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Summary

The composition of the intestinal microbiota affects the host organism in manifold
ways by the digestion of nutrient, colonization resistance against pathogens and
especially by influencing and priming the immune system. Consequently, a balanced
microbiota composition, mainly consisting of symbiotic and pathobiotic commensal
bacteria of the Firmicutes and Bacteroidetes phyla, is beneficial for the host by
maintaining a healthy and homeostatic immune state. Symbionts generally possess
important immunomodulatory functions to regulate inflammatory immune processes
whereas pathobionts cause non-beneficial or detrimental effects on the host under
certain genetic or environmental pre-conditions by promoting inflammatory immune
processes. Alteration or dysbiosis of a complex intestinal microbiota has already
been shown to be associated with the progression of various autoimmune diseases
such as inflammatory bowel diseases, multiple sclerosis, type-1 diabetes and even
neurological disorders such as autism.

In particular, the interaction of microbes with the host immune system and the
subsequent activation and differentiation of certain immune cells are crucial for the
development of inflammatory or regulatory processes.

For this reason, we focused on and investigated the immunogenicity-dependent
potential of the commensals Bacteroides vulgatus (weak immunogenic) and
Escherichia coli (strong immunogenic) to modulate and regulate the immune system
of the host via the direct or indirect interaction with antigen-presenting dendritic cells
and B cells. We could (1) identify the production of bacterial outer membrane vesicles
as an important inter-kingdom signaling mechanism exhibiting immunomodulatory
properties to prime host target cells; (2) demonstrate the activation and differentiation
of a tolerant dendritic cell phenotype initiated by symbiotic B. vulgatus to maintain
and restore immune homeostasis; (3) elucidate the induction of regulatory B cells via
pathobiotic E. coli as an decisive counter-regulation mechanism suppressing pro-
inflammatory processes which are self-triggered and dependent on the bacterial

immunogenicity.



Zusammenfassung

Die Zusammensetzung der intestinalen Mikrobiota beeinflusst den Wirtsorganismus
auf vielfaltige Weise durch die Unterstitzung beim Verdau von Na&hrstoffen, die
Bildung einer Besiedlungsresistenz gegen Krankheitserreger und insbesondere
durch die Aktivierung und Modulation des Immunsystems. Deshalb ist eine
ausgewogene Mikrobiota-Zusammensetzung, die hauptsachlich aus symbiotischen
und pathobiotischen kommensalen Bakterien der Phyla Firmicutes und Bacteroidetes
besteht, fur den Wirt von Vorteil, da sie einen gesunden und homoostatischen
Immunzustand aufrechterhalt. Symbionten besitzen im Allgemeinen wichtige immun-
modulatorische Funktionen, um entzindliche Immunprozesse zu regulieren,
wohingegen Pathobionten unter bestimmten genetischen oder umweltbedingten
Voraussetzungen keine vorteilhaften oder sogar schadliche Wirkungen auf den Wirt
ausiuben, indem sie inflammatorische Prozesse férdern. Es wurde bereits gezeigt,
dass eine Veranderung oder Dysbiose einer komplexen Darmmikrobiota mit der
Entstehung und Fortschreiten verschiedener Autoimmunerkrankungen wie chronisch
entzindlichen Darmerkrankungen, Multipler Sklerose, Typ-1-Diabetes und sogar
neurologische Stérungen assoziiert ist.

Insbesondere die Interaktion von Mikroben mit dem Wirts-Immunsystem und die
anschlieBende Aktivierung und Differenzierung bestimmter Immunzellen sind
entscheidend fur die Entwicklung entzindlicher oder regulatorischer Prozesse.

Aus diesem Grund konzentrierten und untersuchten wir das immunogenitats-
abhangige Potenzial der kommensalen Bakterien Bacteroides vulgatus (schwach
immunogen) und Escherichia coli (stark immunogen), um das Immunsystem des
Wirts Uber die direkte oder indirekte Wechselwirkung mit Antigen-prasentierenden
dendritischen Zellen und B Zellen zu modulieren und zu regulieren. Wir konnten (1)
die Produktion von bakteriellen Vesikeln der AuRenmembran als einen wichtigen
speziesubergreifenden Signalmechanismus identifizieren, der immunmodulatorische
Eigenschaften aufweist, um Wirtszielzellen zu primen; (2) die Aktivierung und
Differenzierung eines toleranten dendritischen Zellphanotyps nachweisen, der durch
den Symbiont B. vulgatus ausgeldst wird, um die Immunhomdostase
aufrechtzuerhalten und wiederherzustellen; (3) aufzeigen, dass die Induktion von
regulatorischen B-Zellen durch den Pathobiont E. coli ein entscheidender

Gegenregulationsmechanismus zur Unterdrickung von entziindungsfordernden
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Prozessen darstellt und dass diese Aktivierung von der Immunogenitat des

interagierenden Bakteriums abhangig ist.
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INTRODUCTION



1. The intestinal microbiota

During their development, complex eukaryotic organisms are associated with large
numbers of microbes including bacteria, fungi, viruses, and parasites [1, 2].
Colonization with commensal microbes starts in newborns right after birth and
establishes its highest complexity in adults resulting in the formation of a versatile
microbial ecosystem +the microbiota [3]. Microbes that live inside and on mammals
and other complex organisms outnumber the eukaryotic host by an estimated 10-fold
and thus function as a major selective force shaping eukaryotic evolution. This
symbiotic relationship leads to the genesis of a metaorganism, sharing a common
metabolome despite having a separate metagenome, in which both partners benefit
from each other [4, 5].

Besides the skin, the respiratory tract and the genitals, the highest numbers and
variety of commensal bacteria reside in the intestine [6]. The intestinal microbiota
harbors approximately 10** microorganisms per gram luminal content predominantly
occurring in the colon and distal ileum [6]. The mutualistic interaction of the host and
intestinal microbiota influences and modulates various processes in the host such as
() the extraction and processing of nutrients, (Il) the integrity of the intestinal mucosal
barrier, (lll) angiogenesis, (IV) metabolism, (V) the colonization of pathogens, (VI) the
development of innate and adaptive immune system and even (VII) the activity of the
enteric nervous system [7-14]. Despite the microbiota has crucial effects, the
mechanisms by which the gut microbial community influences the biology of the host

organism remain insufficiently understood.

1.1 Gut microbiota composition

The composition of the microbiota is subject to a permanent and dynamic
transformation. Due to many extrinsic and intrinsic properties, the gut microbiota
composition is highly variable among distinct individuals [15]. Various environmental
factors, diet, the presence of toxins and medication such as antibiotic treatments,
influence the assembly of the microbiota. In addition, inherent properties of the host
such as age, genetic background and psychology individually affect the constitution
of the intestinal microbiota [16, 17].

The intestinal microbiota of a healthy adult is mainly composed of seven major

bacterial phyla: Gram-positive Firmicutes and Actinobacteria as well as Gram
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negative Bacteroidetes, Proteobacteria, Fusobacteria, and Verrucomicrobia [18].

Among these, Firmicutes and Bacteroidetes bacteria represent 90% of all bacterial

strains in intestinal microbiota [3, 15]. In detail, almost about 2000 different bacterial

species that encode more than 5 million genes (microbiome) were identified, with

numbers continuously increasing [19].

Despite of a permanent dynamic change of this tremendous microbial society, there

is a constant balanced state in healthy organisms with the aim of maintaining host-

microbiota homeostasis. However in a predisposed host influenced by intrinsic or

extrinsic factors, a certain microbiota composition can be potentially harmful for the

organism. 7KLV FRQGLWLRQ LV WHUPHG DV 3G\WriELRayLV"  RU

predispose the host to a wide range of chronic diseases and infections [20].

1.2 Commensals: symbionts and pathobionts

The bacterial composition of the intestinal microbiota of a healthy host is diverse and
consists of a heterogeneous pool of microorganisms. Thereby, microbiota members
can not only be classified according to their phylogenetic origin but also divided into
different functional groups, dependent on their effect on the host immune system [1].
In general, the gut microbiota is composed of commensals which are nonpathogenic
or even beneficial for the host [2]. Furthermore, commensals can be subgrouped into
probiotic, autobiotic/symbiotic and pathobiotic bacteria. Probiotics are usually
obtained from diet and food supplements and defined by the Food and Drug
Administration (FDA) and WHO as %ve microorganisms which when administered in
DGHTXDWH DPRXQWY FRQIHU D KR .GCWIHOtE str@imsIduehh a8/ R WKH |
Lactobacillus casei and Bifidobacterium bifidum are especially prescribed to patients
with an altered or disturbed microbiota after gastroenteritis or treatments with
antibiotics [2, 21]. Symbionts are part of the basic microbiota and are permanently
associated with the host organism. Symbiotic bacteria such as Faecalibacterium
prausnitzii, Bacteroides fragilis and Bacteroides vulgatus possess important
immunomodulatory functions to regulate inflammatory immune processes and to
maintain host immune homeostasis [2, 22-24]. Pathobionts are defined as resident
bacteria of the microbiota which can cause non-beneficial or detrimental effects on

the host under certain genetic or environmental pre-conditions when the composition
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RI WKH PLFURELRWD RU Wdistlirtédr[2,\23].VT his B@b¥roup \mtludas
Escherichia coli, Helicobacter hepaticus and Clostridium difficile [1, 26].

These different properties of symbiotic and pathobiotic bacteria, modulating and
triggering inflammatory immune reactions in the host, have been demonstrated in
various studies of our working group focusing on the induction of chronic and acute
colitis in mice [24, 27-29].

2. Microbiota-dependent autoimmune diseases

Autoimmune diseases (AIDs) arise from a malfunctioning immune system or an
abnormal immune response to self-tissue causing inflammation and destruction of
tissues and/or organs [30]. The pathogenesis is not understood completely, but it is
proposed that AID is a multifactorial disease in which environmental factors (life-
style, diet, drugs, infections) and certain genetic backgrounds contribute to the
pathology [31, 32]. Based on their immunogenicity, intestinal symbionts and
pathobionts have the ability to influence different physiological aspects of the host
such as the immune system or metabolism and consequently might be a major
player in autoimmunity and thus contributing to the pathogenesis of several diseases,
including AIDs [13]. Thereby, the development of pathogenesis can result from an
inappropriate and overshooting immune response directed against normally harmless
commensal microbes or an ineffective clearance of immune-stimulatory
microorganisms by an adequate proinflammatory immune response leading to a

continuous activation of the immune system [13, 33].

The manifestation of inflammatory bowel disease (IBD), which is characterized by
chronic relapsing intestinal inflammation located either transmural in the whole
JDVWURLQWHVWLQDO *, Wabp BMenly&rikiekrdbya bE teidolvrH
(Ulcerative Caolitis, (UC)), is associated with changes in the microbiota composition in
which a decrease in general complexity but also an increase in certain bacterial
species is observable [34-36]. A shifted microbiota composition in the colon of IBD
patients was demonstrated in various studies, for example, the proportion of
Bacteroides species is markedly decreased in UC patients [32, 37-42]. However, no
single bacterial strain or combinations of strains have been shown to directly cause

or prevent IBD in humans.

14



In addition, there are correlative evidences that host gut microbiota can directly
initiate autoimmunity and influence autoimmune disease that target tissues other
than the intestine, such as Type 1 diabetes, multiple sclerosis, arthritis and psoriasis
[43-46]. For instance, mice treated with antibiotics or reared in germ-free conditions
show attenuated progression of experimental autoimmune encephalitis (EAE) a
mouse model for multiple sclerosis [47-49]. Moreover, according to latest reports, the
cause for neurodevelopmental disorders including schizophrenia and autism are
connected to inflammatory processes suggesting that these diseases could also be
associated to changes and dysbiosis in the intestinal microbiota [50-54]. These
findings highlight the crucial influence of a disturbed or altered host microbiota
composition on the progression of autoimmune disease located in intra- and extra-

intestinal tissue.

3. Microbiota -host | nteractions

The gastrointestinal tract is the main site of interaction between microorganisms and
antigens with the host immune system. To control this intense cross-talk caused by a
microbial load of >10'? bacteria/cm® intestinal content, the immune system
continuously monitors the resident microbiota and evolved certain antimicrobial
mechanisms to prevent overgrowth of the colonizing microbes which could result in
serious health consequences including inflammation and sepsis. Simultaneously, the
Immune system has the challenge of remaining tolerant to food antigens and the
commensal microbiota. The first strategy of the host to maintain immune
homeostasis is the minimization of direct contact between intestinal bacteria and the
epithelial cell surface (stratification), an area of approximate 200 m? in humans.
Stratification of microbes by the host is achieved via a microbial and chemical barrier,
mainly composed of a ~150 um thick viscous mucus layer [55]. This bisected mucus
layer is assembled by intestinal goblets cells secreting mucin glycoproteins. The
inner mucus layer additionally contains secretory immunoglobulin A (sIgA) produced
by laminal propria plasma cells and antimicrobial peptides (AMPs) secreted by
Paneth cells preventing microbial translocation across the epithelial barrier [56, 57].
The second line of defense consists of a single cell layer (10 um) of intestinal

epithelia cells (IECs), including distinct subpopulations connected with tight junctions
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and associated with cytoplasmic actin and myosin network regulating intestinal
permeability, which form a continuous physical barrier [58]. The third line of defense
is composed of a multitude of different lamina propria immune cells forming a more
specialized immunological barrier directed against penetrant bacteria to confine their

exposure to the systemic immune system (compartmentalization) [59-62].

A crucial step for the interplay between microbes and the host immune system and
activation of the immunological barrier at intestinal epithelial interface is the adequate
recognition of microbes and microbial compounds by immune cells. Thereby, the
mucosal immune system can implement a preliminary discrimination between
commensal bacteria, which provide basal signals to maintain a tolerant immune
state, or pathogenic bacteria, which provoke maturation of the immune system and
activation of specialized immune responses [63-65]. Intestinal epithelial, innate and
adaptive immune cells are able to detect and recognize conserved bacterial
molecular structures named microbe-associated molecular patterns (MAMPS) via the
expression of pattern recognition receptors (PRRs) resulting in initiation of
downstream signaling pathways [66]. Known signaling receptor families are RIG-like
receptors (RLRs), C-type lectin receptors (CLRs), NOD-like receptors (NLRs) and
Toll-like receptors (TLRs). RLRs initiate antiviral responses after recognition of viral
RNAs [67]. CLRs are a large family of PRRs divided into 17 groups which bind
carbohydrate ligands to induce immunity to fungi, bacteria, viruses, helminths and
protozoa [68-70]. NLRs are cytoplasmic receptors whose activation caused by
intracellular pathogenic microbes elicit the expression of cytokines, chemokines and
defensins [71]. Nucleotide-binding oligomerization domain-containing protein 1
(NOD1) and NOD2 are specialized NLRs that participate in detecting invading
pathogenic microbes which multiply intracellularly [72]. The best-characterized PRRs
in the intestinal mucosa are the type | transmembrane proteins of the TLR family.
TLRs are composed of an extracellular domain made of Leucine-rich repeats (LRR)
that recognizes specific MAMPs, a single transmembrane domain (TMD) and an
intracellular Toll-interleukin 1 receptor (TIR) domain which is responsible for
downstream signal transduction [73]. Ten human and twelve murine TLRs have been
characterized, TLR1 to TLR10 in humans, and TLR1 to TLR9, TLR11, TLR12 and
TLR13 in mice [74]. Nearly all TLRs are present in the human colon and are

expressed on the cell surface or in internal cell compartments of IECs, macrophages,
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dendritic cells or B cells [24, 75-78]. The signal transduction after interaction of TLRs
with the respective MAMPs is mediated via interaction with one of the four identified
accessory molecules MyD88, MyD88-adaptor-like (Mal/TIRAP), TIR domain-
containing adaptor-inducing interferon- 75 ,)and TRIF-related adaptor molecule
(TRAM) and triggers the activation of transcription factors such as nuclear factor
'kappa-light-chain-enhancer' of activated B-cells (NF- % LOQWHUIHURQ UHJXODW
(IRF) and activator protein 1 (AP-1) [79-82]. The activation of the transcription factors
results in the synthesis of certain inflammatory cytokines and type | and type Il

interferons (INFs) dependent on the recognized antigen [83-87].

The most intensively researched MAMPs that trigger the intestinal immunity of the

host include lipoproteins/lipopeptides (Lpp), muramic acid which is part of the
peptidoglycan (PGN) layer of bacterial cell wall, flagellin, unmethylated bacterial DNA

CpG motifs and lipopolysaccharides (LPS) (Table 1, Figure 1). Extracellular binding

of Lpps or PGN components leads to a heterodimerization of TLR2 with TLR1 or

TLR6 respectively whereas the recognition of bacterial flagellin promotes the

formation of TLR5-homodimers on the cell surface [88, 89]. The presence of CpG

DNA in endosomes boost the activation of TLR9 [90]. The MAMP with a decisive

immune response stimulatory property for the host immune system (immunogenicity)

is LPS which is anchored in the bacterial outer membrane to protect the cell from

surrounding and potentially harmful environment influences [91, 92] (Figure 1). In

general, LPS consists of a lipid A part which is considered to mediate the
LPPXQRJHQLFLW\ RI /36 DQG D FRUH ROLJRVDBFXKWUAKGH 2
contains an additional O-antigen built from repeating units of usually not more than

ILYH GLITHUHQW VXJDU PRLHWLHY DGMDFHQWI[9%/ RAWKH FRL
The recognition of this general conserved structure by the MD-2/TLR4 receptor

complex with the help of LPS binding protein (LBP) and soluble or membrane bound

CD14 results in a conformational change of the MD-2/TLR4 heterodimer to initiate a
(MD-2/TLR4), heterotetramerization [76, 95-100].
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Table 1. Toll-like receptors with corresponding antigens

Toll-like Receptors (TLRS)

TLRs agonists/ligands source literature
TLR1/TLR2 Triacyl lipopeptides Bacteria [101, 102]
Lipoproteins multiple Pathogens [103]
Peptidoglycan (PGN) Bacteria [104]
Porins Bacteria [105]
TLR2 Zymosan Fungi [106]
N-Glycan Fungi [107]
GPI-mucin Protozoa [108]
Envelope glycoproteins Viruses [109]
Diacyl lipopeptides Bacteria [110]
TLR2/TLR6
| Lipoteichoic acid (LTA) Bacteria [111]
| Double-stranded RNA Viruses [112, 113]
TLR3 Poly (I:C) Synthetic analog of double- [114]
y stranded RNA
Lipopolysaccharide (LPS) Bacteria [91, 115]
Glycoinositol-phospholipids Protozoa [116]
TLR4
Envelope glycoproteins Viruses [117]
Host-derived HMGB1 and HSPs  Endogenous [118, 119]
TLR5 Flagellin Bacteria [29]
TLRY7 Single-stranded RNA Viruses [120-122]
TLR8 Single-stranded RNA Viruses [121, 123]
Bacteria
Unmethylated CpG DNA Protozoa [124]
TLR9
Viruses
Mitochondrial DNA Endogenous [125, 126]
TLR10 unknown unknown -
unknown uropathogenic Bacteria [127]
TLR11
Profilin Parasites [128]
TLR12 unknown unknown -
TLR13 unknown unknown -
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3.1 Outer membrane vesicles

For the inter-kingdom cross-talk between microbe and host and the interaction with
the immune system, involvement of a whole and viable bacteria cell is not
fundamental, since, as described previously, specific bacterial structures (PGN, LPS,
Flagellin, DNA, LPS) are sufficient to promote the activation of an immune response.
With the release and secretion of MAMPs which are small enough to transfer through
the mucus and IEC layer, bacteria are able to manipulate and modulate the immune
system of the host without a direct physical interaction with the target cells [129]
[130]. Moreover, microbes not only locally influence the immune status at the sites of
colonization, they can also affect peripheral immune cell populations and contribute
to disease pathology at distal sites [86, 131].

In this context, the biogenesis and release of outer membrane vesicles (OMVs) by
Gram-negative bacteria represent a secretion pathway combining the long-distance
traveling ability of small soluble bacterial products with mimicking the characteristics
of the whole bacterial cell [24, 132, 133]. Usually, these spherical structures, ~20-250
nm in diameter, are composed of the outer membrane (OM) of the bacterial cell
surrounding a periplasmic space. Consequently by the assembly, OMVs contain a
multitude of cellular structures and components which differ from vesicle to vesicle
depending on the parental cell. The protein profile of OMVs is comprised of OM
structure proteins, porins, ion channels, transporter molecules as well as periplasmic
and cytosolic enzymes and proteins [134, 135]. In particular incorporated enzymes
VXFK DV SURWHDVHYV SHSWL G Rddmhases XaRdatsD Yokins dadd) G
other virulence factors have a decisive influence on the interaction with the host. In
addition to proteins, OMVs deliver phospholipids as important agonist for PRRs of
host target cells [136, 137]. Interestingly, the phospholipid composition of the OM of a
viable bacterial cell differs in comparison to the composition of the OM of secreted
vesicles. In Pseudomonas aeruginosa, the OM consists predominantly of
phosphatidylethanolamine whereas P. aeruginosa OMVs include a phospholipid
bilayer with higher proportion of phosphatidylglycerol [135]. As important MAMP, LPS
are also present as component of OMVs [137]. Furthermore, RNA and DNA are
transported via OMVs in the form of circular plasmids, linearized plasmids and
chromosomal fragments after active transfer across the periplasm during the

biogenesis or after the uptake of extravesicular DNA fragments [138, 139].
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In the first step of the OMV biogenesis, the OM is detached from the peptidoglycan
due to faster growth of the OM membrane compared to the inner membrane (IM)
[140, 141]. Additionally, the accumulation of periplasmic materials such as misfolded
proteins and PGN fragments between the OM and the peptidoglycan leads to an
increased turgor resulting in the bulging of the OM [142]. Degradation of covalent and
non-covalent protein interaction of the OM and the PGN layer leads to an
enlargement of the vesicle volume and ultimately to the formation of bottleneck
shape constriction ending in the blebbing of the OMV in the extracellular milieu
(Figure 1).
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Figure 1. Biogenesis of bacterial outer membrane vesicles (OMVSs). Due to a faster growth of the
outer membrane (OM) in contrast to the peptidoglycan (PGN) layer and the inner membrane (IM) a
bulge is formed. Concurrently, an increased turgor develops cause of the accumulation of periplasmic
material such as misfolded proteins. The lateral transfer of proteins and the degradation of covalent
and non-covalent protein interaction of the OM and the PGN layer lead to an enlargement of the
vesicle volume and ultimately to the formation of bottleneck shape constriction ending in the blebbing
of the OMV in the extracellular milieu.
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The release of OMVs seems to be a strict regulated and conserved process and is
subject to targeted functions [143] (Figure 2). Under alternating physical and
chemical environmental conditions, the amount of produced and secreted OMVs by
the bacteria cell also changes. During nutrition shortage, on the one hand OMVs are
able to deliver in their lumen transported enzymes which degrade complex
biomolecules in the extracellular surrounding to make them accessible for the uptake
by viable bacteria and on the other hand, OMVs can collect and accumulate limited
metal ions for the association with parental cells [143]. As stress response
mechanisms during temperature or pH changes, the bacterial cell discharges
misfolded or overexpressing proteins via OMVs [144]. Furthermore, OMVs act as
decoys for antibacterial substances or bacteriophages and can consequently reduce
the concentration of these substances in the surrounding PLOLHX S3SDVVLYH LPPX
[145, 146]. Inactivation of antibiotics by OMV-localized proteases, peptidases and
other enzymes has also been demonstrated [147]. The far-reaching influences on
other organisms have OMVs as transport vehicles of different components. OMVs
carry quorum sensing molecules for the long distance inter- and intraspecies
communication. Containing small DNA fragments, OMVs are involved in the
horizontal gene transfer between species [148]. Microorganisms competing for the
same niche secret antimicrobial substances with bacteriolytic activities via OMVs to
target specific kiling of non-self-bacteria [149-151]. In addition to autolysins,
virulence factors, cytotoxins and endotoxins are transported by OMVs which results
in an immune-activating interaction with eukaryotic cells and thus leading to an
modulation of the host immune system [152]. OMV production may also contribute to
biofilm formation [144, 153-156].

The vesicle secretion is regarded as a separate secretion system with advantage for
the bacterial cell over other systems: (1) bacterial lipids, membrane proteins and
other hydrophobic molecules can be released from the parental cell; (2) via OMV
secreted material is protected from active enzymes and components of the
extracellular space; (3) OMVs enable the transport of luminal and membrane-
embedded accumulated material in high concentrations; (4) MAMPs in the vesicle
lumen and anchored in the OM of the vesicles are able to interact with the target cell

and are accessible for the host immune system.
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Therefore, the release of OMVs equipped with DNA fragments, autolysins,
cytotoxins, virulence factors and a variety of other biomolecules constitutes a critical

mechanism for intra- and inter-kingdom communication [24, 143, 157, 158].
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Figure 2. Potential functions of outer membrane vesicles (OMVSs). OMVs deriving from different
bacteria fulfill a cornucopia of specialised functions in inter- and intraspecies communication. The
cargo of OMVs includes quorum sensing proteins, toxins, enzymes for the digestions of nutrients,
misfolded proteins, DNA/RNA to initiate horizontal gene transfer and other immune-modulatory
structures such as microbe-associated molecular patterns (MAMPSs) which interacting with the host
immune system. In addition, secreted OMVs are involved in the formation of biofilms and serve as a
passive immune system for the bacteria by representing a decoy for antibacterial substances,
bacteriophages and antibiotics.

4. The mucosal immune system

The mucosal immune system is comprised of a highly specialized and complex

interplay between innate and adaptive immune mechanisms, which are activated and

modulated by the interaction of colonizing bacteria with the gut-associated lymphoid

tissues (GALT) consisting of the 3H\HUfV SDWFKHV 33 PHVHQWHULF
(mLN) isolated lymphoid follicles and cells residing in the lamina propria [159, 160].
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As soon as commensal microbes surmount the microbial and chemical barrier
(mucus layer, AMPs, slgA) and translocate through the physical barrier (epithelial cell
layer), they are either rapidly engulfed and neutralized by tissue-resident
macrophages or recognized and captured by PRRs on dendritic cells (DCs) [57, 59].
In the latter, these antigen-loaded DCs implement a maturation and licensing and
traffic from peripheral lymphatic tissue to the mLN to present processed commensal
antigens via a peptide:MHC complex to naive T cells and B cells which results in the
differentiation of commensal-specific T helper (Th) cells and IgA-producing B cells.
The strength of lymphocyte activation by DCs is dependent on the maturation state of
the antigen-presenting cell (APC) [28, 91, 161]. The maturation in turn depends on
the immunogenicity of the recognized microbial antigen and is characterized by a
high and long-lasting expression of MHC class | or Il and co-stimulatory proteins
such as clusters of differentiation (CD) 40, CD80 and CD86 on the cell surface [24,
162, 163].

The re-trafficking of activated commensal-specific lymphocytes to the lamina propria
and PPs and the prevailing microenvironmental cytokine milieu created by
intraepithelial lymphocytes (IEL), mast cells (MCs) and macrophages, determine the
outcome of the immune response. In this context, APC-activated CD4" T helper cells
direct the type of immune response against commensals and pathogens: Thl cells
(key cytok LQH ,)1 WUDQYV F U-be®)\&re BeQeldoped WIR td th& response to
intracellular viral and bacterial pathogens; Th2 cells (key cytokine: IL-4, transcription
factor: GATA-3) are required for the host defense against extracellular pathogens
and induction of humoral immunity; Th17 cells (key cytokine: IL-17, transcription
factor 525 W DUH LQYROYHG LQ PXFRVDO LPPXQLW\ DQG
regulatory T (Treg) cells (key cytokine: IL-10, transcription factor. FoxP3) are
responsible for the maintenance of immune homeostasis through suppression of

differentiation and activity of pro-inflammatory T helper cells [164, 165].

At steady state, evoked by constitutive sensing of commensal microbes, most IL-17
and IL-22-producing 7 K D QG -pydducing Thl cells are found in the GI tract
fulfilling important homeostatic roles by inter alia influencing epithelial cell function
[1]. IL-10-secreting Tregs can also accumulate in the intestine and complement
immune homeostasis by exhibiting immunosuppressive functions [166]. Especially

the differentiation of Tregs is initiated by certain commensal microbiota members and
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their structural cell components as it was demonstrated for the polysaccharide A
(PSA) of Bacteroides fragilis delivered by outer membrane vesicles [1, 86]. The
provocation of the mucosal immune system caused by increased numbers of
commensal and immunogenic bacteria translocating through a leaky epithelium
resulting in a disturbed Th1/Th2/Th17/Treg balance are believed to be associated
with pathogenesis of several local and systemic (autoimmune) diseases [164, 167-
169].

Such a constellation is prevalent in IBD patients, where the epithelial barrier is leaky
and innate immune responses are altered. In addition, the expressions of PRRs such
as TLR4 are strongly upregulated leading to a disturbed antigen recognition and thus
to the induction of Thl and Th17 cell-driven pro-inflammatory responses [170, 171].
Further, IECs, which normally participate in balancing T cell responses, activate
further effector T cells instead of inducing T cell anergy. The imbalance of activated
effector and regulatory T cells results in the production and release of inflammatory
cytokines such as IL-12, IL-18, TNF-OLNH $ D QG , )xbns&gddénByKstimulate
the secretion of IL- 71). D Q-6 frpm macrophages [171]. The changed cytokine
profile in the lamina propria leads to the inhibition of anti-inflammatory cytokine
secretion such as IL-10 by Tregs and to a mal-functioning counter-regulation of pro-

inflammatory immune processes [1].

As described above, the activation and regulation of the host immune system
requires the cooperative activities of various cell types that possess specialized
functions during the response against microbes to either initiate a proper clearance of
penetrating bacteria or to exhibit immune tolerance for the maintenance of immune
homeostasis. Especially APCs are an important cell type connecting the innate and
adaptive immune response by the recognition, transport and presentation of antigens

to other immune cells and secretion of a certain set of soluble proteins.

4.1 Tolerant dendritic cells ( DCs)

With the production of prominent TLRs, DCs are among the first PRR-expressing
cells encountering components of the intestinal microbiota [172]. Originated in the
bone marrow, DCs comprise a heterogeneous leukocyte population patrolling
lymphoid and non-lymphoid organs [161, 172]. Activated DCs orchestrate the
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induction of an adaptive immune response against pathogens while simultaneously
maintaining tolerance to self-antigens and the commensal microbiota [161, 173]. In
the process, the functionality of DCs is dependent on their maturation state. The
maturation program in DCs is initiated by antigen sampling such as the binding of
agonistic LPS to the MD-2/TLR4 complex and determines the efficiency of antigen
processing and the subsequent antigen presentation [24, 161]. The mature
phenotype in DCs is characterised by upregulated expression of MHC-Il and co-
stimulatory molecules CD40, CD80 and CD86 which are essential for a proper T cell
activation and accompanied by the secretion of pro-inflammatory cytokines such as
71). 5/ -6 and IL-12 [162, 163, 174-176]. Depending on the origin of the
recognized antigen, DCs can develop different maturation phenotypes which are
strongly distinct from a classical mature state. It has been demonstrated that semi-
mature or tolerant DCs play an crucial role for the prevention of intestinal
inflammatory processes by maintaining intestinal immune homeostasis [24, 27, 28,
91, 177, 178]. This phenotype is hyporesponsive towards subsequent stimuli and
possess tolerogenic properties by the mediation of unresponsiveness of T cells, the
induction of Tregs, inhibition of pro-inflammatory Thl and Th17 cell responses and

the promotion of T cell apoptosis or anergy [161, 179].

4.2 Regulatory B cells (Bregs)

Besides DCs, B cells are involved in the establishment of a proper immune response.
Thereby, B cells, as part of the humoral immune system, are commonly known as
producers of antibodies augmenting immune responses and hence also contribute to
the pathogenesis of autoimmune diseases [180]. In addition to the production of
antibodies, B cells express PRRs such as TLRs and consequently serve as
professional APCs after encountering MAMPs. They are capable of presenting
antigens 10°-fold to 10*-fold more efficiently than non-professional APCs because of
high expression levels of MHC-II and co-stimulatory proteins such as CD80 and
CD86, which can induce optimal T cell activation [181, 182]. Additionally, B cells
provide co-stimulatory signals and produce a multitude of cytokines to promote naive
CD4" T cell differentiation into Thl or Th2 subsets either by direct interaction (surface
molecules) or via soluble proteins (cytokine secretion) [183, 184]. A specific B cell

phenotype with crucial effects on the proliferation and polarization of T helper cells
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are regulatory B cells (Bregs) [185]. Certain Breg phenotypes are characterized and
described, but they differ in their expression of surface proteins. However, these
phenotypes possess similar functionalities including the potent suppression of Thl
cell differentiation, the inhibition of autoimmune pathogenesis and the maintenance
of immune homoeostasis [186-193]. A common and most important feature of Bregs
to perform these regulatory functions is the production and secretion of the anti-
inflammatory cytokine I1L-10. IL-10 fulfils regulatory functions by effectively
suppressing cell-mediated inflammatory responses, thus restoring Th1/Th2 balance
[194-197]. In addition to the production of IL-10, Bregs express and secrete
suppressive molecules such as CD73, programmed death ligand 1 (PD-L1), Fas
ligand (FasL), glucocorticoid-induced tumour necrosis factor receptor-related protein
ligand (GITRL) and Epstein-Barr virus induced gene 3 (EBI3) and thus possess
further mechanisms to regulate immune responses in an IL-10 independent manner
[198-210]. The combination of these molecules perfect regulatory B cells to a strong
immune-suppressive cell subset maintaining immune homeostasis and even

attenuating inflammatory processes in autoimmune disease.
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Aim of this work

In previous studies our group could demonstrate that the composition of the intestinal
microbiota has decisive influences on the induction or prevention of inflammatory
immune responses affecting the development and progression of colitis. In detail, we
uncovered the immune regulatory features of an intestinal commensal of the
Bacteroides genus. The symbiont Bacteroides vulgatus mpk is competent to alleviate
disease pathologies by inhibition of inflammatory immune processes and restoration
of immune homeostasis in different mouse models of experimental colitis [27, 176,
177]. The maintenance of immune tolerance by B. vulgatus is mediated via the
induction of a semi-mature phenotype in DCs [24, 28]. In contrast, pathobiotic E. coli
mpk causes pro-inflammatory host responses and exhibits strong colitogenic

potential in genetically predisposed host (deficient for Ragl or IL-2) [178].

Here, we were interested to further decipher the interaction mechanisms of B.
vulgatus and E. coli with the host and the resulting modulation of the immune system.
We want to show that the secretion of outer membrane vesicles is a potent inter-
kingdom communication mechanism to prime the host immune system by induction
of semi-mature DCs. Further, we want to clarify which PRRs are involved in the
recognition of B. vulgatus or E. coli-derived MAMPs and thus are crucial for the
differentiation of DCs. To verify these immune-modulatory properties, we investigate
the immunogenicity-dependent potential of symbiotic B. wvulgatus (weak
immunogenic) and pathobiotic E. coli (strong immunogenic) to regulate the immune
system of the host via B cells with the main focus on the immune counter-regulative

properties of regulatory B cells (Bregs).

Overall, we want show how different commensal members of the microbiota,
represented by B. wvulgatus and E. coli, immunogenicity-dependently activate,
modulate and regulate the host immune system to maintain immune tolerance and
even suppress intestinal inflammatory processes in vitro by interplay between DCs, B

cells and T cells and in vivo in immune predisposed and immune competent host.
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1. Outer membrane vesicle secretion contributes to B. vulgatus =
mediated immune response silencing

Bacteroides vulgatus belongs to one of the two predominant phyla of the intestinal
microbiota: the Bacteroidetes. Bacteroidetes are contribute to host nutrient
metabolism, maintenance of structural integrity of the gut mucosal barrier, protection
against pathogens and immunomodulation of the immune response to mediate a
healthy host-microorganism balance and prevent disease development [18, 211-
213].

The immunomodulatory properties of some Bacteroides species have already been
demonstrated [2, 27, 214]. Especially our group could show that B. vulgatus mpk
exhibit inflammation-silencing effects leading to the prevention of intestinal
inflammation in experimental mouse models for colitis [27, 176-178, 215, 216]. The
anti-inflammatory capabilities of symbiotic B. vulgatus are mediated by the interaction
with DCs and the resulting differentiation of a semi-mature phenotype maintaining
immune tolerance [28, 162, 177, 178]. However, direct physical interaction between
intestinal commensals and DCs in the colonic lamina propria (cLP) is limited due to
the presence of a thick and almost sterile mucus layer covering the intestinal
epithelium [24]. Therefore we were interested to identify and investigate the
responsible interaction mechanisms between B. vulgatus mpk and host immune cells
for the initiation of maturation programs in DCs [24]. In this context, the biogenesis
and release of bacterial outer membrane vesicles (OMVs) by Gram-negative bacteria
represent a possible communication mechanism with host target cells [24]. This
secretion pathway combines the long-distance traveling ability of small soluble
bacterial compounds which facilitated the transport of insoluble molecules by
mimicking the characteristics of the whole bacterial cell and translocation not only
through the mucus layer but also the intestinal epithelial cell barrier and entering the
systemic circulation and affecting the permeability of the blood-brain barrier [24, 132,
133, 157, 158, 217-220]. Derived from the bacterial outer membrane, OMVs
transport certain MAMPs which modulate the innate and adaptive immune responses
by either directly or indirectly interacting with PRRs of host target cells and
consequently regulate the course of inflammation in various disease models in mice
[10, 217, 221-223].
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These findings reveal B. vulgatus-derived OMVs as interesting immunomodulatory
bacterial components that can function as potential inducers of tolerant, semi-mature
DCs.

B. vulgatus produce OMVs which are internalized by CD11c" cells

Secretion of OMVs by B. vulgatus (OMVagy), the direct interaction with immature
BMDCs and the capability to induce semi-mature DCs have to be assessed. Bacteria
were incubated under different culture conditions and for different time periods to
demonstrate the ubiquitous bulging of the outer membrane and the release of OMVs,
which could be verified by transmission electron microscopy (TEM) (publication a,
figure 1A). In addition, an internalisation timeline assay using CD11c’ DCs in
combination with different concentrations of fluorescein isothiocyanate (FITC)-labeled
vesicles was established and performed (publication a, figure 1G). After an
incubation time of 30 min with 5 pg uL™* OMVs, the population of CD11c*OMVgy*
cells increased with reaching a maximum of 86.3% after 180 min. Our results are in
accordance with other studies demonstrating that OMVs derived from B. fragilis, B.
thetaiotaomicron or E. coli Nissle 1917 promote their immunomodulatory properties

via the uptake and entrance of epithelial cells and macrophages [217, 221, 224].

B. vulgatus OMVs induce tolerant CD11c" cells

To verify that the interaction of B. vulgatus-derived OMVs modulates the immune
response in vivo and in vitro in an inflammation-silencing manner, the activation and
maturation of CD11c’ dendritic cells after 24 h stimulation with different vesicle
concentrations compared to the challenge with viable, weak immunogenic B.
vulgatus and strong immunogenic E. coli was determined (publication a, figure 1B)
[24, 27, 225]. The stimulation of BMDCs with isolated OMVgy leads to the
comparable maturation state and semi-mature DCs phenotype like the stimulation
with viable B. vulgatus since the analysis of MHC-Il and T cell co-stimulatory proteins
CD40, CD80 and CD86 was represented by a similar intermediate surface
expression (publication a, figure 1D). These results are in line with the characteristics
of a semi-mature or tolerant phenotype of CD11c" cells: the inability to promote a
pro-inflammatory immune response by the induction and activation of Thl or Th17
cells [161]. In addition to the lower expression of MHC-Il, CD40, CD80 and CD86 in
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tolerant CD11c¢” BMDC in comparison to the fully maturated cell phenotype (e.g.
provoked by viable E. coli), the hyporesponsiveness towards subsequent maturation
stimuli is part of the definition of semi-mature DCs [28, 176, 226]. Therefore further
re-stimulation experiments were performed and could demonstrate that a first
immune priming of CD11c” DCs with OMVpy or the viable bacteria result in the
preservation of the maturation state despite of a second immune challenge with
strong immunogenic E. coli. Both MHC-II expression and secretion of the pro-
inflammatory cytokine by BMDCs is lower and unaltered compared to PBS-primed

and E. coli-challenged cells (publication a, figure 1F).

Thereby it was demonstrated that B. vulgatus secreted OMVs mimic the
characteristics of the whole bacterial cell and were sufficient to induce tolerance in
CD11c" cells by the prevention of further maturation processes and pro-inflammatory

responses.

OMV-mediated immunomodulatory properties signal via host TLR2 and TLR4

The interaction of B. vulgatus-derived OMVs with CD11c* DCs and the resulting
promotion of semi-mature DCs with tolerant immunomodulatory properties were
proven. However for further experiments and possible therapeutical application, the
exact mechanisms of bacteria-host recognition and the involved PPRs and MAMPs
for signal transduction have to be identified. TLR4- as well as TLR2-agonists are
prominent MAMPs exhibiting strong immunogenic properties and can be integrated
into OMVs [76, 93, 227-229]. The stimulation of human embryonic kidney (HEK) cells
overexpressing murine TLR2 and CD14/TLR4/MD-2 receptor complex with OMVgy
resulted in a concentration-dependent activation of the NF- %signaling pathway and
consequently to the secretion of IL-8. This confirmed the presence and transport of
both TLR2- and TLR4- antigens by B. vulgatus-derived OMVs (publication a, figure
2A). For validation, BMDCs isolated from TIr2”, TIr4™ and TIr2"xTIr4™ mice were
stimulated with OMVgy, viable B. vulgatus or E. coli (publication a, figure 2B). The
deficiency of both TLRs on the cell surface leads to a complete impairment of antigen
recognition independent of the used stimulus as implied by the low expression of
MHC-Il and CD40 and a marginal secretion of TNF . and IL-6 of TIr2"xTIr4” CD11c*
BMDCs (publication a, figure 2C) [24].
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The still increased expression of MHC-II and CD40 as well as the secretion of TNF .
and IL-6 in TIr2” BMDCs underline the importance of a TLR4 agonist for the
maturation of DCs since maturation signals are markedly diminished in TIr4” CD11c*
BMDCs. However, to confirm that TLR4 ligands obtained by OMVgy or viable B.
vulgatus are solely sufficient to induce hyporesponsiveness and tolerant DCs and to
investigate the involvement of TLR2 agonist, TIr2”” BMDCs were primed with OMVsay,
viable B. vulgatus or E. coli for 24 h and challenged for additional 16 h with E. coli
(publication a, figure 2D). The deficiency of TLR2 on BMDCs leads to susceptibility to
further stimuli characterized by a changed and increased expression of MHC-II and
enhanced production of the cytokines 71). DQG6 ji OMVgy and viable B.
vulgatus-primed and E. coli-challenged BMDCs compared to mock control
(publication a, figure 2E). Consequently, an additional TLR2-dependent signaling is
accessory required for adequate activation and differentiation of semi-mature BMDCs
and suggests that both TLR4 and TLR2 ligands are requisite for the induction of
tolerant BMDC to prevent pro-inflammatory responses.

These findings are in line with previously published results demonstrating the anti-
inflammatory activity of OMV-transported Polysaccharide A (PSA) sensed via host
TLR2 and TLR4 receptors [221, 230]. The binding of PSA to TLR2 leads to the
induction of FoxP3" regulatory T cells which regulates the activation of host immune
system and maintenance of immune homeostasis [22, 24, 231]. In addition, the
simultaneous interaction of different MAMPs with different host receptors might result
in complementary, synergistic or antagonistic effects that modulate innate and
adaptive immunity [24, 232-235].

In conclusion, OMVs derived from symbiotic intestinal commensal B. vulgatus exhibit
host immune system modulatory and regulatory properties by mimicking the parental
bacterial cell. Furthermore, with their combined qualities of crossing physical barriers
and the mediation of endotoxin tolerance and even cross-tolerance in DCs via the
delivery of different MAMPs to target immune cells, the production of OMV
represents an important key feature of this symbiotic strain to prevent from intestinal

inflammation in the host [24].
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B. vulgatus -mediated induction of tolerant DC phenotype and the resulting
restoration of intestinal immune homoeostasis is dependent on the weak agonist LPS

As demonstrated above, the involvement of host TLR4 is mainly responsible for the
activation and differentiation of host immune cells after antigen recognition.
Lipopolysaccharides (LPSs), generated by Gram-negative bacteria, are one of the
most abundant TLR4 agonists promoting potent immunomodulatory effects [91].
These effects ranging from strong immunogenic activation of the host immune
system (agonistic) to a complete block of immune responses (antagonists), are
dependent on the chemical structure and composition of lipid A which determine the
biological activity of LPS [91, 93, 228, 236]. To avoid overstimulation of intestinal
immune cells by the large load of strong agonistic LPS present in the Gl content
resulting in an overshoot of the immune response, the host developed and initiated
endotoxin tolerance mechanisms [91]. The induction of endotoxin tolerance has been
detected in vitro and in vivo both in animal models and humans but the underlying
molecular mechanisms still remain incompletely understood [91, 237]. One
mechanism is established by the semi-maturation of DCs characterized by
hyporesponsiveness toward a second LPS (endotoxin) encounter through receptor

desensitization as a result of a first LPS stimulus [24, 91, 161, 238].

As already demonstrated in previous experiments, OMVgy and viable B. vulgatus
induce tolerant CD11c® cells exhibiting immunomodulatory properties and
consequently contributing to the prevention of inflammation processes in several
mouse models for experimental colitis (publication a, figure 1F) [24, 27, 28, 216]. It is
conceivable that this effect is mainly mediated by the interaction of LPS derived from
OMVpgy and viable B. vulgatus (LPSgy) with the respective PRR. To verify the
hypothesis that LPSgy is crucial for the induction of hyporesponsive CD11c" cells,
LPS of B. vulgatus or E. coli (LPSgc) were isolated and purified by the removing cell,
growth medium and capsular contaminations and the enzymatic treatment to exclude
proteins and nucleic acids [91]. Stimulation of CD11c¢” BMDCs with LPSgy or LPSgc
resulted in the same BMDC phenotype as stimulation with the respective bacteria
from which the LPS was isolated (publication b, figure 3A) [91]. To confirm the
hyporesponsiveness of LPSgy-primed BMDCs towards a secondary stimulus, cells
were subsequently challenged with either E. coli or PBS as a negative control

(publication b, figure 3B). The results demonstrate that isolated LPS of B. vulgatus
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induces hyporesponsive semi-mature CD11c” cells (publication b, figure 3C). To
confirm that isolated LPSgy provides the same semi-maturation-inducing capacities
and mediates prevention of intestinal inflammation in mice with established colitis
comparable to viable B. vulgatus, T cell-transplanted Ragl™” mice were administered
with LPSgy (publication b, figure 4A) [24, 28, 91, 178]. The treatment after 4 weeks of
T cell transfer and colitis induction with LPSgy and B. vulgatus led to a significantly
lower intestinal inflammation compared to non-treated mice elucidated by H&E-
stained colonic sections and histological colitis score (publication b, figure 4B+C).
This result infers that administration of purified LPSgy reduces established intestinal
inflammation in a mouse model of experimental colitis [91].

Detailed studies on the breakdown of the exact structure of B. vulgatus-derived LPS
and the binding to host PRR are ongoing; however, it is suggested that the weak
agonistic activity of LPSgy for the interaction with the MD-2/TLR4 receptor complex
ameliorate inflammation processes through the induction of semi-mature CD11c”
cells and consequently through the mediation of endotoxin tolerance toward strong

immunogenic endotoxins [24, 91].
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2. Bacterial immunogenicity is critical for the induction of tolerant and
regulatory immune cell phenotypes resulting in the suppression of
inflammatory immune responses

In preceding experiments, the immune regulatory features of the intestinal
commensal Bacteroides vulgatus mpk were investigated. By the induction of a
tolerant semi-mature phenotype in dendritic cells, B. vulgatus is competent to inhibit
inflammation development and maintain immune homeostasis in immune
compromised host [24, 27, 28, 176, 177]. In contrast, the stimulation with pathobiotic
E. coli induces fully mature DCs characterized by a high expression of T cell
activation markers and strong production of pro-inflammatory proteins, concluding
that a potent TLR activation provided by strong immunogenic bacteria leads to
enhanced immune responses, aggravating the course of disease [24, 27, 28, 161,
176-178]. Thus, the different immunogenic properties of commensal bacteria affect
the differentiation and maturation of certain immune cells. The immunogenicity of
bacteria is pivotal for the strength of provoking an immune response. As
demonstrated in recently published studies, the immunogenicity is dependent on the
structure of different MAMPs (e.g. LPS) and consequently to the binding affinity to
PRRs (publication a, publication b) [24, 91].

To investigate the immunogenicity-dependent potential of weak immunogenic B.
vulgatus and strong immunogenic E. coli on the activation and differentiation of other
immune cells (in addition to DCs) and consequently the modulation and regulation of
host immune system, the direct interaction of bacteria with naive B cells was

analysed.

The fact that B cells play a critical role during the onset and course of inflammatory
processes is indisputable and has been demonstrated in many studies in both mouse
and humans e.g. multiple sclerosis (MS) [239-241]. However, B cells are not only the
producer of antibodies but also fulfill multifaceted functions within the immune
system. B cells are capable of efficiently present recognized antigens by the high
expression of MHC-II and, in combination with costimulatory proteins such as CD80
and CD86 and the secretion of soluble proteins, induce optimal T cell activation [242,
243].
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Therefore, it is important to discriminate between the versatile functions of B cells.
More and more studies have revealed that the depletion of B cells leads to an
aggravation of disease in many autoimmune disorders such as inflammatory bowel
disease (IBD) and rheumatoid arthritis (RA) [244]. B cells were shown to mediate an
anti-inflammatory effect in mice that spontaneously develop chronic colitis, exhibiting
more severe disease in the absence of B cells [245-249]. Even in experimental
autoimmune encephalomyelitis (EAE), an animal model for MS, CD20 antibody-
mediated B-cell depletion substantially exacerbated the disease when the treatment
was initiated before EAE induction [250-252]. This may link the activation of
functional B cells with a suppressive effect in inflammation by promoting immune
tolerance. The beneficial influence of B cells during inflammatory processes is
primarily attributable to a specific B cell population +regulatory B cells (Bregs) [185,
186]. The main features of Bregs include the potent suppression of Thl cell
differentiation, the inhibition of autoimmune pathogenesis and the maintenance of
immune homoeostasis [187]. Only few studies have been published that investigate
the direct interaction of B cells with viable bacteria in vitro and in vivo. It has thus far
been shown that several bacterial and viral pathogens, as well as parasites,
manipulate B cell function directly to modulate host immune responses as part of an
immune evasion strategy facilitating their survival and prolonging infection
(publication c) [210, 253-256].

Therefore, the focus is on the different activation and induction of Bregs by
commensal bacteria with low immunogenicity (B. vulgatus) and strong
immunogenicity (E. coli) in vitro, the cellular interplay between B cells, DCs and T
cells to mimic in vivo like condition and the emerging potential to maintain immune

tolerance and even suppress intestinal inflammation processes in vivo.

B cell activation and maturation via strong immunogenic E. coli are TLR-dependent

To show the direct interaction of B cells with B. vulgatus and E. coli and the
recognition of MAMPSs via B cell-expressed PRRs, viability and proliferation of wild
type (WT) and TIr2"xTIr4™ isolated naive B cells after stimulation for several time
periods were analyzed. The longevity and proliferation of naive B cells is strongly
dependent on a potent stimulus provided by strong immunogenic E. coli since

survival of B cells decreased significantly 24 h after stimulation with PBS (mock) or B.
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vulgatus (publication c, figure 1A+B). In addition, TLR2xTLR4-deficiency on naive B
cells caused a hyporesponsiveness of B cells toward E. coli and B. vulgatus resulting
in an increased mortality and lack of proliferation, indicating that the activation of
naive B cells depends on a robust bacterial interaction with TLR2 or TLR4 on the
surface of B cells. Interestingly, maturation and differentiation of naive WT B cells,
characterized by the increased production and expression of MHC-II, CD80, CD86
and IgM, were significantly upregulated in response to strong immunogenic E. coli
(publication c, figure 1C). In addition, the maturation of B cells was TLR2/4
dependent since TIr2”xTIr4” splenic B cells did not express high levels of activation

markers, regardless of the used bacterial stimulus.

Strong immunogenic E. coli induces differentiation of requlatory B cell phenotypes

Similar to the differentiation and maturation of CD11c" DCs, the strong immunogenic
properties of E. coli led to a profound proliferation, activation and maturation of naive
B cells whereas the stimulation with B. vulgatus resulted in semi-mature cell
phenotypes. However, no definitive tolerant phenotype exhibiting immune regulatory
capabilities has been identified and characterized for B cells. Though, by the
expression of suppressive molecules and the secretion of anti-inflammatory cytokine
(e.g. IL-10), a subset of activated B cells named regulatory B cells possess
regulatory properties to modulate immune responses. Therefore, the percentage of
the best characterized Breg subsets: B10 cells, T2-MZP cells and Tim-1* B cells, at
several time points after stimulation with strong immunogenic E. coli or low
immunogenic B. vulgatus in comparison to unstimulated B cells was determined
[257]. The induction of all three analyzed Breg phenotypes and the secretion of the
anti-inflammatory cytokine IL-10 were significantly enhanced after stimulation with E.
coli in comparison to B. vulgatus or PBS, whereas only low levels of pro-inflammatory
71). ZHUH G H WpdiHsatiorefigure 2B+C). Furthermore, Bregs mediate their
immune regulatory properties through the expression of membrane-bound and
secretion of soluble suppressive molecules CD73, PD-L1, FasL, GITRL and EBI3. E.
coli, but not B. vulgatus stimulation of naive splenic WT B cells resulted in a
significantly elevated productions of these immune suppressive proteins (publication

c, figure 2D).
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As interim conclusion, it has been demonstrated that, in contrast to the induction of
tolerant DCs, the activation and differentiation of immune regulatory B cells requires
a potent immunogenic stimulus provided by E. coli.

E. coli-stimulated B cells inhibit DC activation and maturation

To investigate the influences of immunomodulatory features exhibited by E.coli-
induced Bregs on other immune cells and the host immune system, the maturation of
immature CD11c® BMDCs in co-culture with isolated B cells in direct contact or
separated via Transwell membranes after stimulation with B. vulgatus or E. coli was
determined (publication c, figure 3A). The presence of naive B cells during the
stimulation of DCs with E. coli led to an inhibition of DC maturation indicated by a
significantly reduced expression of MHC-II, CD40, CD80 and CD86 and significantly
diminished secretion of pro-L Q10O D P P D W Elédmpar)son to the maturation level
of E. coli activated DCs in single cell culture (publication c, figure 3B+C). This effect
was observed in both direct and indirect DC-B cell co-cultures stimulated with E. coli.
However, the maturation of DCs was slightly more suppressed in direct interaction
with B cells stimulated with E. coli. Fittingly, the concentration of IL-10 in co-culture

supernatant was highest in E. coli-stimulated samples (publication c, figure 3C).

The interaction of DCs with E. coli-stimulated B cells significantly inhibited antigen-
presentation function and consequently T cell activation ability of CD11c* DCs,
marked by a reduced expression of DC activation and maturation markers and an
alleviated secretion of pro-inflammatory cytokines. This suppression of DC
maturation was mediated by distinct regulatory properties of E. coli-induced Bregs.
Furthermore, maturation of DCs was even more reduced in co-culture stimulation
where DCs and E. coli-stimulated B cells had direct cell-cell contact. This is in line
with previous findings that the stimulation of B cells with E. coli led to an increased
upregulation of suppressive molecules like PD-L1, FasL and GITRL on the B cell
surface and that these proteins, in combination with secreted cytokines, characterize

the strong anti-inflammatory feature of Bregs [206, 210, 258].

E. coli-primed B cells inhibit T cell activation and induce Treq differentiation

It has been demonstrated in previous experiments, that E. coli- induced Bregs have

crucial influences on the antigen-presentation activities of other APCs. For this

39



reason, it is important to elucidate the impact of B cell-driven regulatory mechanisms
on the subsequent processes of the adaptive immune response: the activation,
proliferation and polarization of T helper cells. Schmidt et al. revealed that Ag-pulsed
splenic B cells possess a stronger T cell stimulatory capacity than CD11c¢* DCs and
that activated CD4" T cells favor Th2 polarization in vitro [259]. Therefore, a
proliferation and polarization assay with PBS, B. vulgatus or E. coli -primed WT B
cells pulsed with Ova-peptide and subsequently co-cultured with naive CFSE-
labelled CD4"CD44 T cells isolated from OT-Il mice, which express an Ova peptide-
specific TCR were implemented (publication c, figure 4A). The proliferation of naive
CD4" T cells was significantly lower in co-cultures with E. coli-primed B cells
(publication c, figure 4B). The cultivation of T cells with naive unstimulated B cells led
to an intense T cell proliferation and a polarization towards Thl and TH17 cells. In
contrast, T cells incubated with E. coli-primed B cells favored a polarization shifted
towards Th2 cells and Tregs (publication c, figure 4B+C). B. vulgatus-primed B cells
also polarized T cells in a Th2 and Treg direction but simultaneously induced Thl
and Th17 cells leading to a more pro-inflammatory Th1/Th2/Th17/Treg balance [167-
169].

Strong immunogenic E. coli counter-requlates inflammation via activated B cells
during DSS-induced inflammation

In the in vitro experiments, B cells, especially regulatory B cells, play a crucial role
during the initiation of immune responses and that B cells can directly or indirectly
affect the function of other immune cells by their regulatory properties. This led to the
hypothesis that in a host having a functional B cell immunity, E. coli with its
immunogenic potential counter-regulates inflammatory processes via the strong
induction of regulatory cell populations and can consequently help to maintain

immune homeostasis.

To verify this hypothesis, germfree WT mice were colonized with B. vulgatus or E.
coli for 4 weeks via drinking water and administered 2% DSS for 7 days in order to
correlate the bacteria-dependent induction of regulatory B cells in spleen and
mesenteric lymph nodes (mLN) with the disease pathology (publication c, figure 5A).
Colonization of germfree mice with E. coli, but not with B. vulgatus, resulted in

significantly reduced weight loss and a lower disease activity index in comparison to
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germfree mice in response to DSS-administration (publication c, figure 5B+C).
Additionally, the histological score of tissue damage in the colon was significantly
attenuated in E. coli-colonized mice but not in B. vulgatus-associated mice as
compared to germfree animals (publication c, figure 5D). Further, the increased
absolute numbers of CD11b*Grl" neutrophils in the spleen and the infiltration of
these neutrophils in the colonic tissue implied a severe inflammatory state in
germfree mice after DSS treatment in comparison to E. coli-colonized mice.
Interestingly, the influx of neutrophils was also reduced in B. vulgatus-colonized mice
as compared to germfree mice (publication c, figure 5E). The percentage of CD4
CD19°IL10" regulatory B cells in the spleen and mLN was significantly increased in
E. coli-colonized mice in comparison to B. vulgatus-colonized and germfree animals
(publication c, figure 6A). This enhanced Breg induction correlated with a lower
histological score, whereas highly inflamed mice showed a minimal activation of
regulatory B cells in the spleen and mLN (publication c, figure 6B). In addition, we
analyzed the polarization of CD4" T cells in all three DSS-administered groups. No
significant differences were observed in the Th2 cell differentiation between the
groups. However, E. coli-colonized mice showed a significant increase of regulatory
T cells (CD19°'CD4"CD25"FoxP3") in the spleen and mLN, whereas the proportion of
Thl (CD19CD3'CD4",)1") and Thl7 (CD19CD3'CD4'IL-17") cells was
significantly reduced in the mLN in comparison to germfree or B. vulgatus-colonized

DSS-treated mice (publication c, figure 6C).

Here it was demonstrated: (I) B cells can be activated directly by commensal
members of the host microbiota and, depending on the immunogenic potential of the
encountered bacterial species, activated B cells can mint strong regulatory cell
phenotypes to promote immune tolerance; (ll) the intensified induction of Bregs by E.
coli can counter-regulate pro-inflammatory immune responses in a healthy host
inherently caused by the same bacteria; (lll) this regulation mechanism may serve as
a feedback loop to maintain immune homeostasis and even attenuate inflammatory

processes in autoimmune disease.
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CONCLUSION



In this work, two regulation-mechanisms of the host immune system to prevent
inflammatory responses and maintain immune homeostasis in healthy and immune
compromised host have been elucidated. The induction of these mechanisms is
dependent on the immunogenicity of commensal bacteria and the resulting strength
of cell activation after the interaction between MAMPs delivered via OMVs or viable
bacteria with TLRs of target immune cells.

On the one hand, weak immunogenic signal provided by B. vulgatus is beneficial in
genetically predisposed host (deficient for Ragl or IL-2) in the course of inflammation
whereas in these genetic backgrounds the administration of strong immunogenic E.
coli aggravates the disease progression due to the lack of a functional B cell
immunity which can restore immune tolerance in a healthy host by counter-regulating
the induced pro-inflammatory immune response [27, 91, 178]. These findings may be
attributed to the induction of tolerant DCs by weak immunogenic B. vulgatus
preventing pro-inflammatory immune responses by the mediation of endotoxin
tolerance and to the induction of fully maturated DCs by strong immunogenic E. coli
triggering an excessive immune response, aggravating the course of disease in
immune compromised host (Figure 3) (publication c).

Thus, B cell immunity is inoperative, either due to the lack of mature B cells (Ragl™),
the disturbed proliferation and induction of Bregs (IL-2"') or the dysfunction of Bregs
(IL-10™) in all three colitis mouse models. Hence in these colitis models, a potent
immune-stimulatory signal mediated by strong immunogenic E. coli exacerbated
inflammation, since important counter-regulation mechanisms (such as the induction
of Bregs) for the compensation of overshooting immune responses malfunctioning.
Similar observation could be made with the bacterium Helicobacter hepaticus. H.
hepaticus is a member of the mouse microbiota colonizing the lower intestine and
activating innate immunity via Toll-like receptors without inducing immune pathology
in a healthy host [260]. H. hepaticus thus induces an anti-inflammatory immune
response through the activation of regulatory macrophages to maintain immune
homeostasis [261]. However, in immune-deficient IL-10" or Rag2” mice, H.
hepaticus triggered exacerbated intestinal inflammation as a result of aberrant
regulatory T cell function [262-264]. In conclusion, strong immunogenic bacteria,
which are benignant commensals in a healthy host, provoke an uncontrolled
activation of the immune system in hosts with a dysfunctional immune response,

leading to inflammatory processes and the exacerbation of disease severity.
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On the other hand and in contrast, in this comparative study including B. vulgatus
(low immunogenic) and E. coli (strong immunogenic), it was demonstrated that the
potent stimulation of naive B cells with E. coli resulted in a strong activation and
differentiation of Breg phenotypes in vitro and in vivo leading to an anti-inflammatory
balance of Th1/Th2/Thl17/Treg cells, marked by a pronounced differentiation of
Tregs, which is important for the maintenance of immune homeostasis in a healthy
host and decisive for the prevention of inflammation development and consequently
the possible reason for the extenuated inflammation in E. coli-colonized and DSS
treated mice [167-169]. It has already been published in mouse models for T1D that
strong immunogenic bacteria have inflammation-suppressive properties and can
even prevent the onset of disease, on the condition that the host provides a

functional immune system [265].

In summary, the presented results directly link different characteristics of commensal
bacteria with the immune response of the host and thus provide new insights in the
inter-kingdom communication between commensals and their hosts. These findings
may contribute in developing therapeutical approaches for treating inflammatory
bowel disease and other microbiota-dependent autoimmune diseases.
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ABSTRACT ARTICLE HISTORY

The Gram negative intestinal symbiorBacteroides vulgatuspk is able to prevent from induction of ~ Received 21 April 2017

colonic in ammation in Ragl’' mice and promotes immune balance inll2 /i mice. These Revised 8 June 2017

in ammation-silencing effects are associated witB. vulgatusmpk-mediated induction of semi- ~ Accepted 15 June 2017

mature dendritic cells, especially in the colonic lamina propria (cLP). However the bemd  \cyvworDs

interaction of bacteria with host immune cells is limited due to the existence of a large mucus layer gacteroides vulgatus;

covering the intestinal epithelium. How can intestinal bacteria overcome this physical barrier and dendritic cells; immune

contact the host immune system? response; outer membrane
One mechanism is the production of outer membrane vesicles (OMVSs) via ubiquitous blebbing ofvesicles

the outer membrane. These proteoliposomes have the ability to traverse the mucus layer. Hence,

OMVs play an important role in immunomodulation and the maintenance of a balanced gut

microbiota. Here we demonstrate that the stimulation of bone marrow derived dendritic cells

(BMDCs) with isolated OMVs originated froB. vulgatusmpk leads to the induction of a tolerant

semi-mature phenotype. Thereby, microbe- associated molecular patterns (MAMPS) delivered by

OMVs are crucial for the interaction and the resulting maturation of immune cells. Additional to the

binding to host TLR4, a yet unknown ligand to TLR2 is indispensable for the conversion of immature

BMDCs into a semi-mature state. Thus, crossing the epithelial mucus layer and directly contact host

cells, OMV mediate cross-tolerance via the transport of various Toll-like receptor antigens. These

features make OMVs to a key attribute d&. vulgatusmpk for a vigorous acellular prevention and

treatment of systemic diseases.

Introduction . . . .
microbiota, can also iruence the disease onset and

The intestinal microbiota provides important featuresprogress in a variety of mouse models for autoimmune
which are considered to be bew@l for the host diseases (AID) such as rheumatoid arthritis (RA), type
organism, such as (1) the maintenance of the struct diabetes (T1D) and irmmmatory bowel disease
tural integrity of the intestinal mucosal barrier, (2) the (IBD).*® This highlights the importance of a deeper
development of epithelial cell function, (3) host nutri- knowledge of the interaction between the host
ent metabolism, (4) modulation of the immune systemimmune system and the intestinal microbes. Based on
and (5) prevention of bacterial overgrowthHereby, this cross talk, spea modulation of the intestinal

a certain microbial diversity is considered to bemicrobiota composition is considered to be used as
required for the maintenance of the immune homeo-therapy for the treatment of microbiota-associated
stasis and crucial for the optimal functionality andAID.”®Hereby, intestinal commensals are decisive for
interaction with the host. Concerning the interplay the induction (pathobionts) or prevention (symbionts)
between microbiota and the host immune system, af a pathological immune response in a certain pre-
disturbed or altered composition of the gut micro- disposed hostlIn this context, members of the genus
biota, called'dysbiosis, is associated with the patho- Bacteroidewere already demonstrated to exhibit sym-
genesis of both intestinal and systemic immunologicadbiotic properties concerning the modulation of the
disorders Such a dysbiosis of the intestinal intestinal immune systen?.

CONTACT Prof. Dr. Julia-Stefanie F@(juIia—stefanie.frick@med.uni—tuebinge@ih]stitute of Medical Microbiology and Hygiene, University of
T8bingen, Elfriede-Aulhorn-Str.6, D-725i6Jen, Germany.
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Accordingly,Bacteroides vulgataspk was already This generation of OMVs contribute to the mediation
depicted to mediate irammation-silencing effects of the immune-system silencing properties provoked
nally preventing from colitis induction in various by this strain via the induction of DC semi-matura-
moue models for IBD*® These immune regulatory tion. Thereby, both TLR2- and MD-2/TLR4-mediated
properties ofB. vulgatusnpk are traced back to the signaling is crucial for this OMV-induced generation
induction of a tolerant dendritic cell (DC) phenotype of semi-mature DCs, indicating that TLR2 and TLR4
in the colonic lamina propria (cLP) termed semi- ligands carried by OMVs are indispensable for the
mature!*?* However, direct physical interaction manifestation of this tolerant DC phenotype. There-
between intestinal commensals and cLP DCs is limitefibre, B. vulgatus mpk-caused OMV blebbing seems to
due to the presence of a thick and almost sterile mucusontribute to host-microbe communication at intesti-
layer covering the intestinal epithelium. Therefore, waal sites which are hardly accessible for the living
were interested in how this symbiotic commensabacterium.
manages to enhance the communication with host
cells to modulate the immune system. Results
Instead of direct physically interacting with tar- . .
. . . ._Bacteroides vulgatus mpk outer membrane vesicles
get cells, bacteria can communicate with more dis- .
. . . . ___induce tolerance in CD11€ cells
tant host environments via secretion of signaling
molecules, such as toxins, quorum sensing moldt is well known that components of the intestinal
cules and DNAY® These mechanisms involving microbiota have widespread effects on the mucosal
non-viable bacteria provide distinct advantages formmune system in the intestiré:**Hereby, commen-
bacteria, since secreted soluble material is smallsal bacteria exhibit important functions for the prim-
and non-viablé®?!’ Therefore, this material can ing of immune cells underlying the mucosal epithelial
gain access to environments usually being inaccebarrier. However, physical contact between bacteria
sible for living bacteria. In this context, the biogen-and such immune cells is restricted due to the pres-
esis and release of bacterial outer membranence of a large mucus layer covering the intestinal epi-
vesicles (OMVs) by Gram-negative bacteria reprethelium. Almost all bacteria produce outer membrane
sent a secretion pathway combining the long-disvesicles (OMVs) through bulging of the outer bacterial
tance traveling ability of small soluble bacteriaimembran€’ These vesicles are able to cross the
products with mimicking the characteristics of themucin layer, nally increasing the probability of inter-
whole bacterial cell by facilitating the transport ofaction of mucosal immune cells with bacterial surface
insoluble molecule¥*®* OMV release therefore structures such as MAMPE. The mechanism of
constitutes a critical mechanism for intra- and OMV production is a key characteristic of Gram nega-
inter-kingdom communicatiod®?* Derived from tive bacteria and commensal-derived OMVs seem to
the outer membrane of bacteria, OMVs harbour abe important for the modulation of the host immune
broad variety of microbe-associated molecular patsystent?®
terns (MAMPSs) which interact with pattern recog- In previous work, we could demonstrate tBatvul-
nition receptors (PRRs) of host target cells, leadingatusmpk modulate the immune responsgevivoand
to innate and adaptive immune respon$e$’ It  in vitro in an in ammation-silencing manner. This is
was shown that the application of OMVs critically mainly mediated by the induction of tolerant CD¥1c
modulates the course of disease in animal modelslls in the colonic lamina propria, which seem to be
of intestinal in ammation by either a direct or an responsible for the maintenance of homeostatic condi-
indirect interaction with the intestinal immune sys- tions in the intestiné®'® Several molecular mecha-
tem?*2°> Hickey et al. even showed that OMVs ofnisms for tolerance induction have already been
B. thetaiotaomicrorcan be found in macrophages identi ed in CD11& bone marrow derived dendritic
of the intestinal mucosa. This implicates a passagsells (BMDCs§° Until now, not all immune system-
ing through not only the mucus layer but also modulating surface structuresBf vulgatusnpk were
through the intestinal epithelial cell layer. already identied. Therefore, we were interested if this
In this study, we provide evidence that the symbi-symbiotic commensal produces OMVs and if this ves-
otic commensaB. vulgatusmpk produces OMVs. icle production contributes to the observed immuno-
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modulatory properties of this commensal strain. Thefor 24 h, changed cell culture medium and challenged
secretion of OMVs can be a response due to envirorthem with either PBS dt. colimpk (Fig. 1¢. We ana-
mental stress of the prokaryotic c&'Therefore, we lyzed the surface expression of MHC-II and the secre-
incubated the bacteria under different culture condition of the pro-in ammatory cytokines TNF and IL-6.
tions and for different periods of time, to elucidate, iflmmature PBS-stimulated CD14 cells showed a sig-
this strain produces OMVs and if this is dependent omi cantly increased surface expression of MHC-II as
the culturing conditions. We could demonstrate thatwell as secretion of TNF and IL-6 after challenge with
B. vulgatugproduces vesicles ubiquitarily under non-E. coli mpk. Already matureE. coli mpk primed
detrimental conditions through bulging of the outer CD11¢ cells maintained their high expression level
membrane as demonstrated in TEM picturegg(1d.  of MHC-II and IL-6 after challenge witk. colimpk.
To gain information on the immune system modulat- Due to the high secretion of TNF during thest 24 h,
ing features of OMVs, CD1¥cBMDCs were gener- indicating a maturation of the BMDCs, secreted TNF
ated as described and stimulated wBh vulgatus was not detectable in the supernatant of mature
mpk-derived OMVs (OMVy) for 24 h Fig. 1b. After CD11& cells upon a second challenge wihcoli
end of incubation time, BMDCs were checked for surmpk after exchange of medt&®*This is in line with
face expression of MHC-Il, CD40, CD80 and CD8&he literature reporting on a non-responsiveness of
by ow cytometry Fig. 1¢ gating strategy) since thesemature BMDCs to additional stimuti:32® Semi-
surface markers indicate the maturation status ofmature CD11€ cells stimulated with either livé. vul-
CD11¢ BMDCs! 121432 pBs.stimulated BMDCs gatusmpk or OMVgy were non-responsive toward
were used as a negative control (mock), representirmubsequent challenge with colimpk concerning the
completely immature CD1fccells. BMDCs stimu- surface expression of MHC-II and the secretion of
lated with pathobiotidE. colimpk were used as posi- TNF in the supernatant<ig. 1j. Furthermore, to pro-
tive controls, representing mature CD%Xaells, since vide evidence for a direct interaction Bf vulgatus
CD11¢& BMDC stimulation with this strain was dem- derived OMVs with antigen-presenting cells, we per-
onstrated to induce complete maturatibnB. vulga- formed an internalisation timeline assay using
tusmpk was already demonstrated to induce C[¥11c CD11& BMDCs in combination with different con-
cell semi-maturation as indicated by intermediatecentration of FITC-labeled vesicles. OMVwere
expression of MHC-Il, CD40, CD80 and CD86 whichtaken up by cultured BMDCs, leading to an extensive
was signicantly lower compared with the expressionincrease of CD1£©MVg,° cell population after 30
of these respective surface proteins of mature CB11aninutes as shown irfFigure 1g As shown by Shen
BMDCs! We could demonstrate that OM\, pro- et al., the rapid internalization of vesicles can be
vide the same properties like li\& vulgatusmpk achieved in an actin-dependent manner directing the
when used at a concentration of 50 ng'mLsince we expression of surface markers anddmmatory cyto-
could not detect any difference in the expression okine secretion in BMDC¥'
MHC-Il, CD40, CD80 and CD86 between CD%1c
cells stimulated with either OMYY, or live B. vulgatus
mpk, respectivelyHig. 1d. Additionally and as con-
rmed for liveB. vulgatusnpk, CD11€ cells stimu-
lated with OM\gy, provided signicantly lower We demonstrated thaB. vulgatusnpk and its outer
surface expression of these proteins comparedBvith membrane vesicles interact with innate immune cells
coli mpk stimulated CD11c BMDCs. However, the and modulate the host immune system in an anti-
surface expression of MHC-Il and T cell co-stimula-in ammatory sense. Though, the exact mechanisms
tory surface proteins of CD19dBMDCs represents and involved pattern recognition receptors for signal
only a rst hint on the maturation of these cells. A keytransduction were not yet accurately ideeti. There-
feature of semi-mature CD19ccells is tolerance fore, we wanted to describe the responsible receptor
toward a secondary bacterial stimulus after primingon host target cells for the interaction with microbial
with B. vulgatus mpk!* Therefore, we primed ligands on bacterial cell surface and outer membrane
CD11¢& BMDCs with either OMV,y, live B. vulgatus  vesicles, respectively. In this context, Toll-like recep-
mpk, E. colimpk or PBS (mock), incubated these cellgors (TLRs) are the most pivotal pattern-recognition

OM\Vgy-mediated immunomodulatory properties are
sensed via host TLR2 and TLR4 receptor complexes
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Figure 1Induction of dendritic cell semi-maturatioBviaulgatu®MVs (OM)j. (a) Evidence for vesicle production derived from the

outer membrane of cultivat&acteroides vulgatiedl. Black arrows indicate single secreted vesickesl dfacterial cells after tolui-

dine blue staining captured with Transmission Electron Microscope (upper picture). Ngiter @elstion and pugdation stained

negative with uranyl acetate (lower picture). (b) Experimental setting for the analysis of surface maturation marker expression on del
dritic cells after stimulation with OMVs. BMDCs are primed for 24 h with either PBS\otgatsr E. colas control and addition-

ally with 50 ng mL* OMVy (c) Gating strategy for the determination of MHC class Il high positivé'@y)l D40, CD80 or CD86

BMDCs. CD11c-negative cells were excluded and the proportion 8FNgHEplot), CD40, CD8O or CD86 (histogram) DCs within

the population of CD14cells was determined as shown. Dashed line shows negative control. (d) MIC@@246,1CD80 or CD86
population CD1$BMDCs that were primed with PBS (mBclkyilgatumpk, 50 ng mil* OMV,yor E. colinpk for 24 h (iID 4). (e)
Experimental setting for investigation of dendritic cell tolerance after induction of semi-maturation. BMDCs are primed for 24 h with
either PBS (mock) to preserve an immature phenBtypdgatusipk or 50 ng mil* OM\yto induce semi-maturation Br colto

induce BMDC maturation. After medium change, these cells were secondarily challenged for 16 h with either PBS (mock) as controls
E. colio proof non-responsiveness of tolerant cells. (f) Expression of analyzed maturation markers MHC class Il, TNF @nd IL-6 of CD!
BMDCs after priming with PBS (m@&kjulgatuspk, 50 ng mil* OMV or E. colimpk for 16 h and subsequently challenge with

either PBS (mock) Br colmpk for 16 h (D 4). (g) Flow cytometry analysis of @fiternalization by BMDCs. Different concentra-

tions of vesicles were labeled wittorescein isothiocyanate (FITC) and incubated with cultured DCs for various times. Percentages
show CD1fOMV,f cell populations. Unlabeled OMVs served as negative control (black population in dot plot graph). All statistical
analyses were performed using stuslétest. Error bars represent SD.
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receptors (PRRs) for the detection of MAMPS?  OMVg,. Furthermore, TLR2-dependent signaling is
The most abundant MAMPs exhibiting strong immu- also involved in vesicle- induced BMDC activation
nogenic properties are lipopolysaccharides (LPSand maturation Fig. 2¢. This observation prompted
which are recognized by CD14 and the TLR4/MD-2us to elucidate whether the contact of host immune
receptor compleX*“°*’Besides TLR4 agonists, TLR2cells with a bacterial TLR4 agonist such as LPS alone
ligands like bacterial lipopeptides, play a prominenis suf cient for the activation and differentiation of
role regarding target activation of antigen presentingolerant BMDCs or whether an additional TLR2 acti-
cells*“%In general, TLR4- as well as TLR2- agonistyation is accessory required for adequate induction of
can be integrated into OMVs and therefore be transBMDC semi-maturation. Therefore, BMDCs were
ported by these vesicl®sTo characterize thB. vul-  generated fronilIr2' /i mice, primed with OM\
gatusmpk- and OM\Vgy- associated ligands which for 24 h and challenged with. colimpk for additional
might be relevant for the induction of semi-mature 16 h (Fig. 2d. As mentioned before, this experimental
BMDCs, we used Human Embryonic Kidney cellssetting is required to check for tolerance in semi-
(HEK) overexpressing mouse TLR2 or the mousenature BMDCs. We could verify that a TLR2-depen-
CD14/TLR4/MD-2 receptor complex. The resultingdent signaling is necessary for tolerance induction in
IL-8 secretion into cell supernatant was detected tBMDCs, sincdlr2i /i failed to become tolerant upon
determine receptor activation. PBS treated cells servpdming with B. vulgatusnpk or OMVgy as demon-

as negative control, whereas R@8K, was used as strated by the high expression of MHC class Il and the
TLR2 ligand. As demonstrated iRig. 2a OMVg,  enhanced secretion of TldFupon E. colimpk chal-
induced both activation of the TLR2 receptor as wellenge Fig. 2¢.

as CD14/TLR4/MD-2 receptor complex. To validate

these results, we used CDYIRMDCs derived from
mice de cient for Toll-like receptor 2Tr2' /1 ), TLR4
(TIr4' ') and for both receptorsT(r2' /i xTIr4' /). In this study, we demonstrated that the Gram negative
CD11& BMDCs of wt and TIr2' /i | TIr4 /i and  symbiotic commensa. vulgatusnpk produces outer
TIr2 /i xTIrd /i mice were generated as describednembrane vesicles (OMV). This OMV blebbing
and primed with OM\4y for 24 h Fig. 2. CD11€  mechanism seems to contribute to the immune
cells were harvested and analyzed for surface expressponse modulating properties of this strain which
sion of MHC-II and CD40 Fig. 1¢ gating strategy). was demonstrated in several previous studies.
Additionally, the amount of secreted pro-timma- B. vulgatusmpk-derived OMVs (OM\4,) induced

tory TNF and IL-6 was detected. The de&ncy of tolerance in CD11¢c BMDCs in a TLR4 and TLR2
both TLRs on the cell surface leads to a complete logependent manner. However, the ded vesicle-asso-

of antigen recognition independent of the used stimu<iated receptor ligands were not ideswtl. Neverthe-

lus as indicated by the low expression of MHC-II andless, simultaneous activation of both receptors was
an abolished secretion of TNF @fr2i /i xTLR4 /i required to induce effective DC tolerance. In line with
CD11&¢ BMDCs. In accordance with thendings Shen et al. and Hickey et #1?>?’this feature indi-
generated with HEK cells-{g. 23, the activation of cates an additional mechanism h@&w vulgatusnpk

the TLR4/MD-2 receptor complex viB. vulgatus as a symbiotic commensal, modulates the immune
mpk- secreted OMVs is decisive for the main outcom-system at mucosal interfaces. As Bacteria are separated
ing signal. In addition, the expression of MHC-II, the from the host intestinal mucosa by a thick mucus layer
costimulatory proteins and the secretion of thedm-  that is thought to impede a direct contact between
matory cytokines inTlIr2j /j stimulated BMDCs is luminal bacteria and the intestinal mucd#he shed-
nearly as strong as in thet cells after challenging ding of OMVs byB. vulgatuss of special importance
with E.colimpk, B. vulgatusnpk or high concentra- since OMVs can diffuse through the mucin lagef®

tion of OMVgy. Nevertheless, we also observed &his underlines the role of OMVs for the modulation
dose-dependent increase of all analyzed proteins upaf intestinal immune cells. These characteristics make
stimulation of TIr4' /i CD11& BMDCs with puried  OMVg, to an important attribute oB. vulgatusnpk
OMVy,y, pointing out that the TLR2 receptor is com- for an effective passive protection and treatment of
petent to recognize agonistic structures present igystemic diseases.

Discussion
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Figure 2.Induction of dendritic cell tolerance via @MVILR2 and TLR4 dependent. (a) Stimulation of Human embryonic kidney (HEK)
cells overexpressing murine TLR 2 or 4. HEK cells are primed with PBSv{rtgatkimnpk, various concentrations of @MYE. coli

mpk for 24 h. Pam3CSK4 served as TLRZ2 spetiol. (b) Experimental setting for the analysis of surface maturation marker expres-
sion on dendritic cells after stimulation with OMy31r2/i | TIrd’i andTIr2 /i xTIr4/i BMDCs are primed for 24 h with either PBS
(mock)B. vulgatusr E. colas control and additionally with increasing concentrations gf @YIMHC clas&ilor CD40 population
(CD11%) (normalized to mock) and secreted concentration of TNF omiLaBidTLR-deient BMDCs that were primed with PBS
(mock)B. vulgatusipk, different concentrations of @YY E. colmpk for 24 h (D 4). (d) Experimental setting for investigation of
dendritic cell tolerance after induction of semi-maturation’ii Tf2s.BMDCs are primed for 24 h with either PBS (mock) to preserve
an immature phenotypB, vulgatusr OMY¥,to induce semi-maturation®r colio induce BMDC maturation. After medium change,
these cells were secondarily challenged for 16 h with either PBS (mock) as &éntoile proof non-responsiveness of tolerant

cells. (e) Expression of analyzed maturation markers MHC class I, TNF and fLBMDCOdLTLR2 mice after priming with

PBS (mock}, vulgatusipk, OMM,or E. colimpk for 16 h and subsequently challenge with either PBS (ntaatlimpk for 16 h (n

D 4). All statistical analyses were performed using studeat. Error bars represent SD.
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Gram negative bacteria are able to deliver a chemgells which affect both the development and homeo-
cally diverse spectrum of cargo protected from thestasis of the host immune systér®Our study now
external environment over long distances by the helpeveals that OM¥,, also contain TLR2 activating
of outer membrane vesicl& Though, OMVs can ligands which are, in consequence, necessary for the
cross physical barriers which are impermeable for thanduction of tolerant BMDCs. Since these tolerance-
whole bacterium such as the intestinal mucus layeinducing effects are abolished in TLR2- dent
gain access to the intestinal epithelium and thereforBMDCs, a TLR2-dependent intracellular signaling is
to the underlying immune cells present in the intesti-indispensable for OM¥,-mediated induction of tol-
nal lamina proprig*?>?4This makes OMV bleb- erance in BMDCs. These observations indicate that
bing to an important immune modulating both receptors, MD-2/TLR4 and TLR2, are required
mechanism. Considering pathogens, vesicl8sloho- for the induction of DC tolerance. In addition to the
nella entericar Helicobacter pylotiarbour virulence LPS in the outer membrane, OMVs 8f vulgatus
factors to enhance bacterial survival and the ability tanpk contain and a yet unidented TLR2 agonist, as it
colonize host mucosal tissu€s This leads to a strin- is e.g. the case for PSA in vesicles secret&d toggi-
gent immune reaction and local iammation®® lis. Interestingly, the genome Bf vulgatusnpk con-
However, OMVs derived from commensal symbiotictains 9 different loci coding for capsular
bacteria were demonstrated to be involved in mainpolysaccharides (e.g., glycosyltransferases and polysac-
taining or restoring immune homeostasis in thecharide export outer membrane proteins), indicating
intestine>°>*For exampleBacteroides fragilisepre- the presence of a TLR2-interacting polysaccharide on
senting an intestinal commensal, produces OMVs anthe outer membrane of the bacterium cell and on
interacts with the host immune system by delivering avesicles derived frof. vulgatusnpk ¢ But the com-
capsular polysaccharide (PSA) to dendritic ¢&ffS. parison of the various loci iB. fragilisandB. vulgatus
The release of PSA in OMVs induces immune-modurevealed different arrangements of the genes necessary
latory effects, activates regulatory T cells and preventsr the biosynthesis of capsular polysaccharides (data
from experimental colitié’ However, a general role not shown). This implicates, that polysaccharides
for OMVs in mediating immune responses, accountpresent inB. vulgatusnpk has a different structure as
ing for all OMV-producing commensal, was not yetcompared with the capsular polysaccharide produce
demonstrated*>° by B. fragilis

Findings using liveB. vulgatusmpk cells indicate The presence of a TLR4- and TLR2- ligand on the
that this symbiotic bacterium prevents from diseas®uter membrane indicates that the mechanism by
induction in different mouse models for experimentalwhich OMVgy induce tolerance in DCs is not origi-
colitis}>*3In this context,B. vulgatusnpk promotes nated in classical endotoxin tolerance. Usually, low
the maintenance of the immune equilibrium via doses of one TLR agonist desensitize the host to subse-
induction of tolerant semi-mature dendritic cells in quent stimulation with a related agonist or endo-
the intestine and the resulting regulation of hosttoxin>°®! However, the addition of a Toll-like
Cathepsin S activity and secretion in these antigereceptor (TLR) ligand can also induces tolerance to
presenting cell¥’ In this study, we demonstrated that subsequent challenges with other stimuli that signal
OMVs derived fromB. vulgatusmpk contribute to through one or more different TLRs (cross-tolerance).
these observed effects since they interact with bor&ince outer membrane vesicles harbor various differ-
marrow derived dendritic cells, leading to a semient TLR ligands, OM}, might even mediate TLR-
mature phenotype characterized by a low expressiotross-tolerance. The simultaneous interaction of dif-
of T cell activation and maturation markers as well agerent MAMPs with different receptors might there-
pro-in ammatory cytokines. fore result in complementary, synergistic or

Innate immune cells recognize conserved microbiantagonistic effects that modulate innate and adaptive
ligands through pattern recognition receptors (PRRsimmunity.®2%4
leading to immunologic responses. For example, Poly- In summary, outer membrane vesicles derived from
saccharide A (PSA) froBacteroides fragilis recog- the symbiotic intestinal commensal®fvulgatusnpk
nized by TLR2. In consequence, the binding of PSA tplay a pivotal role in modulating and regulating
TLR2 leads to the induction of FoxXP3egulatory T immune responses of the host. With their combined
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qualities of crossing physically barriers and the mediamaximum of 24 hours. FSL-1 (10, 100 ngimjLand

tion of endotoxin tolerance and even cross-toleranc®am3CSK4 (30, 300 ng ity (both InvivoGen) were

in dendritic cells via the delivery of different microbial used as positive and TLR2-spe&cagonist.

ligands to immune cells, the production of OMV rep-

resents an important key feature of this symbiotic . .
. . S o Flow cytometrical analysis

strain, to prevent from intestinal immmation in the

host. Due to these properties, OMY}might even rep-  Multi-color FCM analyses were performed on a FACS

resent a potential therapeutical tool to hamper orL,SRIl (BD Biosciences). Alluorochrome-coupled

recover from inammatory bowel diseases (IBD) andantibodies were purchased from BD Biosciences. Data

other systemic inammatory disorders. were analyzed using the FlowJo software (Tree Star

Inc., USA).

Materials and methods

Cultivation of bone marrow derived dendritic Cytokine analysis by ELISA

cells (BMDCs) For analysis of IL6, TNF and IL13 concentrations in

Bone marrow cells were isolated and cultivated fogell culture supernatants, ELISA Kits purchased from
differentiation as described previou$hAt day 7 after BD Bioscience were used according to the manufac-
isolation, resulting CD11c positive, bone marrowturers instructions.

derived dendritic cells (BMDCs) were harvested and

used for stimulation. Bacteria cultivation

Cultivation of human embryonic kidney The bacteria used for stimulation of the murine den-
cells (HEK cells) dritic cells wereEscherichia coinpk andBacteroides

vulgatusmpk. TheE. colimpk strain was grown in

Before stimulation, cryoconserved cell stocks wergria-Bertani (LB) medium under aerobic conditions
thawed and cultured in DMEM media supplementeda; 37 C. Bacteroides vulgatusas grown in Brain-

with 10% FCS, 1% Penicillin/Streptomycin up {OHeart-Infusion (BHI) medium and anaerobic condi-
passage 7. tions at 37C.

Stimulation of bone marrow derived dendritic cells )
Detection of secreted OMVs

Two £ 10° BMDCs were stimulated with either _ , _
PBS orB. vulgatusnpk or E. colimpk at a MOI of Part of the cultured bacteria suspension was sedi-

1 or various concentrations d. vulgatusierived Mented for 2 h and xed with Paraformaldehyde-

OMVs (5, 50, 500, 5000 ng rt). Cells were stim- Glutaraldehyde Solution (KarnovskyFixative) in a
e , ' grate of 7:2 (A:B) for 1 h at room temperature after

dfjnoval of excessuids. Following, for the stabili-

ulated for a maximum of 24 hours. If a secon
challenge was used, media were changed and c } - ey
were restimulated with either PBS & coli mpk zatlon.of prot[elns and _I'p'ds .samples were post-
MOI 1 for a maximum of 16 hours. Additionally, xed in os_mlum tetroxide. F'X?d cells are then
exogenous TGF (Sigma-Aldrich) 20 ng mLand embedded in agar and washed in 0.1 M cacodylate

prostaglandin E (Sigma-Aldrich) iVl were used buffer. Addition .o.f ur_anyl ace.tate for 1 h enhanced
as positive and Toll-like receptor- incleloenclentmembrane stabilization and improved overall con-

control. trast. Dehydration was performed with an ETOH
dilution row, followed by transfer in epoxide solu-
tion. The polymerization of the agarose pad was
achieved via incubation for 20 h at 45and plus
Two £ 10° HEK cells were stimulated with either PBS48 h at 60C. For visualization, the semi-thin sec-
or B. vulgatusnpk orE. colimpk at a MOl of 1 orvar- tions were treated with toluidine blue staining.
ious concentrations dB. vulgatusierived OMVs (5, Images were recorded with Zeiss Libra 120 Trans-
50, 500 ng mlY). Cells were stimulated for a mission Electron Microscope.

Stimulation of human embryonic kidney cells
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Isolation protocol and microscopy of puri ed OMVs were considered to be biologically independent if
the samples were generated from BMDCs from differ-

lturedB. vul k nsion w lightly vor- . , . L
Cultured ulgatusnpk suspension was slightly vo ent mice. Differences were considered to be statisti-

texed and centrifuged for 10 min at 10,000 x g. . . :

. . cally signicant if p < 0.05. Error bars, if shown,
Supernatant was vacuum sterilérated and vesicles represeng standard deviation (SD)
were pelletized for 2 h at 38,000 x g. Pellets were resus- '
pended in sterile PBS and mixed with lodixanol
(OptiPrep) density gradient solution to prepare a 40%Disclosure of potential con icts of Interest
working solution. Subsequently, a dilutions serial witt}\lo
decreasing densities of 40%, 35%, 30%, 25%, 20% an
5% OptiPrep was assembled and stacked up in an
appropriate ultracentrifugation tube. The sampleg-unding

were fractionated for 3 h at 280,000 x g and the devel by J.S.F was supported by the DFG (DFG FR 2087/6

oped, vesicle containing layers were collected. The iSOG FR 2087/81, CRC685, SPP1656), the DFG research
lated vesicles were natively held via the grid-on-drojraining group 1708, the Bundesministeriugir Bildung und

technic and stained for negative imaging via TEMForschung (BMBF) and the German Center for Infection
with uranyl acetate. Research (DZIF).

otential conicts of interest were disclosed.

FITC-labeling of isolated vesicles
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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 [
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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 ofBacteroidesspecies 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.
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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
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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-challendg®@ 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 (RA).
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 Sitbefore stimulation with LPSBV, 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 meanz 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 nigdr 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- bioLPSBV, of about 50%, even when low concentrations of LPSEC

nity. We nally determined quasigto 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 B\, 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 bioLPSBgure 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, wemi-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 additiosalBMDCsn 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 mTLR4-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 bioLPSBYV 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&igure ). 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 LP&EQre £).  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 bour0 ng/1§ 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 3 Using 1,000 ng ml*or 500 ng  vided severe intestinal inmmation Figure B). These feces,
pure LPSBV/19cells resulted in a strong activation of BMDCs, asherefore, 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 determiningried ~ components. Additionally, the DYSM represents the microbiota
endotoxicity. The addition of agonistic LPSEC to LPSBV-stimulatezbmposition LPSBV faced when it was administered tarmed
BMDCs led to strong increases in secretion rates of prarmmatory 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 ®) for all the used LPSEC concentrations. Therefore, th&gni cant, increases in the secretions of proammatory 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 S§ at least at the chosen DYSM con-
lated BMDCs FFigure @), 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 LPSBVn 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 taterials 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 Row 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%°65’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 mammaliam CD11¢ cells in response to LPSBV stimulation. This is of partic-
gut?**°*However, the proportion dacteroidetdn 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 saccharidé§®°¢5” and lipoproteind®>! or due to the LPS
decreasetf supporting the idea dBacteroidespp. being important  itself*34*%8although 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 cofitié?
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 respons&s?23! 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 ammatory 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 6{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 cdiftis pounds LPSBYV faced when it was administered tainedRagl’
as well as against CNS demyelination andammation during mice and exhibited inammation-ameliorating properties. Interest-
experimental autoimmune encephalomyefifignterestingly, 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
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Figure 8. Proposed Mechanism of How Weakly Agonistic LPSBV InBuences 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 CD1Iaells 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, white 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 thaerlying 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 e observed irmmmation-reducing effects Ragl’ mice with
Figure @ that the stimulation of BMDCs with high concentrations ofcolitis, indicating that such a concentration is sié¢nt to exceed the
LPSBYV 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 suibe overcome, and it is, therefore, thought to result in the prevention of
face markers. The anti-immmatory 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 legttivation Figure 8 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 mutste 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 porfidf?
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 inltisbor 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 demonstratedijc 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 hyjaeylated 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 backboneial 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 activatio® Since Bacteroidalepossessed only one also in IBD patients. Therapy of IBD patients is, to date, restricted
phosphate at position 1 of the reducing glucosarfiitnés may also  to a general suppression of the patieitnmune response, often asso-
contribute to its weakly agonistic effects, as a missipip@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-irmammatory 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 agonistievidence 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 beir@mpletely 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 adapvice

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 useagl’ 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 phyfaoteobacterjavVerrucomicrobia

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 théagl’ 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 inRBsults
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Radiopharmaceuticals Cells were extracted by hot phenol-water extractfowater and

[*8F] uoride was produced by usifgO (p,n) ¥ nuclear reaction phenol phases were both exhaustively dialyzed and lyophilized. After
on the PETtrace cyclotron (General Electric Medical Systemsspection 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 radiochemicdle 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+turers 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 bioLRS was dissolved in distilled water in con-
were processed. Mice were anesthetized with 1.5%ur&@me 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 previouShyAt 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 (PMOGF 1 or the respective isolated LPS at concentrations as indicated in the
Technologies, Zurich, Switzerland) by drawing regions of intereResultsCells 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 previod8iy?3®*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 ml:. 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 a€ilK242 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 (GenBankFLA-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

1988 Molecular Therapy Vol. 27 No 11 November 2019



www.moleculartherapy.org

incubated with Strep-PE for 30 min, followed by another washingpr reanalysis; purity was generally >90% with >80% being
step. Cell-attached Strep-PE was detectecbbycytometry. All ex- CD3 *CD4'CD62L'CD45RE. 5 10° CD4' T cells were injected
periments to be compared were carried out in one experimentaltraperitoneally (i.p.) intd/Ragl’ mice, as described previou&y.
setting to guarantee for comparability of the detected MFI (median

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

For the analysis of secreted cytokines (IL-6, IL-10, and TNF), ELISA-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 0 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). Abirochrome-

coupled antibodies were purchased from BD Biosciences if not statedibodies

otherwise. Data were analyzed using the FlowJo software (Tree Stér following antibodies were used foow 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 11-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 Sk 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 (niyni. . 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 gqRT-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 DI¥Cp  values and non-parametric Kruskal-Wallis test was used elsewhere.
method that included the speci ampli cation ef ciency of every p values are indicated in theures; 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 onlinehétps://doi.org/10.
GACACGAGCCCATTGGAG-B reverse, 56GAAAGCCAGCCT  1016/j.ymthe.2019.07.007

CCTTGAT-Z and b-actin forward, 8CCCTGTGCTGCTCACC

GA-3 reverse, BACAGTGTGGGTGACCCCGTC® AUTHOR CONTRIBUTIONS

Conceptualization, A.S., J.-S.F., L.M., and A.M.; Methodology, A.S.,
Isolation of LP DCs and T Cells and the Adoptive Transfer of T F.D.L., and A.M.; Formal Analysis, A.S. and L.M.; Investigation and
Cells Data Curation, A.S., L.M., F.D.L.,, TK., T.M., JK.M., AS., AL,

Isolation of LP cells was performed as reported previ('fﬂd?yzr R.P., K.G., K.F., AS., and H.H.O.; Resources, F.D.L., K.F., B.J.P.,
adoptive transfer, splenic CD7Z cells from C57BL/6 mice were pu- and A.M.; Writing— Original Draft, A.S., I.B.A., A.M., and J.-S.F,;

ri ed using a magnetic-activated cell sorting (MACS)-based negatM#iting — Review & Editing, A.S., L.M., .B.A., A.M., and J.-S.F.; Visu-
selection kit (Miltenyi), according to the manufactusenstructions.  alization, A.S. and L.M.; Supervision, I.B.A. and J.-S.F.; Project
The isolated cells were stained for CD@D4, CD62, and CD45RB Administration, A.S., J.-S.F., and L.M.; Funding Acquisition, J.-S.F.

Molecular Therapy Vol. 27 No 11 November 2019 1989



Molecular Therapy

CONFLICTS OF INTEREST 17. Wolk, K., Kunz, S., Crompton, N.E., Volk, H.D., and Sabat, R. (2003). Multiple mech-

The authors declare no competing interests.

anisms of reduced major histocompatibility complex class Il expression in endotoxin
tolerance. J. Biol. Cher278 1803618036

18. Wolk, K., Décke, W.D., von Baehr, V., Volk, H.D., and Sabat, R. (2000). Impaired an-

ACKNOWLEDGMENTS tigen presentation by human monocytes during endotoxin tolerance. El6od
This work was funded by the Deutsche Forschungsgemeinschaft218-223

(DFG, German Research Foundation) under GerrisaBycellence 19. Steimle, A., and Frick, J.S. (2016). Molecular Mechanisms of Induction of Tolerant
Strategy_ EXC_2124 and Collaboratlve Research Centres 685 and Tolerogenic Intestinal Dendritic Cells in Mice. J. Immunol. R@s6 1958650
(CRC685)' the DFG research training group 1708, the Bundesmings- Waidmann, M., Bechtold, O., Frick, J.S., Lehr, H.A., Schubert, S., Dobrindt, U.,

terium fur Bildung und Forschung (BMBF), and the German Center

Loef er, J., Bohn, E., and Autenrieth, |.B. (2088cteroides vulgatpsotects against
Escherichia ceilnduced colitis in gnotobiotic interleukin-2-deient mice.

for Infection Research (DZIF). Gastroenterology25 162177
21. Muller, M., Fink, K., Geisel, J., Kahl, F., Jilge, B., Reimann, J., Mach, N., Autenrieth,
REFERENCES I.B., and Frick, J.S. (2008). Intestinal colonization of IL-2Zigat mice with non-col-
1. Herfarth, H., and Rogler, G. (2005). Bmmatory bowel disease. Endoscay itogenic B. vulgatus prevents DC maturation and T-cell polarization. PLOSIDNE
42-47. e2376

N

w

a1

22}

~

[e)

©

10.

11.

12.

13.

14.

15.

16.

. Duboc, H., Rajca, S., Rainteau, D., Benarous, D., Maubert, M.A., Quervain,

. Peyrin-Biroulet, L., Van Assche, G., Gémez-Ulloa, D., Garcia-Alvarez, L., Lara, N., vented by cotransfer of pured CD

. Jostins, L., Ripke, S., Weersma, R.K., Duerr, R.H., McGovern, D.P., Hui, K.Y., |_?<_Qe’SteimIe, A., Gronbach, K., Beifuss, B., Schafer, A., Harmening, R., Bender, A., Maerz,

J.C.. Schumm, L.P., Sharma, Y., Anderson, C.A., et al.; International IBD Genetich-K_-x Lange, A, Michaeli;, L., Mgurer, A, etal. (2016). S_ymbiotic gut commensal bac-
Consortium (IIBDGC) (2012). Host-microbe interactions have shaped the genetic ar- teria act as host cathepsin S activity regulators. J. Autoimi§182-95
chitecture of inammatory bowel disease. Natd@l, 119-124 23.Coyne, M.J., Zitomersky, N.L., McGuire, A.M., Earl, A.M., and Comstock, L.E.

. Abegunde, A.T., Muhammad, B.H., Bhatti, O., and Ali, T. (2016). Environmental risk (2014). Evidence of extensive DNA transfer between bacteroidales species within

factors for in ammatory bowel diseases: Evidence based literature review. World J. the human gut. MBic, €01305e01314

Gastroenterol22, 62966317 24. Mazmanian, S.K., Round, J.L., and Kasper, D.L. (2008). A microbial symbiosis factor
E. prevents intestinal irammatory disease. Natudé3 620-625

Thomas, G., Barbu, V., Humbert, L., Despras, G., et al. (2013). Connecting dysbiogfs,Morrissey, P.J., Charrier, K., Braddy, S., Liggitt, D., and Watson, J.D. (1993). CD4+
bile-acid dysmetabolism and gut mmmation in in ammatory bowel diseases. Gut T cells that express high levels of CD45RB induce wasting disease when transferred
62 531539 into congenic severe combined immunodient mice. Disease development is pre-

4+ T cells. J. Exp. Melirg§ 237244

Black, C.M., and Kachroo, S. (2017). Systematic review of tumor necrosis factor &6- Rigoni, R., Grassi, F., Villa, A., and Cassani, B. (2016). RAGs and BUGS: An alliance
tagonists in extraintestinal manifestations in ammatory bowel disease. Clin. for autoimmunity. Gut Microbeg, 503511

Gastroenterol. Hepatdls, 25-36.e27 27. Kiesler, P., Fuss, I.J., and Strober, W. (2015). Experimental Modelswfhatory

. Bragazzi, N.L., Watad, A., Brigo, F., Adawi, M., Amital, H., and Shoenfeld, Y. (2017). Bowel Diseases. Cell. Mol. Gastroenterol. Hephtéb4-17Q

Public health awareness of autoimmune diseases after the death of a celebrity. qg‘.-PelIegrino D., Bonab, A.A., Dragotakes, S.C., Pitman, J.T., Mariani, G., and Carter
Rheumatol36 19111917 E.A. (2005). Inammation and infection: imaging properties of 18F-FDG-labeled

. Gronbach, K., Flade, I., Holst, O., Lindner, B., Ruscheweyh, H.J., Wittmann, A., White blood cells versus 18F-FDG. J. Nucl. Mé&d1522-1530

Menz, S., Schwiertz, A., Adam, P., Stecher, B., et al. (2014). Endotoxicity of lipopaly- Kamada, N., Chen, G.Y., Inohara, N., and Nafiez, G. (2013). Control of pathogens
saccharide as a determinant of T-cell-mediated colitis induction in mice. ang pathobionts by the gut microbiota. Nat. Immuribd, 685-69Q

Gastroenterolog$46 765-775 . . . ) )
30. Chassaing, B., and Darfeuille-Michaud, A. (2011). The commensal microbiota and

. dHennezel, E., Abubucker, S., Murphy, L.O., and Cullen, T.W. (2017). Total enteropathogens in the pathogenesis of ammatory bowel diseases.

Lipopolysaccharide from the Human Gut Microbiome Silences Toll-Like Receptor  Gastroenterologg4Q 17261728

Signaling. mSystengs €00046-17 31. Frick, J.S., Zahir, N., Muller, M., Kahl, F., Bechtold, O., Lutz, M.B., Kirschning, C.J.,

. Alexander, C., and Rietschel, E.T. (2001). Bacterial lipopolysaccharides and innateReimann, J., Jilge, B., Bohn, E., and Autenrieth, 1.B. (2006). Colitogenic and non-col-

immunity. J. Endotoxin Reg, 167202 itogenic commensal bacteria differentially trigger DC maturation and Th cell polar-

Steimle, A., Autenrieth, I.B., and Frick, J.S. (2016). Structure and function: Lipid A 1Zation: animportant role for IL-6. Eur. J. Immun@i 15371547
modi cations in commensals and pathogens. Int. J. Med. Micr@6l296-301 32. Jacobson, A.N., Choudhury, B.P., and Fischbach, M.A. (2018). The Biosynthesis of
Silipo, A., Leone, M.R., Lanzetta, R., Parrilli, M., Lackner, G., Busch, B., Hertweck, C. Lipooligasaccharide fromacteroides thetaiotaomicranBio 9, €02289-17

and Molinaro, A. (2012). Structural characterization of two lipopolysaccharide O-ar83. Vatanen, T., Kostic, A.D.,/ldennezel, E., Siljander, H., Franzosa, E.A., Yassour, M.,
tigens produced by the endofungal bacterium Burkholderia sp. HKI-402 (B4). Kolde, R., Vlamakis, H., Arthur, T.D., Hamalainen, A.M., et al.; DIABIMMUNE
Carbohydr. Re847 95-98 Study Group (2016). Variation in Microbiome LPS Immunogenicity Contributes to

Molinaro, A., Holst, O., Di Lorenzo, F., Callaghan, M., Nurisso, Arrizo, G., Autoimmunity in Humans. Cell65 1551
Zamyatina, A., Peri, F., Berisio, R., Jerala, R., et al. (2015). Chemistry of lipid A34t Weintraub, A., Zahringer, U., Wollenweber, H.W., Seydel, U., and Rietschel, E.T.
the heart of innate immunity. Chemistg1, 500-519 (1989). Structural characterization of the lipid A component of Bacteroides fragilis

Park, B.S., Song, D.H., Kim, H.M., Choi, B.S., Lee, H., and Lee, J.0. (2009). The strucSain NCTC 9343 lipopolysaccharide. Eur. J. Biochd§.425-431

tural basis of lipopolysaccharide recognition by the TLR4-MD-2 complex. Naturd5. Matsunaga, N., Tsuchimori, N., Matsumoto, T., and Ii, M. (2011). TAK-242 (resator-
458 11911195 vid), a small-molecule inhibitor of Toll-like receptor (TLR) 4 signaling, binds
selectively to TLR4 and interferes with interactions between TLR4 and its adaptor
molecules. Mol. Pharmacal9, 3441
. ) ) ) 36. li, M., Matsunaga, N., Hazeki, K., Nakamura, K., Takashima, K., Seya, T., Hazeki, O.,
Cauvaillon, J.M., and Adib-Conquy, M. (2006). Il3en_ch-t0-bfed5|d‘e review: endotoxin Kitazaki, T., and lizawa, Y. (2006). A novel cyclohexene derivative, ethyl (6R)-6-
tolerance as a model of leukocyte reprogramming in sepsis. Crit1G&83 [N-(2-Chloro-4- uorophenyl)sulfamoyl]cyclohex-1-ene-1-carboxylate (TAK-242),
Biswas, S.K., and Lopez-Collazo, E. (2009). Endotoxin tolerance: new mechanismsselectively inhibits toll-like receptor 4-mediated cytokine production through sup-
molecules and clinical sigrdance. Trends ImmunoBO, 475487, pression of intracellular signaling. Mol. Pharmaé6).1288-1295

Foster, S.L., Hargreaves, D.C., and Medzhitov, R. (2007). Gene=symetiol of
in ammation by TLR-induced chromatin modiations. Naturel47, 972-978

1990 Molecular Therapy Vol. 27 No 11 November 2019



www.moleculartherapy.org

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

5

ey

52.

53.

. Fisette, P.L., Ram, S., Andersen, J.M., Guo, W., and Ingalls, R.R. (2003). The Lip lipo-

Roebuck, K.A. (1999). Regulation of interleukin-8 gene expression. J. Interferbd. Tan, Y., Zanoni, I., Cullen, T.W., Goodman, A.L., and Kagan, J.C. (2015).
Cytokine Resl9 429438 Mechanisms of Toll-like Receptor 4 Endocytosis Reveal a Common Immune-
Ahmed, A.U., Sarvestani, S.T., Gantier, M.P., Williams, B.R., and Hannigan, G.E. Evasion Strategy Used by Pathogenic and Commensal Bacteria. Imm@nity
(2014). Integrin-linked kinase modulates lipopolysaccharide- and Helicobacter py- 909-922

lori-induced nuclear factokB-activated tumor necrosis factarproduction via  55. Kumari, R., Ahuja, V., and Paul, J. (2013). Fluctuations in butyrate-producing bacte-
regulation of p65 serine 536 phosphorylation. J. Biol. CR8&2777627793 riain ulcerative colitis patients of North India. World J. Gastroenté®B404-3414

Chen, L.F., Williams, S.A., Mu, Y., Nakano, H., Duerr, J.M., Buckbinder, L., arffi$. Dasgupta, S., Erturk-Hasdemir, D., Ochoa-Reparaz, J., Reinecker, H.C., and Kasper,
Greene, W.C. (2005). NF-kappaB RelA phosphorylation regulates RelA acetylation. D.L. (2014). Plasmacytoid dendritic cells mediate antmmatory responses to a
Mol. Cell. Biol.25 7966-7975 gut commensal molecule via both innate and adaptive mechanisms. Cell Host

Bazewicz, C.G., Dinavahi, S.S., Schell, T.D., and Robertson, G.P. (2019). Aldehyde dé¥icrobe15 413423

hydrogenase in regulatory T-cell development, immunity and cancer. Immunology7. Ochoa-Repéraz, J., Mielcarz, D.W., Wang, Y., Begum-Haque, S., Dasgupta, S., Kasper,
156 4755 D.L., and Kasper, L.H. (2010). A polysaccharide from the human commensal
Agace, W.W., and Persson, E.K. (2012). How vitamin A metabolizing dendritic cells Bacteroides fragilis protects against CNS demyelinating disease. Mucosal Immunol.
are generated in the gut mucosa. Trends ImmuB®|42-48. 3, 4874935

Hall, J.A., Grainger, J.R., Spencer, S.P., and Belkaid, Y. (2011). The role of retinoic2&i®un. K.Y., Xu, D.H., Xie, C., Plummer, S., Tang, J., Yang, X.F., and Ji, X.H. (2017).
in tolerance and immunity. Immunitgs, 13-22 Lactobacillus paracasei modulates LPS-inducednmimatory cytokine release by

monocyte-macrophages via the up-regulation of negative regulators of NF-kappaB

Chavarria-Velazquez, C.O., Torres-Martinez, A.C., Montafo, L.F., and Rendén- signaling in a TLR2-dependent manner. Cytol@2e1-11

Huerta, E.P. (2018). TLR2 activation induced by H. pylori LPS promotes the differ- )
ential expression of claudin-4, -6, -7 and -9 via either STAT3 and ERK1/2 in AG®?. Brandenburg, K., Mayer, H., Koch, M.H., Weckesser, J., Rietschel, E.T., and Seydel, U.
cells. Immunobiolog@23 38-48. (1993). In uence of the supramolecular structure of free lipid A on its biological ac-

) ) ) ) tivity. Eur. J. Biochen218 555563
Nativel, B., Couret, D., Giraud, P., Meilhac, CHgllencourt, C.L., Viranaicken, W., ity Eur loche 8

and Da Silva, C.R. (2017). Porphyromonas gingivalis lipopolysaccharides act ex&f- Seydel, U., Oikawa, M., Fukase, K., Kusumoto, S., and Brandenburg, K. (2000).
sively through TLR4 with a resilience between mouse and human. Sc, R&p89 Intrinsic conformation of lipid A is responsible for agonistic and antagonistic activity.

. . - . ) Eur. J. Biochen267 3032-3039
Hashimoto, M., Waki, J., Nakayama-Imaohji, H., Ozono, M., Hashiguchi, S., and Pr loche N )
Kuwahara, T. (2017). TLR2-stimulating contaminants in glycoconjugate fractiorL- Rietschel, E.T., Kirikae, T., Schade, F.U., Mamat, U., Schmidt, G., Loppnow, H.,
prepared from Bacteroides fragilis. Innate Imm28.449-458 Ulmer, A.J., Zahringer, U., Seydel, U., Di Padova, F., et al. (1994). Bacterial endotoxin:

Zughaier, S.M. (2011). Neisseria meningitidis capsular polysaccharides induce in- molecular relationships of structure to activity and function. FASBRE217-225

ammatory responses via TLR2 and TLR4-MD-2. J. Leukoc.88jel69-480 62. Hamacher, K., Coenen, H.H., and Stocklin, G. (1986}iéit stereospeat synthe-

Graveline, R., Segura, M., Radzioch, D., and Gottschalk, M. (2007). TLRZ-depend(-mtSIS of no-carrier-added 2-[18F}oro-2-deoxy-D-glucose using aminopolyether

- o supported nucleophilic substitution. J. Nucl. M2d.235-238
recognition of Streptococcus suis is modulated by the presence of capsular polysac-
charide which modies macrophage responsiveness. Int. Immur8375-389 63. Mannheim, J.G., Judenhofer, M.S., Schmid, A., Tillmanns, J., Stiller, D., Sossi, V., and
Wang, Y., Telesford, K.M., Ochoa-Repéraz, J., Haque-Begum, S., Christy, M., KasperP'Chler' B.J. (2012). Quantation accuracy and partial volume effect in dependence

E.J., Wang, L., Wu, Y., Robson, S.C., Kasper, D.L., and Kasper, L.H. (2014). An intes-bf the attenuation correction of a state-of-the-art small animal PET scanner. Phys.

. . X . . . Med. Biol.57, 3983993
tinal commensal symbiosis factor controls neuraimmation via TLR2-mediated
CD39 signalling. Nat. Commus, 4432 64. Lange, A., Beier, S., Steimle, A., Autenrieth, I.B., Huson, D.H., and Frick, J.S. (2016).

Hirschfeld, M., Kirschning, C.J., Schwandner, R., Wesche, H., Weis, J.H., Wooten,EXtenSi\_’e Mobilome-Driven Genomel Diversition in Mouse Gut-Associated
R.M., and Weis, J.J. (1999). Cutting edgeanmmatory signaling by Borrelia burg- Bacteroides vulgatus mpk. Genome Biol. Bdl1971207

dorferi lipoproteins is mediated by toll-like receptor 2. J. Immub68 2382-2386 65. Westphal, O., and Jann, K. (1965). Bacterial lipopolysaccharides: extraction with
Lee, H.K., Lee, J., and Tobias, P.S. (2002). Two lipoproteins extracted from phenol-water and further applications of procedure. Carbohydr. Che@-91
Escherichia coli K-12 LCD25 lipopolysaccharide are the major components respdsf. Lutz, M.B., Kukutsch, N., Ogilvie, A.L., Réssner, S., Koch, F., Romani, N., and Schuler,
sible for Toll-like receptor 2-mediated signaling. J. Immub68 40124017 G. (1999). An advanced culture method for generating large quantities of highly pure
dendritic cells from mouse bone marrow. J. Immunol. Methzi3 77-92

protein from Neisseria gonorrhoeae stimulates cytokine release and NF-kappaB a6fi- Jeon, S.G., Kayama, H., Ueda, Y., Takahashi, T., Asahara, T., Tsuji, H., Tsuji, N.M.,
vation in epithelial cells in a Toll-like receptor 2-dependent manner. J. Biol. Chem. Kiyono, H., Ma, J.S., Kusu, T., et al. (2012). ProbRitidobacterium breviaduces
278 4625246260 IL-10-producing Tr1 cells in the colon. PLoS PatH)@1002714

Bachmanov, A.A., Reed, D.R., Beauchamp, G.K., and Tordoff, M.G. (2002). Fdi®l Rakoff-Nahoum, S., Paglino, J., Eslami-Varzaneh, F., Edberg, S., and Medzhitov, R.
intake, water intake, and drinking spout side preference of 28 mouse strains. (2004). Recognition of commensal micooa by toll-like receptors is required for in-

Behav. Gene82 435443 testinal homeostasis. C&ll§ 229-241
Iwasaki, A., and Medzhitov, R. (2015). Control of adaptive immunity by the innat€9. Chow, J., and Mazmanian, S.K. (2010). A pathobiont of the microbiota balances host
immune system. Nat. Immunal6, 343-353 colonization and intestinal irmmmation. Cell Host Microb@&, 265-276

Molecular Therapy Vol. 27 No 11 November 2019 1991



1' frontiers
In Immunology

ORIGINAL RESEARCH
published: 24 January 2020
doi: 10.3389/ mmu.2019.03093

OPEN ACCESS

Edited by:
Markus M. Heimesaat,
Charité Medical University of
Berlin, Germany

Reviewed by:
Fikri Avci,
University of Georgia, United States
Heather Galipeau,
McMaster University, Canada

*Correspondence:
Julia-Stefanie Frick
julia-stefanie.frick@

med.uni-tuebingen.de

Specialty section:
This article was submitted to
Microbial Immunology,
a section of the journal
Frontiers in Immunology

Received: 24 September 2019
Accepted: 18 December 2019
Published: 24 January 2020

Citation:
Maerz JK, Trostel C, Lange A,
Parusel R, Michaelis L, Schafer A,
Yao H, Léw H-C and Frick J-S (2020)
Bacterial Immunogenicity Is Critical for
the Induction of Regulatory B Cells in
Suppressing In ammatory Immune
Responses. Front. Immunol. 10:3093.

doi: 10.3389/ mmu.2019.03093

Check for
Updates

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 bowealisease, 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 bmeostasis in healthy
individuals. In this study, we report that the induction of Begs is differentially triggered
by the immunogenicity of the host microbiota. In comparatie 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.
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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 angnice 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 productiamesponse9-61).
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 oith 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 CD1lc 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 15 min 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, teentaining 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 di erentiation 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 TimLB 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

Frontiers in Immunology | www.frontiersin.org 6 January 2020 | Volume 10 | Article 3093



Maerz et al. Breg-Induction by Commensal Bacteria

production and upregulated expression of suppressive moleculesmpared to the stimulation of DCs witk. colistimulated B
directly inuence 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 immunogenié. 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 cejis 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 TaFigure 3G upper T cells. Next, we investigated the direct e ect of commensal
panel, DC dataset, red columns). In contrast, the stimulation,ctivated B cells on the proliferation and polarization of T cells
with low immunogenicB. vulgatusesulted in a semi-mature DC yithout the involvement of professional APCs. We primed WT
phenotype with an intermediate expression of T cell activatiorg ¢e|ls with PBSB. vulgatusor E. colifor 24 h, pulsed the cells
markers and alleviated production of TRKFigures 3B,CDC  ith Ova-peptide and co-cultured these B cells at di erent cell
dataset, blue columns), 68 69). To demonstrate the e ect yatios (1:1, 1:5) for 72 h with naive CFSE-labeled E0B44 T
of stimulated B cells on DC maturation, we co-cultured iDCs¢gj|s isolated from OT-Il mice, which express an Ova peptide-
with B cells either in direct contact (DC B cells) or separated gpecic TCR Figure 4A). The proliferation of naive CO4 T
via Transwell membranes (DC | B cells) and stimulated theejis 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 pgs orB. vulgatusprimed B cells Figure 4B). Increasing the
notably reduced expression of MHC-Il, CD40, CD80, and CD8& mper 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 diminished secretion of the pro-in ammatory jgatusprimed cells Figure 48). B cells asona de APCs,
cytokine TNFa (Figure 3G upper panel, D@ B cells and DC|B  ysyally direct the induction of Th2 responses by suppressing the
cells dataset, red columns). This e ectwas observed in both diregf grentiation of Th1 and Th17 cells and promoting regulatory
and indirect DC-B cell co-cultures stimulated wigh colileading  1_cell expansion{4-76). Th1 (CD£IFNGC), Th2 (CD£1L4C),
us to conclude that soluble factors able to translocate througit,17 (CDA1L17ACIL4 IFNg ) cell, and Treg (CD4FoxP¥)
the Transwell membrane possess the strongest potential f@f erentiation in B-T cell co-culture was analyzed by ow
inhibiting DC maturation. However, the maturation was slight cyiometry. 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 regulatoryo|arization toward Tregs. In addition, co-culture &. coki
factor of Bregs, mainly driving the modulation of immunological pimed B cells with naive T cells resulted in a polarization of Th2
functions of other cell types, we mimicked the e ect of IL-10¢g|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-administratio8\pplementary 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 thuggh 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 fawzombination, 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
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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 withe. 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 witHt. coliat

REFERENCES

1. Myhr KM, Torkildsen O, Lossius A, Bo L, Holmoy T. B cell depletion in

the treatment of multiple sclerosiExpert Opin Biol The(2019) 19:261-71.
doi: 10.1080/14712598.2019.1568407

. Hauser SL, Waubant E, Arnold DL, Vollmer T, Antel J, Fox RJ, et-aélB
depletion with rituximab in relapsing-remitting multiple sclerosié.Engl J
Med.(2008) 358:676—88. doi: 10.1056/NEIJM0a0706383

. Hausler D, Hausser-Kinzel S, Feldmann L, Torke S, Lepennetige@ard
CCA, et al. Functional characterization of reappearing B cells aftér a
CD20 treatment of CNS autoimmune diseaBec Natl Acad Sci US£018)
115:9773-8. doi: 10.1073/pnas.1810470115

Supplementary Figure 4 | Representative ow cytometry plots of Tim-£ B cells
induced by E. colistimulation. Naive B cells were stimulated witlE. coliat MOI 1
for 0, 24, 48, and 72 h. Doublets were excluded via FSC-A/FSC-Hjating and
death cells were excluded by xable viability dye. Tim-& B cells were de ned as
CD19° Tim-1°.

Supplementary Figure 5| Analysis of Bregs in germfree mice after colonization
with B. vulgatusor E. coliprior DSS administration. Changes in Bregs amount of
germfree, B. vulgatus or E.coli-colonized mice 2 weeks after colonization and 2
weeks prior DSS-administration measured via ow cytometry.p < 0.05, p <
0.01, p< 0.001.

Supplementary Figure 6 | Concentration of secreted cytokine IL-6 by stimulated
B cells measured via ELISA. Naive B cells were stimulated wigh vulgatus (B.v.)
or E. coli (E.c.)at MOI 1 and PBS as control (Mock) for various time points (0,2
48,and 72h) D 4). p< 0.05, p< 0.01.

15. Mauri C, Blair PA. Regulatory B cells in autoimmunity:
developments and controversieSat Rev Rheumatol(2010) 6:636-43.
doi: 10.1038/nrrheum.2010.140

Rosser EC, Oleinika K, Tonon S, Doyle R, Bosma A, Carter NAl et a
Regulatory B cells are induced by gut microbiota-driven interleukin-
lbeta and interleukin-6 production.Nat Med. (2014) 20:1334-9.
doi: 10.1038/nm.3680

Blair PA, Norena LY, Flores-Borja F, Rawlings DJ, Isenberg DA,
Ehrenstein MR, et al. CD1@)CD24(hi)CD38(hi) B cells exhibit
regulatory capacity in healthy individuals but are functionally impdire
in systemic Lupus Erythematosus patientismunity. (2010) 32:129-40.
doi: 10.1016/j.immuni.2009.11.009

16.

17.

. Hofmann K, Clauder AK, Manz RA. Targeting B cells and plasma 18.

cells in autoimmune diseasesFront Immunol. 9:835.

doi: 10.3389/ mmu.2018.00835

(2018)

. Schmidt EG, Larsen HL, Kristensen NN, Poulsen SS, Claesson MH,
Pedersen AE. B cells exposed to enterobacterial components suppreds.

development of experimental coliti;m amm Bowel Dis.(2012) 18:284-93.
doi: 10.1002/ibd.21769

. Yanaba K, Yoshizaki A, Asano Y, Kadono T, Tedder TF, Saih-80-
producing regulatory B10 cells inhibit intestinal injury in a mouse rabd
Am J Pathol(2011) 178:735-43. doi: 10.1016/j.ajpath.2010.10.022

. Sattler S, Ling GS, Xu D, Hussaarts L, Romaine A, Zhao H, et al. IL-
10-producing regulatory B cells induced by IL-33 [Breg(IL-33)] eieely
attenuate mucosal in ammatory responses in the guiutoimmun(2014)
50:107-22. doi: 10.1016/j.jaut.2014.01.032

. WangL, RayA, Jiang X, Wang JY, Basu S, Liu X, etal. T regulatorgruBs
cells cooperate to form a regulatory loop that maintains gut homeosasis
suppresses dextran sulfate sodium-induced coliscos Immunol(2015)
8:1297-312. doi: 10.1038/mi.2015.20

regulate autoimmunity by provision of IL-10lat Immunol.(2002) 3:944-50.
doi: 10.1038/ni833

Matsushita T, Yanaba K, Bouaziz JD, Fujimoto M, TedderRégulatory
B cells inhibit EAE initiation in mice while other B cells promote disea
progressionJ Clin Invest(2008) 118:3420-30. doi: 10.1172/JCI36030
Thaunat O, Morelon E, Defrance T. Am“B"valent: anti-CD20 bmdiies
unravel the dual role of B cells in immunopathogene®#ood. (2010)
116:515-21. doi: 10.1182/blood-2010-01-266668

Yanaba K, Bouaziz JD, Haas KM, Poe JC, Fujimoto M, TedderATF
regulatory B cell subset with a unique CD1dhiCD®Hhenotype controls
T cell-dependent in ammatory responsesnmunity. (2008) 28:639-50.
doi: 10.1016/j.immuni.2008.03.017

Mizoguchi A, Bhan AK. A case for regulatory B celldmmunol.(2006)
176:705-10. doi: 10.4049/jimmunol.176.2.705

Tedder TF. B10 cells: a functionally de ned regulatory B cell etubis
Immunol.(2015) 194:1395-401. doi: 10.4049/jimmunol.1401329

10.

11.

12.

13.

14.

20.

21.

22.
. Fillatreau S, Sweenie CH, McGeachy MJ, Gray D, Anderton SM. B cells

23.

24.

25.

26.

Evans JG, Chavez-Rueda KA, Eddaoudi A, Meyer-Bahlbufgalings
DJ, Ehrenstein MR, et al. Novel suppressive function of transilion
2 B cells in experimental arthritisJ Immunol. (2007) 178:7868-78.
doi: 10.4049/jimmunol.178.12.7868

Carter NA, Vasconcellos R, Rosser EC, Tulone C, Munoz-Suano A,
Kamanaka M, et al. Mice lacking endogenous IL-10-producing regujdd
cells develop exacerbated disease and present with an increasezhfregf
Th1/Th17 but a decrease in regulatory T cellédmmunol.(2011) 186:5569—
79. doi: 10.4049/jimmunol.1100284

Schioppa T, Moore R, Thompson RG, Rosser EC, Kulbe H, Nedospasov
S, et al. B regulatory cells and the tumor-promoting actions of TNF-alpha
during squamous carcinogened®oc Natl Acad Sci US&011) 108:10662—
7. doi: 10.1073/pnas.1100994108

Horikawa M, Weimer ET, DiLillo DJ, Venturi GM, Spolski R, Leonard
WJ, et al. Regulatory B cell (B10 Cell) expansion during Listeriatiofec
governs innate and cellular immune responses in micenmunol.(2013)
190:1158-68. doi: 10.4049/jimmunol.1201427

Fiorentino DF, Zlotnik A, Mosmann TR, Howard M, O'Garra A. IL-
10 inhibits cytokine production by activated macrophagésimmunol.
(1991) 147:3815-22.

O'Farrell AM, Liu Y, Moore KW, Mui AL. IL-10 inhibits macrophage
activation and proliferation by distinct signaling mechanismsderce for
Stat3-dependent and -independent pathwaysIBO J(1998) 17:1006-18.
doi: 10.1093/emboj/17.4.1006

Grunig G, Corry DB, Leach MW, Seymour BW, Kurup VP, Rennick
DM. Interleukin-10 is a natural suppressor of cytokine production
and inammation in a murine model of allergic bronchopulmonary
aspergillosis.J Exp Med.(1997) 185:1089-99. doi: 10.1084/jem.185.
6.1089

Pestka S, Krause CD, Sarkar D, Walter MR, Shi Y, Fisher RBlelniin-10
and related cytokines and receptofginu Rev Immunol(2004) 22:929-79.
doi: 10.1146/annurev.immunol.22.012703.104622

Duddy ME, Alter A, Bar-Or A. Distinct pro les of human B cell e tx
cytokines: a role in immune regulation? Immunol.(2004) 172:3422-7.
doi: 10.4049/jimmunol.172.6.3422

Frontiers in Immunology | www.frontiersin.org 16

January 2020 | Volume 10 | Article 3093



Maerz et al.

Breg-Induction by Commensal Bacteria

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Mauri C, Menon M. Human regulatory B cells in health and disease: 46.

therapeutic potentiall Clin Invest(2017) 127:772-9. doi: 10.1172/JCI85113
Mauri C, Gray D, Mushtag N, Londei M. Prevention of arthritis
by interleukin 10-producing B cells] Exp Med.(2003) 197:489-501.
doi: 10.1084/jem.20021293

Dalwadi H, Wei B, Schrage M, Spicher K, Su TT, Birnbaumer L, et al. B
cell developmental requirement for the G alpha i2 gehenmunol.(2003)
170:1707-15. doi: 10.4049/jimmunol.170.4.1707

Mizoguchi A, Mizoguchi E, Takedatsu H, Blumberg RS, Bhan@titonic
intestinal in ammatory condition generates IL-10-producing regoly B

cell subset characterized by CD1d upregulatiommunity. (2002) 16:219—
30. doi: 10.1016/S1074-7613(02)00274-1

Lenert P, Brummel R, Field EH, Ashman RF. TLR-9 activation of
marginal zone B cells in lupus mice regulates immunity through
increased IL-10 production.J Clin Immunol. (2005) 25:29-40.
doi: 10.1007/s10875-005-0355-6

Strober W, Fuss 1J, Blumberg RS. The immunology of mucosal
models of inammation. Annu Rev Immunol. (2002) 20:495-549.
doi: 10.1146/annurev.immunol.20.100301.064816

Bhan AK, Mizoguchi E, Smith RN, Mizoguchi A. Colitis in trgesic

and knockout animals as models of human in ammatory bowel disease.

Immunol Rev. (1999) 169:195-207. doi: 10.1111/j.1600-065X.1999.tb(62.

1316.x

Sartor RB. Therapeutic manipulation of the enteric microora in
in ammatory bowel diseases: antibiotics, probiotics, and prebsot
Gastroenterolog§2004) 126:1620-33. doi: 10.1053/j.gastro.2004.03.024
Flores-Borja F, Bosma A, Ng D, Reddy V, Ehrenstein MR, Isgnbg;

et al. CD1§CD24"CD38" B cells maintain regulatory T cells while
limiting TH1 and TH17 di erentiation. Sci Transl Med(2013) 5:173ra23.
doi: 10.1126/scitranslmed.3005407

Carter NA, Rosser EC, Mauri C. Interleukin-10 produced by B cetlaicial
for the suppression of Th17/Th1 responses, induction of T regulatgs 1
cells and reduction of collagen-induced arthritisthritis Res Ther(2012)
14:R32. doi: 10.1186/ar3736

Sun JB, Flach CF, Czerkinsky C, Holmgren J. B lymphocytes promote

expansion of regulatory T cells in oral tolerance: powerful inductign b  56.

antigen coupled to cholera toxin B subunitimmunol (2008) 181:8278-87.
doi: 10.4049/jimmunol.181.12.8278
Tadmor T, Zhang Y, Cho HM, Podack ER, Rosenblatt JD. The absen

of B lymphocytes reduces the number and function of T-regulatory cells 57.

and enhances the anti-tumor response in a murine tumor mo@eincer
Immunol Immunother(2011) 60:609-19. doi: 10.1007/s00262-011-0972-z
Kaku H, Cheng KF, Al-Abed Y, Rothstein TL. A novel mechanism

of B cell-mediated immune suppression through CD73 expression 58.

and adenosine production. J Immunol. (2014) 193:5904-13.
doi: 10.4049/jimmunol.1400336
Bodhankar S, Galipeau D, Vandenbark AA, Oner H. PD-1 59.

Interaction with PD-L1 but not PD-L2 on B-cells mediates proteetiv
e ects of estrogen against EAEL Clin Cell Immunol.(2013) 4:143.
doi: 10.4172/2155-9899.1000143

Bodhankar S, Vandenbark AA, Oner H. Oestrogen treatment of
experimental autoimmune encephalomyelitis requires 17beta-oeskradio
receptor-positive B cells that up-regulate PD-1 on €oxp3 regulatory

T cellsimmunology(2012) 137:282-93. doi: 10.1111/imm.12013
Bodhankar S, Wang C, Vandenbark AA, O ner H. Estrogen-iretlic
protection against experimental autoimmune encephalomyelitis is
abrogated in the absence of B celair J Immunol.(2011) 41:1165-75.
doi: 10.1002/€ji.201040992

Khan AR, Hams E, Floudas A, Sparwasser T, Weaver CT, Fallon PGLHD

B cells are critical regulators of humoral immunitjat Commun.(2015)
6:5997. doi: 10.1038/ncomms6997

Lundy SK, Fox DA. Reduced Fas ligand-expressing splenic CB5
lymphocytes in severe collagen-induced arthrifisthritis Res Ther(2009)
11:R128. doi: 10.1186/ar2795

Lundy SK, Berlin AA, Martens TF, Lukacs NW. De ciency of retpriaB
cells increases allergic airway in ammatidn.amm Res.(2005) 54:514-21.
doi: 10.1007/s00011-005-1387-0

47.

48.

49.

50.

51.

53.

54.

55.

60.

61.

62.

63.

64.

Minagawa R, Okano S, Tomita Y, Kishihara K, Yamada H, Nomota &, e
The critical role of Fas-Fas ligand interaction in donor-speciartsfusion-
induced tolerance to H-Y antigenTransplantation.(2004) 78:799-806.
doi: 10.1097/01.TP.0000129799.96439.6F

Ray A, Wang L, Dittel BN. IL-10-independent regulatory B-cell
subsets and mechanisms of actiomt Immunol. (2015) 27:531-6.
doi: 10.1093/intimm/dxv033

Dambuza IM, He C, Choi JK, Yu CR, Wang R, Mattapallil MJ, et al.
IL-12p35 induces expansion of IL-10 and IL-35-expressing regulaB
cells and ameliorates autoimmune diseaset Commun.(2017) 8:719.
doi: 10.1038/s41467-017-00838-4

Huang A, Cheng L, He M, Nie J, Wang J, Jiang K. Interleukin-35 on
B cell and T cell induction and regulation] Inamm. (2017) 14:16.
doi: 10.1186/s12950-017-0164-5

Wang RX, Yu CR, Dambuza IM, Mahdi RM, Dolinska MB, Sergeeeta,
Interleukin-35 induces regulatory B cells that suppress autoimmunasise
Nat Med.(2014) 20:633—-41. doi: 10.1038/nm.3554

Shen P, Roch T, Lampropoulou V, O'Connor RA, Stervbo U, Hilgenber
E, et al. IL-35-producing B cells are critical regulators of immunity
during autoimmune and infectious diseasé¢ature. (2014) 507:366-70.
doi: 10.1038/nature12979

Ronet C, Hauyon-La Torre Y, Revaz-Breton M, Mastelic B, Taie€lottier

F, Louis J, et al. Regulatory B cells shape the development of Th2 immune
responses in BALB/c mice infected with Leishmania major through L
production.J Immunol(2010) 184:886—94. doi: 10.4049/jimmunol.0901114
Velupillai P, Garcea RL, Benjamin TL. Polyoma virus-like particles eli
polarized cytokine responses in APCs from tumor-susceptible andstegi
mice.J Immunol(2006) 176:1148-53. doi: 10.4049/jimmunol.176.2.1148
Neves P, Lampropoulou V, Calderon-Gomez E, Roch T, Stervbo U, Shen
P, et al. Signaling via the MyD88 adaptor protein in B cells suppresses
protective immunity during Salmonella typhimurium infectiormmunity.
(2010) 33:777-90. doi: 10.1016/j.immuni.2010.10.016

Nothelfer K, Sansonetti PJ, Phalipon A. Pathogen manipulatfd cells:
the best defence is a good o enddat Rev Microbiol(2015) 13:173-84.
doi: 10.1038/nrmicro3415

Mishima Y, Oka A, Liu B, Herzog JW, Eun CS, Fan TJ, et al. Mictabio
maintain colonic homeostasis by activating TLR2/MyD88/PI3¢naling

in IL-10-producing regulatory B cellsl Clin Invest(2019) 130:3702-16.
doi: 10.1172/JC193820

Bajzert J, Gorczykowski M, Galli J, Stefaniak T. The evaiuati
of immunogenic impact of selected bacterial, recombinant Hsp60
antigens in  DBA/2J mice. Microb Pathog. (2018) 115:100-11.
doi: 10.1016/j.micpath.2017.12.001

Hajam IA, Dar PA, Shahnawaz |, Jaume JC, Lee JH. Bacterialinag

a potent immunomodulatory agentExp Mol Med. (2017) 49:e373.
doi: 10.1038/emm.2017.172

Steimle A, Michaelis L, Di Lorenzo F, Kliem T, Munzner T, Maerz JK
et al. Weak agonistic LPS restores intestinal immune homeostéasig her.
(2019) 27:1974-91. doi: 10.1016/j.ymthe.2019.07.007

Waidmann M, Bechtold O, Frick JS, Lehr HA, Schubert S, Dobrindt
et al. Bacteroides vulgatus protects agaltstherichia celnduced colitis in
gnotobiotic interleukin-2-de cient miceGastroenterology2003) 125:162—
77.doi: 10.1016/S0016-5085(03)00672-3

Gronbach K, Flade I, Holst O, Lindner B, Ruscheweyh HJ, Wittmann
A, et al. Endotoxicity of lipopolysaccharide as a determinant of T-cell-
mediated colitis induction in miceGastroenterology2014) 146:765-75.
doi: 10.1053/j.gastro.2013.11.033

Lutz MB, Kukutsch N, Ogilvie AL, Rossner S, Koch F, Romaneth\al.

An advanced culture method for generating large quantities oflgigure
dendritic cells from mouse bone marrowd. Immunol Methods(1999)
223:77-92. doi: 10.1016/S0022-1759(98)00204-X

Yam-Puc JC, Zhang L, Zhang Y, Toellner KM. Role of B-cell recefdor
B-cell development and antigen-induced di erentiatioR1000Reg2018)
7:429. doi: 10.12688/f1000research.13567.1
Buchta CM, Bishop GA. Toll-like
functions and mechanisms. Immunol
doi: 10.1007/s12026-014-8523-2

receptors and B cells:
Res. (2014) 59:12-22.

Frontiers in Immunology | www.frontiersin.org

17

January 2020 | Volume 10 | Article 3093



Maerz et al.

Breg-Induction by Commensal Bacteria

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Browne EP. Regulation of B-cell responses by Toll-like receptors87.

Immunology(2012) 136:370-9. doi: 10.1111/j.1365-2567.2012.63587.

Maerz JK, Steimle A, Lange A, Bender A, Fehrenbacher B, Frick JS88.

Outer membrane vesicles blebbing contributes Bo vulgatus mpk-
mediated immune response silencingsut Microbes. (2018) 9:1-12.
doi: 10.1080/19490976.2017.1344810

Lange A, Beier S, Steimle A, Autenrieth 1B, Huson DH, Frick JS.
Extensive mobilome-driven genome diversi cation
associated bacteroides vulgatus m@knome Biol Evo{2016) 8:1197—-207.
doi: 10.1093/gbe/evw070

Steimle A, Gronbach K, Beifuss B, Schafer A, Harmening R, BAndeal.
Symbiotic gut commensal bacteria act as host cathepsin S acéyifjators.

J Autoimmun(2016) 75:82-95. doi: 10.1016/j.jaut.2016.07.009

Frick JS, Zahir N, Muller M, Kahl F, Bechtold O, Lutz MB, et al.
Colitogenic and non-colitogenic commensal bacteria di erentidligger

DC maturation and Th cell polarization: an important role for IL-Bur J
Immunol.(2006) 36:1537-47. doi: 10.1002/eji.200635840

Rosser EC, Mauri C. Regulatory B cells: origin, phenotype, ardidan
Immunity. (2015) 42:607-12. doi: 10.1016/j.immuni.2015.04.005

Casals C, Barrachina M, Serra M, Lloberas J, Celada A. Lipopolysdecha
up-regulates MHC class Il expression on dendritic cells through an AP-1
enhancer without a ecting the levels of CIITA.Immunol(2007) 178:6307—
15. doi: 10.4049/jimmunol.178.10.6307

Guermonprez P, Valladeau J, Zitvogel L, Thery C, Amigorena S. éfntig
presentation and T cell stimulation by dendritic cellsainu Rev Immunol.
(2002) 20:621-67. doi: 10.1146/annurev.immunol.20.10034828

Ni K, O'Neill HC. The role of dendritic cells in T cell activatidmmunol

Cell Biol (1997) 75:223-30. doi: 10.1038/ich.1997.35

Leon B, Ballesteros-Tato A, Lund FE. Dendritic cells and B cells:96.

unexpected partners in Th2 developmedtimmunol.(2014) 193:1531-7.
doi: 10.4049/jimmunol.1400149

Maddur MS, Bayry J. B cells drive Th2 responses by instructing
human dendritic cell maturationOncoimmunology(2015) 4:e1005508.
doi: 10.1080/2162402X.2015.1005508

Han J, Sun L, Fan X, Wang Z, Cheng Y, Zhu J, et al. Role of regulatory
b cells in neuroimmunologic disorderd.Neurosci Re§2016) 94:693-701.
doi: 10.1002/jnr.23749

Sartor RB. Mechanisms of disease: pathogenesis of Crokaasdi and
ulcerative colitisNat Clin Pract Gastroenterol Hepat¢2006) 3:390-407.
doi: 10.1038/ncpgasthep0528
Maloy KJ, Powrie F. Intestinal
in inammatory bowel disease. Nature.
doi: 10.1038/nature10208

Khor B, Gardet A, Xavier RJ. Genetics and pathogenesisashimatory
bowel diseas@ature.(2011) 474:307—-17. doi: 10.1038/nature10209
Alkanani AK, Hara N, Gottlieb PA, Ir D, Robertson CE, Wagner, BDal.
Alterations in intestinal microbiota correlate with susceptibility type 1
diabetesDiabetes(2015) 64:3510-20. doi: 10.2337/db14-1847

Opazo MC, Ortega-Rocha EM, Coronado-Arrazola |, Bonifaz LC,
Boudin H, Neunlist M, et al. Intestinal microbiota in uences non-
intestinal related autoimmune diseasésont Microbiol. (2018) 9:432.
doi: 10.3389/fmicb.2018.00432

de Groot PF, Belzer C, Aydin O, Levin E, Levels JH, Aalvink S,
et al. Distinct fecal and oral microbiota composition in human type

its breakdown
474:298-306.

homeostasis and
(2011)

1 diabetes, an observational studiLoS ONE.(2017) 12:e0188475. 104.

doi: 10.1371/journal.pone.0188475

Hindson J. Multiple sclerosis: a possible link between multiple
sclerosis and gut microbiotaNature reviews Neurology2017) 13:705.

doi: 10.1038/nrneurol.2017.142 105.
Felix KM, Tahsin S, Wu HJ. Host-microbiota interplay in mediatimgriune
disorders Annals of the New York Academy of Scier(@€4.8) 1417:57-70.

doi: 10.1111/nyas.13508 106.

Yan D, Issa N, A L, Jeon C, Chang HW, Liao W. The role of thensnd
gut microbiome in psoriatic diseas€urr Dermatol Rep(2017) 6:94-103.
doi: 10.1007/s13671-017-0178-5

Dickerson F, Severance E, Yolken R. The microbiome, immunity, and07.

schizophrenia and bipolar disordeBrain Behav Immun(2017) 62:46-52.
doi: 10.1016/j.bbi.2016.12.010

89.

in mouse gut- 90.

91.

92.

93.

94.

95.

97.

98.

99.

100.

101.

102.

103.

Vasquez A. Biological plausibility of the gut-brain axis itissa. Ann N Y
Acad Sci(2017) 1408:5-6. doi: 10.1111/nyas.13516

Cox LM, Weiner HL. Microbiota signaling pathways that
inuence neurologic disease.Neurotherapeutics.(2018) 15:135-45.
doi: 10.1007/s13311-017-0598-8

Yang Y, Tian J, Yang B. Targeting gut microbiome: a novel anengal
therapy for autismLife Sci(2018) 194:111-9. doi: 10.1016/j.1fs.2017.12.027
Thoene-Reineke C, Fischer A, Friese C, Briesemeister Del GdiB,
Kammertoens T, et al. Composition of intestinal microbiota in immune-
de cient mice kept in three di erent housing condition®LoS ONE(2014)
9:€113406. doi: 10.1371/journal.pone.0113406

Sokol H, Mahlaoui N, Aguilar C, Bach P, Join-Lambert O, Garrao A,
et al. Intestinal dysbiosis in in ammatory bowel disease asgedi with
primary immunode ciency.J Allergy Clin Immunol(2019) 143:775-8 e6.
doi: 10.1016/j.jaci.2018.09.021

Hall AB, Tolonen AC, Xavier RJ. Human genetic variation and
the gut microbiome in diseaseNat Rev Genet.(2017) 18:690-9.
doi: 10.1038/nrg.2017.63

Round JL, Mazmanian SK. The gut microbiota shapes intestimaline
responses during health and diseaslet Rev Immunol(2009) 9:313-23.
doi: 10.1038/nri2515

Chow J, Tang H, Mazmanian SK. Pathobionts of the gastroinats
microbiota and in ammatory diseas€urr Opin Immunol.(2011) 23:473—
80. doi: 10.1016/j.c0i.2011.07.010

Velupillai P, Harn DA. Oligosaccharide-speci c induction ofénieukin 10
production by B228 cells from schistosome-infected mice: a mechanism for
regulation of CD# T-cell subsetsroc Natl Acad Sci USAL994) 91:18-22.
doi: 10.1073/pnas.91.1.18

Crotty S. A brief history of T cell help to B celidat Rev Immunol(2015)
15:185-9. doi: 10.1038/nri3803

Blum JS, Wearsch PA, Cresswell P. Pathways of antigen pngcAssiu Rev
Immunol.(2013) 31:443-73. doi: 10.1146/annurev-immunol-03271241959
van der Vlugt LE, Haeberlein S, de Graaf W, Martha TE, Smits HH. kall-li
receptor ligation for the induction of regulatory B celldethods Mol Biol.
(2014) 1190:127-41. doi: 10.1007/978-1-4939-1161-5_10

Hayashi EA, Granato A, Paiva LS, Bertho AL, Bellio M, Nobrega
A. TLR4 promotes B cell maturation: independence and cooperation
with B lymphocyte-activating factorJ Immunol. (2010) 184:4662-72.
doi: 10.4049/jimmunol.0903253
Bekeredjian-Ding 1, Jego G.
in the B-cell response. Immunology.
doi: 10.1111/j.1365-2567.2009.03173.x
Kusumoto S, Fukase K, Shiba T. Key structures of bacteriatipglycan
and lipopolysaccharide triggering the innate immune system of higher
animals: chemical synthesis and functional studrfeec Jpn Acad B Phys Biol
Sci(2010) 86:322-37. doi: 10.2183/pjab.86.322

Blair PA, Chavez-Rueda KA, Evans JG, Shlomchik MJ, Eddapiseénberg

DA, et al. Selective targeting of B cells with agonistic anti-CDOg} an

e cacious strategy for the generation of induced regulatory TizIB cells
and for the suppression of lupus in MRL/Ipr micd. Immunol. (2009)
182:3492-502. doi: 10.4049/jimmunol.0803052

Yang M, Sun L, Wang S, Ko KH, Xu H, Zheng BJ, et al. Novel funofi&
cell-activating factor in the induction of IL-10-producing relgtory B cells.

J Immunol(2010) 184:3321-5. doi: 10.4049/jimmunol.0902551
Lampropoulou V, Calderon-Gomez E, Roch T, Neves P, Shen P, Gtervb
U, et al. Suppressive functions of activated B cells in autoimmunaskse
reveal the dual roles of Toll-like receptors in immunitpnmunol Rev(2010)
233:146-61. doi: 10.1111/j.0105-2896.2009.00855.x

Minguet S, Dopfer EP, Pollmer C, Freudenberg MA, Galanos ®, Ret

et al. Enhanced B-cell activation mediated by TLR4 and BCR al&sstr J
Immunol.(2008) 38:2475-87. doi: 10.1002/eji.200738094

Xing Z, Gauldie J, Cox G, Baumann H, Jordana M, Lei XF, et al.
IL-6 is an antiin ammatory cytokine required for controlling local or
systemic acute in ammatory responsekClin Invest(1998) 101:311-20.
doi: 10.1172/JCI1368

Scheller J, Chalaris A, Schmidt-Arras D, Rose-John S. The praardird

in ammatory properties of the cytokine interleukin-&iochim Biophys Acta.
(2011) 1813:878-88. doi: 10.1016/j.bbamcr.2011.01.034

Toll-like
(2009)

receptors—sentries
128:311-23.

Frontiers in Immunology | www.frontiersin.org

18

January 2020 | Volume 10 | Article 3093



Maerz et al. Breg-Induction by Commensal Bacteria
108. Batista FD, Harwood NE. The who, how and where of antigereptason 128. Pennati A, Ng S, Wu Y, Murphy JR, Deng J, Rangaraju S, et al.

to B cellsNat Rev Immunol(2009) 9:15-27. doi: 10.1038/nri2454 Regulatory B cells induce formation of IL-10-expressing T cells in mice
109. Hudak JE, Alvarez D, Skelly A, von Andrian UH, Kasper DL. llluminating with autoimmune neuroin ammation.J Neurosci(2016) 36:12598-610.

vital surface molecules of symbionts in health and diselae Microbiol. doi: 10.1523/JNEUROSCI.1994-16.2016

(2017) 2:17099. doi: 10.1038/nmicrobiol.2017.99 129. Ray A, Basu S. Regulatory B cells in experimental autoimmune
110. Wykes M, MacPherson G. Dendritic cell-B-cell interactiomndtitic encephalomyelitis (EAE).Methods Mol Biol. (2014) 1190:243-55.

cells provide B cells with CD40-independent proliferation signals doi: 10.1007/978-1-4939-1161-5_17

and CDA40-dependent survival signalémmunology. (2000) 100:1-3. 130. Tian J, Zekzer D, Hanssen L, Lu Y, Olcott A, Kaufman DL.

doi: 10.1046/j.1365-2567.2000.00044.x Lipopolysaccharide-activated B cells down-regulate Th1l immunity and
111. Clark EA. Regulation of B lymphocytes by dendritic célisxp Med(1997) prevent autoimmune diabetes in nonobese diabetic niideimunol (2001)

185:801-3. doi: 10.1084/jem.185.5.801 167:1081-9. doi: 10.4049/jimmunol.167.2.1081
112. Ouyang FZ, Wu RQ, Wei Y, Liu RX, Yang D, Xiao X, et al.131. Mauri C, Bosma A. Immune regulatory function of B cesinu Rev

Dendritic cell-elicited B-cell activation fosters immune privilege W.- Immunol.(2012) 30:221-41. doi: 10.1146/annurev-immunol-0207113749

10 signals in hepatocellular carcinomdat Commun.(2016) 7:13453. 132. Liu T, Ren J, Wang W, Wei XW, Shen GB, Liu YT, et al. Treatment of

doi: 10.1038/ncomms13453 dextran sodium sulfate-induced experimental colitis by adoptimegfer of
113. Geisel J, Kahl F, Muller M, Wagner H, Kirschning CJ, AutehfiBt et al. IL- peritoneal cellsSci Rep(2015) 5:16760. doi: 10.1038/srep16760

6 and maturation govern TLR2 and TLR4 induced TLR agonist tolezanc 133. Steimle A, Frick JS. Molecular mechanisms of induction of toleran

and cross-tolerance in dendritic celld.immunology(2007) 179:5811-8. and tolerogenic intestinal dendritic cells in micé.Immunol Res(2016)

doi: 10.4049/jimmunol.179.9.5811 2016:1958650. doi: 10.1155/2016/1958650
114. Garcia-Marquez M, Shimabukuro-Vornhagen A, von BergweileBn M. 134. Muller M, Fink K, Geisel J, Kahl F, Jilge B, Reimann J, et astinal

Complex interactions between B cells and dendritic céleod. (2013) colonization of IL-2 de cient mice with non-colitogenid. vulgatus

121:2367-8. doi: 10.1182/blood-2012-12-468017 prevents DC maturation and T-cell polarizatioALoS ONE(2008) 3:e2376.
115. Komai T, Inoue M, Okamura T, Morita K, Iwasaki Y, Sumitomo S,let a doi: 10.1371/journal.pone.0002376

Transforming growth factor-beta and interleukin-10 synergaiiig regulate  135. Kiesler P, Fuss 1J, Strober W. Experimental models of in ammatory

humoral immunity via modulating metabolic signai&ront Immunol(2018) bowel diseasesCell Mol Gastroenterol Hepatol(2015) 1:154-70.

9:1364. doi: 10.3389/ mmu.2018.01364 doi: 10.1016/j.jcmgh.2015.01.006
116. Couper KN, Blount DG, Riley EM. IL-10: the master regulator136. Mandell L, Moran AP, Cocchiarella A, Houghton J, Taylor N, Fox JG,

of immunity to infection. J Immunol. (2008) 180:5771-7. et al. Intact gram-negativéHelicobacter pyloriHelicobacter felisand

doi: 10.4049/jimmunol.180.9.5771 Helicobacter hepaticubacteria activate innate immunity via toll-like
117. Menon M, Blair PA, Isenberg DA, Mauri C. A regulatory feedback receptor 2 but not toll-like receptor 4nfect Immun.(2004) 72:6446-54.

between plasmacytoid dendritic cells and regulatory B cells is aberrant  doi: 10.1128/IA1.72.11.6446-6454.2004

in systemic lupus erythematosusimmunity. (2016) 44:683-97. 137. Danne C, Powrie F. Helicobacter hepaticus polysaccharideesdn anti-

doi: 10.1016/j.immuni.2016.02.012 in ammatory response in intestinal macrophag®scrob Cell(2018) 5:208—
118. Sindhava VJ, Tuna H, Gachuki BW, DiLillo DJ, Avdiushko MGa@i 11. doi: 10.15698/mic2018.04.626

TM, et al. Bone marrow dendritic cell-mediated regulation of TLR and 138. Kullberg MC, Ward JM, Gorelick PL, Caspar P, Hieny S, Cheever

B cell receptor signaling in B celld. Immunol. (2012) 189:3355-67. A, et al. Helicobacter hepaticusiggers colitis in speci c-pathogen-free

doi: 10.4049/jimmunol.1101352 interleukin-10 (IL-10)-de cient mice through an IL-12- and gamma
119. Schmidt EG, Kristensen NN, Claesson MH, Pedersen AE. Entgyea- interferon-dependent mechanisminfect Immun. (1998) 66:5157-66.

presenting B cells e ciently stimulate CD&() T cellsin vitro. In amm Bowel doi: 10.1128/1A1.66.11.5157-5166.1998

Dis.(2011) 17:308-18. doi: 10.1002/ibd.21429 139. Erdman SE, Rao VP, Poutahidis T, Rogers AB, Taylor CL oJaEKs et al.
120. Saze Z, Schuler PJ, Hong CS, Cheng D, Jackson EK, Whifdside Nitric oxide and TNF-alpha trigger colonic in ammation and carcigenesis

Adenosine production by human B cells and B cell-mediated suppression in Helicobacter hepaticus-infected, Rag2-de cient mieeoc Natl Acad Sci

of activated T cellsBlood.(2013) 122:9-18. doi: 10.1182/blood-2013-02-4 USA.(2009) 106:1027-32. doi: 10.1073/pnas.0812347106

82406 140. Matharu KS, Mizoguchi E, Cotoner CA, Nguyen DD, Mingleviedla Ol,
121. Yang F, Wang D, Li Y, Sang L, Zhu J, Wang J, et al. Th1/Thadsala et al. Toll-like receptor 4-mediated regulation of spontaneous Helicra

and Th17/Treg-mediated immunity in relation to murine resistance to dependent colitis in IL-10-de cient mic&astroenterologf2009) 137:1380—

dextran sulfate-induced colitis] Immunol Res(2017) 2017:7047201. 90 e1-3. doi: 10.1053/j.gastro.2009.07.004

doi: 10.1155/2017/7047201 141. Vatanen T, Kostic AD, d'Hennezel E, Siljander H, Franzosg EA
122. Lee GR. The balance of Th17 versus treg cells in autoimmumtigyMol Sci. Yassour M, et al. Variation in microbiome LPS immunogenicity

(2018) 19:E730. doi: 10.3390/ijms19030730 contributes to autoimmunity in humans.Cell. (2016) 165:1551.
123. Diller ML, Kudchadkar RR, Delman KA, Lawson DH, Ford ML. Balagci doi: 10.1016/j.cell.2016.05.056

in ammation: the link between Th17 and regulatory T ceNsediat In amm. 142. Lu J, Dong B, Chen A, He F, Peng B, Wu Z, etEalcherichia coli

(2016) 2016:6309219. doi: 10.1155/2016/6309219 promotes DSSinduced murine colitis recovery through activation &f th
124. Giles JR, Kashgarian M, Koni PA, Shlomchik MJ. B cell-specic TLR4/NFkappaB signaling pathwayol Med Rep.(2019) 19:2021-8.

MHC class Il deletion reveals multiple nonredundant roles for B cell doi: 10.3892/mmr.2019.9848

antigen presentation in murine lupus] Immunol. (2015) 195:2571-9. 143. Zhang H, Dai Y, Liu Y, Wu T, Li J, Wang X, et dllelicobacter

doi: 10.4049/jimmunol.1500792 pylori colonization protects against chronic experimental colitis by
125. Chien CH, Chiang BL. Regulatory T cells induced by B cells: a regulating Th17/treg balancdn amm Bowel Dis. (2018) 24:1481-92.

novel subpopulation of regulatory T celld. Biomed Sci(2017) 24:86. doi: 10.1093/ibd/izy107

doi: 10.1186/s12929-017-0391-3 144. Hayes CL, Dong J, Galipeau HJ, Jury J, McCarville J, Huang X,
126. Gabrysova L, Nicolson KS, Streeter HB, Verhagen J, S&mits: CA, et al. Commensal microbiota induces colonic barrier structure and

Morgan DJ, et al. Negative feedback control of the autoimmune respo functions that contribute to homeostasisSci Rep.(2018) 8:14184.

through antigen-induced di erentiation of IL-10-secretinghT cells.J Exp doi: 10.1038/s41598-018-32366-6

Med.(2009) 206:1755-67. doi: 10.1084/jem.20082118 145. Grover M, Kashyap PC. Germ-free mice as a model to study e egtitof
127. Yang M, Deng J, Liu Y, Ko KH, Wang X, Jiao Z, et al. IL-10- microbiota on host physiologyNeurogastroenterol Moti{2014) 26:745-8.

producing regulatory B10 cells ameliorate collagen-induced arthritis via

suppressing Th17 cell generatiodm J Pathol.(2012) 180:2375-85. 146.

doi: 10.1016/j.ajpath.2012.03.010

doi: 10.1111/nmo.12366
Mishima Y, Ishihara S, Oka A, Fukuba N, Oshima N, Sonoyama
H, et al. Decreased frequency of intestinal regulatory €DB

Frontiers in Immunology | www.frontiersin.org

19

January 2020 | Volume 10 | Article 3093



Maerz et al. Breg-Induction by Commensal Bacteria

cells in colonic inammation. PLoS ONE. (2016) 11:e0146191. Conict of Interest: The authors declare that the research was conducted in the

doi: 10.1371/journal.pone.0146191 absence of any commercial or nancial relationships that coulddiestrued as a
147. Wang X, Zhu Y, Zhang M, Wang H, Jiang Y, Gao P. Ulcerative c@itis potential con ict of interest.

characterized by a decrease in regulatory B c&liSrohns Colitis(2016)

10:1212-23. doi: 10.1093/ecco-jcc/jjw074 Copyright © 2020 Maerz, Trostel, Lange, Parusel, MichaelisfeSchéo,
148. Mishima Y, Ishihara S, Amano Y, Oshima N, Kadota C, Otani Aalet Low and Frick. This is an open-access article distributetkruthe terms

Alterations of peripheral blood CO5B cells in in ammatory bowel disease. of the Creative Commons Attribution License (CC BY). The disgibution

Scand J Gastroenter(2009) 44:172-9. doi: 10.1080/00365520802433223 or reproduction in other forums is permitted, provided thigimal author(s)
149. Engman C, Garcia gueroa Y, Phillips BE, Trucco M, Giannouk&kiCo-  and the copyright owner(s) are credited and that the originadlication in

stimulation-impaired bone marrow-derived dendritic cells prevent dextranthis journal is cited, in accordance with accepted acadpraitice. No use,

sodium sulfate-induced colitis in miceFront Immunol. (2018) 9:894. distribution or reproduction is permitted which does nonmly with these

doi: 10.3389/ mmu.2018.00894 terms.

Frontiers in Immunology | www.frontiersin.org 20 January 2020 | Volume 10 | Article 3093



	Abstract
	Introduction
	Results
	Bacteroides vulgatus mpk outer membrane vesicles induce tolerance in CD11c cells
	OMVBV-mediated immunomodulatory properties are sensed via host TLR2 and TLR4 receptor complexes

	Discussion
	Materials and methods
	Cultivation of bone marrow derived dendritic cells (BMDCs)
	Cultivation of human embryonic kidney cells (HEK cells)
	Stimulation of bone marrow derived dendritic cells
	Stimulation of human embryonic kidney cells
	Flow cytometrical analysis
	Cytokine analysis by ELISA
	Bacteria cultivation
	Detection of secreted OMVs
	Isolation protocol and microscopy of purified OMVs
	FITC-labeling of isolated vesicles
	Determination of OMVs concentration for stimulation experiments
	Mice
	Statistics

	Disclosure of potential conflicts of Interest
	Funding
	References
	Weak Agonistic LPS Restores Intestinal Immune Homeostasis
	Introduction
	Results
	BVMPK Actively Ameliorates Established Inflammatory Reactions in a Mouse Model for Experimental Colitis, as Confirmed by No ...
	Induction of Hyporesponsive CD11c+ Cells Is a Common Feature of Various Bacteroides Species
	Bacteroides Species Share a Conserved Lipid A Synthesis Core
	Isolated LPS of BVMPK Induces Hyporesponsive Semi-mature CD11c+ Cells
	Administration of Purified LPSBV Reduces Established Intestinal Inflammation in a Mouse Model of Experimental Colitis
	Weak Agonistic LPSBV Is Not a Competitive Inhibitor of Strong Agonistic LPS

	Discussion
	Materials and Methods
	Mice
	T Cell-Mediated Induction of Chronic Colitis in Rag1−/− Mice
	Radiopharmaceuticals
	In Vivo PET Imaging
	Bacteria
	Comparison of Bacteroides spp. Lipid A Synthesis Genes
	Isolation of LPSBV and LPSEC
	Biotinylation of LPSBV
	Cultivation of BMDCs
	Stimulation of BMDCs
	Stimulation of HEK Cells
	Detection of Bound Biotinylated LPSBV
	Cytokine Analysis by ELISA
	Flow Cytometry Analysis
	ALDH Activity Assay
	Purification of RNA and Quantitative Real-Time PCR
	Primer Sequences
	Isolation of LP DCs and T Cells and the Adoptive Transfer of T Cells
	Histology
	Antibodies
	Statistics

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


