DSS-administered mice { D Spearman’s rank correlation coef cient).(C) Exemplary ow cytometry gating strategy and analysis of ThIGD19 CD4CINFg®), Th2
(CD19 CD4CIL-4%), Th17 (CD19 CD4CIL-17aC) cells, and Treg cells (CD19CD4C CD25¢ FoxP3®) in the spleen and mesenteric lymph nodes (mLN) (GR:D 5;
B.v/E.c: n D 5-6). p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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reduced in the mLN in comparison to germfree DSS-treated Primarily, naive B cells are activated via the help of Th cells
mice (Figure 60). which present microbial antigens to the B cell receptor (BCR)
In summary, we showeth vitro that the activation of naive followed by the uptake of the antigen through receptor-mediated
B cells and the di erentiation of Bregs are highly dependent orendocytosis, degradation and presentation of peptide in complex
the strength of immunogenicity of the interacting commensalwith MHC-class-Il molecules on the B cell membrargs) The
bacteria. Moreover, the enhanced induction of Bregs by strongecognition of this complex by the corresponding T cell receptor
immunogenicE. coliin combination with the di erentiation of (TCR) of Th cells and the concurrent binding of CD40L with
Tregs may contribute to the regulation and even suppression dhe CD40 receptor on the surface of B cells, as well as the
in ammatory processes vivoas compared t®. vulgatus secretion of co-stimulatory cytokines, such as IL-4 and IL-21
by the T cells, promote B cell proliferation, immunoglobulin
class switching and somatic hypermutation (T cell-dependent
DISCUSSION activation) @6, 97). However, we propose a T cell-independent
activation and induction of Bregs by commensal bacteriaivéa
In healthy individuals, a complex interaction between the hostirect interaction of MAMPs with TLRs expressed on B cells.
immune system and commensal microbiota is required tdEspecially the exposure of naive B cells to LPS and peptidoglycan
maintain intestinal homeostasis. (PGN), the two most prominent immune-stimulatory bacterial
Alterations of the gut microbial communities can causecell components, were responsible and necessary for a potent
an aberrant and dysregulated immune system resulting in thB cell proliferation and di erentiation of Bregs since activation
onset or aggravation of inammatory bowel diseases, suchmarkers like MHC-II, CD80 and CD86 were at lower levels
as Crohn's disease (CD) and ulcerative colitis (UCY-79. expressed on B cells lacking TLR2 and TLR4 after bacteria
Furthermore, a disturbed immune system-microbiota balancencounter 65 98-101). We could provide evidence for a T
has also been described in disease pathologies a ecting tisswedl-independent activation of B cells even without other co-
other than those of the intestine (e.g., Grave's disease, multipdfimulatory factors [e.g., CD40 engagement, CD80/CD86, B cell-
sclerosis, type-1 diabetes (T1D), systemic lupus erythematosastivating factor (BAFF), or BCR-TLR crosstalk] that, acaogd
psoriasis, schizophrenia, and autism spectrum disorders) artd many studies, are pre-requisited to promote an optimal B cell
can be the cause for in ammatory processes during diseasgtivation (L02-105.
development§0-89). Further, we suggest that not only the presence of pattern
Beside pathogens which are typically acquired from theecognition receptors (PRRs), such as TLRs on the B cell surface
environment, often provoking acute infections and are thes crucial for B cell activation. Additionally, the antigen gin
target of immunity, also members of the resident microbiotaand its immune-stimulatory level might be decisive for the
found in most healthy hosts, may be the cause for severatrength of activation and thus the di erentiation and survival
inammatory disorders in a genetic or environmental of Breg subsets.
predisposed organism 90-94). The exact mechanisms We could demonstrate that commensal bacteria possess
mediating pathology remain largely unclear, but commensadli erent potentials for directly activating B cells, prolonging
bacteria are capable of triggering in ammatory disease irtheir survival and inducing Breg phenotypes as well. In this
immunosu cient rodents by altering barrier function, invadg  comparative study oB. vulgatus(low immunogenic) andE.
the gut epithelium and stimulating local in ammatory responsescoli (strong immunogenic), we were able to show that the
(pathobionts) @3, 94). potent stimulation of naive B cells witk. coli resulted in
However, it is conceivable that pathobionts do not activelya strong activation and di erentiation of Breg phenotypes
use specic mechanisms to harm the host under certaircharacterized by a signicantly elevated secretion of anti-
circumstances; rather, mechanisms, signaling pathways or cagllammatory IL-10 and higher production of suppressive
functions are malfunctioning or are lacking in an immune- molecules like EBI3, CD73, GITRL, FasL, and PD-L1. In addition,
compromised host, which pathobionts usually activate in d@he secretion of the pleiotropic modulatory cytokine IL-6, that
healthy host to counter-regulate in ammatory processes. exerts either pro-in ammatory or anti-in ammatory propertig
But which immune response mechanisms are consulted byas upregulated past stimulation of B cells withcoliwhereas
commensals in a healthy host to maintain immune homeostasigihly low levels of pro-inammatory TNER were detectable
One possible mechanism could be the induction of regulatorySupplementary Figure §. IL-6 can directly promote Breg cell
B cells. di erentiation and IL-10 productionin vivo and therefore could
Most studies investigate the interaction of pathogenic bacteriee an important trigger for the proceeding induction of Bregs
with B cells during infection. Alternatively, we wanted to (16,106 107).
demonstrate that the induction of regulatory B cell populations Important for all following experiments, we demonstrated
is a mechanism which commensals use to suppress self-causedin vitro stimulation a functioning direct interaction of
pro-in ammatory immune responses in a healthy hos#(95. commensal bacteria with naive B cells. Nevertheless, the
We also wanted to con rm that Bregs, although present in aencounter of naive B cells with microbial antigeimsvivo is
minor cell frequency, are an interface in immune-regulatiomla more complex and subject to many limitations, such as intestinal
thus an important player in counter-regulation of in ammatory barrier functions and the translocation of microbial struotsr
immune responses. to secondary lymphoid organs as with the lymph nodes and
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the spleen. Furthermore, B cells are not capable of recognizirmgcumulated anti-in ammatory milieu to regulate overshodin
and taking up microbial components via cell protrusions asmmune responses and dampen in ammatory processes in a
dendritic cells perform 108. However, Hudak et al. detected a healthy host {17, 119.
large number of CD19 B cells in colonic lamina propria cells ~ We further demonstrated that this B cell-driven regulatory
which were positive for the uptake of PGN of D-amino acidmechanism had relevant impacts on the subsequent processes
hydroxycoumarin amino-D-alanine (HADA)-labeled bacteria 4 hof the adaptive immune response: the activation, proliferation
after oral gavagel(9. This study indicated that CDf9B cells and polarization of T helper cells. Schmidt et al. revealed that
act as APC in the lamina propria and hence contribute to theAg-pulsed splenic B cells possess a stronger T cell stimulatory
regulation of immune processes by directly recognizing MAMPscapacity than CD1£cDCs and that activated C4T cells favor
We determined that the bacteria-B cell interaction with theTh2 polarizationin vitro (119. Saze et al. investigated T cell
accompanying induction of regulatory B cells had extensivactivation properties of B cells in more detail. They compared
e ects on other immune cells and the overall immune responsethe proliferation of T cells incubated with either naive B cells
We demonstrated this in the interplay between bacteria-inducedr activated B cells and showed that freshly puried B cells
Bregs and DCs. It is already known that DCs, as professionab-cultured with separated CI54T cells augment proliferation
APCs, have crucial in uences on B cell function by capturingof the T cells as well as their cytokine production whereas
unprocessed antigen and transferring this antigen to naivalB,c activated B cells signi cantly inhibit T cell proliferatiori20).
resulting in the initiation of antigen-speci c antibody responseBy using two commensals featuring di erent immunogenic
and the provision of B cell isotype class switchiid&112. properties for B cell stimulation, we could complement and
Here, we represented the e ect of activated B cells on D@onrm these ndings; furthermore, we could expand our
di erentiation, maturation and function. The stimulation of understanding of the mechanism behind microbiota-mediated
immature DCs (iDCs) withB. vulgatuded to a semi-mature, B cell regulation. The stimulation of CFSE-labeled Ova peptide-
tolerant phenotype characterized by a low expression of MHCspeci c TCF CD4C T cells withE. coliprimed and Ova peptide-
II, CD40, CD80, and CD86 and modest secretion of BN#hd  pulsed B cells resulted in a signi cant inhibition of T cell
IL-1f3. In contrast, the challenge of iDCs wikh coliresulted in  proliferation at a T cell-B cell ratio of 1:1. In contrast, the
a high expression of MHC-II and co-stimulatory markers with co-incubation of T cells withB. vulgatusprimed B cells did
increased secretion of pro-in ammatory cytokineS0( 66-69,  not result in decreased proliferation. Only after increasing the
113 114 (Figure 7). T cell-B cell ratio to 1:5, the low immunogenic bacterium
However, in our co-culture experiments, the interaction ofpossessed T cell proliferation-preventing e ects. The cultivation
DCs with E. colistimulated B cells signi cantly inhibited DC of T cells with naive unstimulated B cells led to an intense
maturation, marked by a reduced expression of DC activatiod cell proliferation and a polarization toward Thl and TH17
and maturation markers and an alleviated secretion of procells. In contrast, T cells incubated with coliprimed B cells
in ammatory cytokines. This suppression of DC maturation favored a polarization shifted toward Th2 cells and TreBs.
was mediated by distinct regulatory properties Bf coli  vulgatusprimed B cells also polarized T cells in a Th2 and Treg
induced Bregs. We could show in Transwell co-cultures thatlirection but simultaneously induced Th1l and Th17 cells leading
the regulatory functions of Bregs on DC maturation were notto a more pro-in ammatory Th1/Th2/Th17/Treg balancé {1
solely mediated by the anti-in ammatory cytokine IL-10 since123. The cause for the strong T cell activation, proliferation and
the addition of recombinant IL-10 was not as e ective as thepolarization by naive unstimulated B cells could be the basic
complete repertoire of proteins secreted by stimulated B cellexpression levels of MHC-II and co-stimulatory proteins in the
Consequently, additionally secreted molecules, such as EBI3/labsence of anti-in ammatory cytokines and surface molecules,
35 can contribute to the DC maturation inhibition properties which were upregulated ifE. coliprimed B cells, as shown in
of E. colistimulated B cells in Transwell co-culture experimentsprevious experimentsl@4). In addition, after induction of Tregs
(51 (Figure 2D). via E. coliprimed Bregs, these two regulatory cell populations
Furthermore, maturation of DCs was even more reduceaould cooperate to generate an IL-10-driven feedback loop to
in co-culture stimulation where DCs and. colistimulated initiate their reciprocal activation and consequently ingesheir
B cells had direct cell-cell contact. This is in line with ourcell emergence3(125 126).
previously ndings that the stimulation of B cells witg. coli The in ammation-suppressive role of Breg subsets in
led to an increased upregulation of suppressive molecules likeitoimmune disease has been demonstrated previougiwino
PD-L1, FasL and GITRL on the B cell surface and that thesmice models for IBD, MS, T1D, and RA, primarily achieved
proteins, in combination with secreted cytokines, characterizey the adoptive transfer before or during in ammation of
the strong anti-in ammatory feature of Bregsi{, 51, 116. ex viveactivated B cells in wild type, B cell-depleted (anti-
Moreover, although the expression of T cell activation marker€D20 mAb treatment), or B cell-de cieninfMT) mice (10, 28,
and the production of pro-in ammatory cytokines by DCs 47, 127132. Consequently, the ability of Bregs to contribute
were suppressed via colistimulated B cells, the concentration to the control of the immune response during in ammation
of anti-in ammatory IL-10 in the DC-B cell co-culture was development and disease progression is evidently. Nevertheless,
signi cantly higher than in single cell cultures of DCs and B cellsthe in uence of the host commensal microbiota on the inductio
This led us to the hypothesis th&. colichallenged DCs and of this regulatory cell phenotype needs to be investigated in
B cells may even form a positive feedback loop, resulting in amore detail.
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FIGURE 7 | Counter-regulatory mechanisms of Bregs after the inductio of immune responses via immunogenic bacteria. Dependingrothe immunogenicity of a
bacterial antigen, APCs (immature DCs and naive B cells) aaetivated through the recognition of MAMPs (e.g., LPS or PG)\via Toll-like receptors to different
degrees. Potent stimulation of B cells (e.g., by strong immuogenic E. coli) induces the differentiation and proliferation of regulaty B cell phenotypes, such as B10
cells (CD1$° CD5€CD1dCIL10°), T2-MZP cells (CD1§ CD21"CD23"CD24"), and Tim-1° B cells (CD1¥ Tim-1€) characterized by an upregulated expression and
strong secretion of suppressive mediators. Primarily thuigh secreted IL-10, Bregs can inhibit DC and macrophage matwation and function and consequently
dampen their antigen presentation capacity to activate angbolarize T cells. Moreover, Bregs can regulate T-cell respses by suppressing the proliferation and
polarization of effector T cells (in particular TH1 and TH1dells). These effects are mediated by secreted factors (IL-10GF , and Ebi3/IL-35) and membrane-bound
molecules including MHC-II, CD73, PD-L1, FasL, and GitrL at thinterface between B cells and T cellsl(15). Regulatory B cells also crosstalk with Treg cells to
promote their expansion and support their functionC, induction/activation; —, inhibition; semi-mature DCs, iermediate expression of DC maturation markers; LPS,
lipopolysaccharide; PGN, peptidoglycan; TLR, toll-likeeceptor; iDC, immature dendritic cell; CD, cluster of diffientiation; PD-L1, programmed death ligand 1; FasL,
Fas ligand; GitrL, glucocorticoid-induced tumor necrosigactor receptor-related protein ligand; IL—, interleukinTCR, T cell receptor; TGF , transforming growth factor
; Th, T helper cells; Tim-1, T cell Ig and mucin 1; IFN, interferong; TNFa, tumor-necrosis factor a; T-bet, T-box transcription factor; RORyt, RAR-related orphan
receptor gamma; GATA-3, Trans-acting T-cell-speci c transription factor GATA-3; FoxP3, Forkhead box protein P3.

In earlier studies, we could demonstrate the e ect of di erentcolitis models, a potent immune-stimulatory signal mediated
immunogenic commensals on the di erentiation and maturation by strong immunogenicE. coli exacerbated in ammation,
of certain immune cells (e.g., CDIAMDCs), concluding that since important counter-regulation mechanisms (such as the
a potent TLR activation provided by strong immunogenicinduction of Bregs) for the compensation of overshooting
bacteria leads to enhanced immune responses, aggravating ihenune responses malfunctioning. Similar observation could be
course of disease6(, 61, 66, 68 69 133 134. Thereby, made with the bacteriunHelicobacter hepaticus. H. hepaticus
our and other groups used genetically susceptible colitis a member of the mouse microbiota colonizing the lower
mouse models (Ragl-, IL-2-, and IL-10-de cient) exhibiting aintestine and activating innate immunity via Toll-like recepgor
dysregulated immune system to mimic disease developmentithout inducing immune pathology in a healthy host39. H.
in an immune suppressed host6 61, 135. In detail, hepaticughus induces an anti-in ammatory immune response
B cell immunity is inoperative, either due to the lack ofthrough the activation of regulatory macrophages to maintain
mature B cells (Ragf ), the disturbed proliferation and immune homeostasisi@7). However, in immune-de cient IL-
induction of Bregs (IL-27 ), or the dysfunction of Bregs 10 = or Rag2~ mice, H. hepaticustriggered exacerbated
(IL-10 =) in all three colitis mouse models. Hence in theseintestinal in ammation as a result of aberrant regulatory T cell
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function (138-140. In conclusion, strong immunogenic bacteria, of in ammation and consequently the possible reason for the
which are benignant commensals in a healthy host, provokextenuated in ammation inE. colicolonized and DSS treated
an uncontrolled activation of the immune system in hostsmice (121:-123.
with a dysfunctional immune response, leading to in ammatory Thus, the increased accumulation of Bregs and Tregs
processes and the exacerbation of disease severity. established an immune-homoeostatic staia vivo. In
However it has already been published in mouse models fawombination, these two crucial regulatory cell populations
IBD and T1D that strong immunogenic bacteria, such Bs might develop a powerful anti-in ammatory milieu capable of
coliNissle orHelicobacter pylotiave in ammation-suppressive suppressing in ammation in various autoimmune diseasie).
properties and can even prevent the onset of disease, on the In conclusion, Bregs are an important interface in microbiota-
condition that the host provides a functional immune systemdriven immune regulation. They contribute to maintenance of
(141-143. In our study, we wanted to demonstrate the speci cimmune homeostasis in a healthy host and counter-act emerging
impact of commensal bacteria featuring di erent immunogenicin ammatory processes in immune-compromised hosts via the
properties on the activation of the immune system and theproduction of suppressive molecules and the interaction with
development of in ammation while deciphering the crucial role other immune cell populations. The induction and longevity
of regulatory B cells in these processes. Therefore, we colonizefd Bregs speci cally depend and correlate with the strength
DSS-administered germfree wild type mice providing a full-of TLR-ligation and subsequent cell activation, provided by
featured immune system (no genetic susceptibility) to induceommensal antigens. The presented results directly link di erent
intestinal in ammation. characteristics of commensal bacteria with the immune response
The comparison of germfree, low immunogerc vulgatus  of the host and thus provide new insights in the inter-kingdom
or strong immunogenicE. coliassociated mice emphasizescommunication between commensals and their hosts.
the importance of a potent immune stimulus in DSS-induced
in ammation since the colonization withE. coli signi cantly
prevented intense weight loss, alleviated disease symptorPsATA AVAILABILITY STATEMENT
and reduced in ammation in the aected tissue. In contrast,
colonization with B. vulgatus alleviated disease symptoms
slightly, but not signi cantly, compared to germfree mice. Reaso
for that could be the weak immunogenic propertieBofvulgatus
still provoking a low activation of B cells, minor induction ETHICS STATEMENT
of Bregs and modest inhibition of T cell proliferation and
polarization, as observed im vitro experiments. In addition, Thjs study was carried out in accordance with the principles
other bacteria-associated hostimmune modulating e ects whiclyf the Basel Declaration. Protocols and experiments involving
are B cell- and T cell-independent, such as the restoration anghice were reviewed and approved by the responsible Institutional

education of the immature immune system and mucosal barrieReview Committee and the local authorities within H1/15,
present in germfree mice could be causal for the attenuated1/17, 84 09.01.2015, §4 14.06.2017.

in ammation development shown inB. vulgatuscolonized

mice. However, these potential immunogenic-independent

regulatory mechanisms may be insu cient to signi cantly reduce AUTHOR CONTRIBUTIONS

in ammation processes in DSS-induced colitis. Though, these

ndings could explain the non-signi cant di erences betwe& JM and J-SF conceived and designed the experiments. JM, CT,

vulgatusandE. colicolonized mice in some read outs44 145. AL, RP, LM, AS, HY, and H-CL performed the experiments. JM,
Moreover, we provide evidence that the induction of Bregé=T, and J-SF analyzed the data. JM, AL, and J-SF wrote the

directly correlated with the severity of colonic in ammationén Manuscript. All authors gave nal approval to publish the article.

therefore negatively correlated with the immunogenicity loé t

colonizing bacteria. These ndings are in line with other stiglie

reporting a decrease of intestinal regulatory B cells in coloni

In ammation in mice and h“man.sx“&l“a- In line W'th Ourin = This work was funded by the Deutsche Forschungsgemeirtschaf
vitro experiments, the colonization of germfree mice wihcoli (DFG, German Research Foundation) under Germany's

prior to DSS-administration, and the accompanying inductidn o Excellence Strategy—EXC-2124 and Collaborative Research

Bregs, r_e_sglted in a signi cantly enhanc_ed fjevelopment of TreGEentres 685 (CRC685), the DFG research training group 1708,
and inhibition of a Th1l and Th17 polarizatior{gure 7). Even the Bundesministerium far Bildung und Forschung (BMBF),

thou.gh B, .vulgatug:ollomzat.lon resulted in a s.IlghtIy.ar_ld NON" and the German Center for Infection Research (DZIF).
signi cant increased induction of Bregs, the di erentiation of T

helper cells is not altered in comparison to germfree mice. In

contrast, the signi cant enhanced induction of Bregwvitroand ACKNOWLEDGMENTS

invivoin E. coliassociated mice leading to an anti-in ammatory

balance of Th1/Th2/Th17/Treg cells, marked by a pronouncedlVe acknowledge support by Deutsche Forschungsgemeinschaft
di erentiation of Tregs, which is decisive for the developmentand Open Access Publishing Fund of University of Tlbingen.

All datasets generated for this study are included in the
r@rticle/SuppIementary Material

FUNDING

Frontiers in Immunology | www.frontiersin.org 15 January 2020 | Volume 10 | Article 3093



Maerz et al.

Breg-Induction by Commensal Bacteria

SUPPLEMENTARY MATERIAL

MOI 1 for 0, 24, 48, and 72 h. Doublets were excluded via FSC-A/&C-H gating
and death cells were excluded by xable viability dye. T2-MZmB cells were

The Supplementary Material for this article can be foundde nedas CD19¢CD21°CD23°CD24°.

online at: https://www.frontiersin.org/articles/10.3389/ mm
2019.03093/full#supplementary-material

Supplementary Figure 1| Determination of colony forming units (CFU) of
germfree mice after colonization withB. vulgatusor E. coli Feces of every mouse
were collected under germ free conditions before and after @onization with
bacteria and DSS-administration and were plated timely to etermine the CFU.

Supplementary Figure 2| Representative ow cytometry plots of B10 cells
induced by E. colistimulation. Naive B cells were stimulated witle. coliat MOI 1
for 0, 24, 48, and 72 h. Doublets wee excluded via FSC-A/FSC-H ating and
death cells were excluded by xable viability dye. B10 cells ere de ned as
CD19°CD5°CD1dCIL10°.

Supplementary Figure 3| Representative ow cytometry plots of T2-MZP B
cells induced byE. colistimulation. Naive B cells were stimulated witlt. coliat
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Supplementary Figure 1Determination of colony forming units (CFU) of germfree mice after
colonization withB. vulgatusor E. coli Feces of every mouse were collected under germ free
conditions before and after colonization with bacteria and DSS-administration anel plated
timely to determine the CFU.



Supplementary Figure 2Representative flow cytometry plots of B10 cells inducedBEbycoli
stimulation. Naive B cells were stimulated wih coliat MOI 1 for 0, 24, 48, and 72 h. Doublets wee
excluded via FSC-A/FSC-H gating and death cells were excluded by fixable viability dye. B10 cells were
defined as CDIEH'CD1dIL10.



Supplementary Figure 3Representative flow cytometry plots of T2-MZP B cells induced. lwypli
stimulation. Naive B cells were stimulated wiEhcoliat MOI 1 for 0, 24, 48, and 72 h. Doublets were
excluded via FSC-A/FSC-H gating and death cells were excluded by fixable viability dye. €¢@8HMZP B
were defined as CD18D21CD23CD24.



Supplementary Figure 4Representative flow cytometry plots of Tim-B cells induced bf. coli
stimulation. Naive B cells were stimulated wiEhcoliat MOI 1 for 0, 24, 48, and 72 h. Doublets were
excluded via FSC-A/FSC-H gating and death cells were excluded by fixatile dyabiliim-1 B cells
were defined as CD1gim-T.



Supplementary Figure SAnalysis of Bregs in germfree mice after colonization ®ithulgatusor E.
coli prior DSS administration. Changes in Bregs amount of gernBreajlgatusor E.colicolonized
mice 2 weeks after colonization and 2 weeks prior DSS-administration measariéow cytometry.
'p<0.05 p<0.01," p<Q001.



Supplementary Figure 8Concentration of secreted cytokine IL-6 by stimulated B cells measured via
ELISA. Naive B cells were stimulated Bitkulgatus (B.v9r E. coli (E.cat MOI 1 and PBS as control
(Mock) for various time points (0, 24, 48, and 72rh& @).'p < 0.05, p < 0.01.
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