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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 Nahrstoffen, 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
ausuben, 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
entzundlichen Darmerkrankungen, Multipler Sklerose, Typ-1-Diabetes und sogar
neurologische Storungen assoziiert ist.

Insbesondere die Interaktion von Mikroben mit dem Wirts-Immunsystem und die
anschlieBende Aktivierung und Differenzierung bestimmter Immunzellen sind
entscheidend fur die Entwicklung entziundlicher 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. wvulgatus ausgeldost 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 entzindungsférdernden
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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
(I) 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

12



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. This condition is termed as “dysbiosis” or “dysbacteriosis” and may

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 “live microorganisms which when administered in
adequate amounts confer a health benefit to the host” [21]. Probiotic strains such as
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

13



of the microbiota or the host’s immunity is disturbed [2, 25]. This subgroup includes
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 (AlDs) 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
gastrointestinal (Gl) tract (Crohn’s Disease, (CD)) or only in the mucosa of the colon
(Ulcerative Colitis, (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.
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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 interactions

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 pm 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 (slgA) 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-p (TRIF) 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-kB), interferon regulatory factor
(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
immunogenicity of LPS and a core oligosaccharide (OS) (“rough” LPS). LPS which
contains an additional O-antigen built from repeating units of usually not more than
five different sugar moieties adjacent to the core OS are named “smooth” [93, 94].
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]
GPIl-mucin Protozoa [108]
Envelope glycoproteins Viruses [109]
Diacyl lipopeptides Bacteria [110]
TLR2/TLR6
Lipoteichoic acid (LTA) Bacteria [111]
Double-stranded RNA Viruses [112, 113]

stranded RNA

TLR3 | . i

Poly (I:C) Synthetic analog of double [114]

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]
TLR7 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
such as proteases, peptidase, nucleases and (- lactamases and also toxins and
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 (OMVs). 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 milieu (“passive immunity”)
[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 killing 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 (OMVs). 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 (MAMPs) 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 Peyer's patches (PP), mesenteric lymph nodes
(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: Th1 cells
(key cytokine: IFNy, transcription factor: T-bet) are developed due to the 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: RORyt) are involved in mucosal immunity and autoimmune disorders;
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 Th17 and IFNy-producing Th1 cells are found in the Gl 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 Th1 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-like 1A and IFNy which consequently stimulate
the secretion of IL-1, TNFa and IL-6 from 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
TNFa, IL-1B, IL-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 Th1 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 Th1 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 Th1
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 IL-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 Rag1 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. wulgatus (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. wulgatus 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 ug uL™' OMVs, the population of CD11c*OMVpgy*
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 Th1 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 CD11¢” DCs with OMVgy 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-Il 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 CD11¢” 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 OMVpgy
resulted in a concentration-dependent activation of the NF-kB 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 OMV3y, 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 TNFa 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 TNFa
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 OMVpy,
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 TNFa and IL-6 in 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 CD11¢c” 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 Rag?”” 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-Il 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 Th1 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. wvulgatus) 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 stronq immunogenic E. coli are TLR-dependent

To show the direct interaction of B cells with B. vulgatus and E. coli and the
recognition of MAMPs 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 CD11¢* 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
TNFa were detectable (publication c, figure 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. wvulgatus stimulation of naive splenic WT B cells resulted in a
significantly elevated productions of these immune suppressive proteins (publication

c, figure 2D).

38



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 CD11¢c* 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-inflammatory TNFa in comparison 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 CD11¢c” 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
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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 CD11¢* 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 Th1 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 Th1
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*Gr1" 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"
CD197IL10" 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
Th1 (CD19°CD3'CD4°IFNy") and Th17 (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.

41



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 Rag1 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 (Rag1™),
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-107 or RagZ"' 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/Th17/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.

44



; : L MaturationI
TLR T
\C

4 N
-
//// A \\\
~ ey Y ~
P /// ® ‘(\‘600600'?1&01201& . ®
) - e @ F &y/v IL-10.
y " - o See
l\n‘_n_lfhx o 3 == P N IL-35 " S:f”TGFfS
. "7\ ” ¢
E. coli - wHel 7o
=S
>
g ==
-— Brealyge=——
%0 @ ° “eors
A PD-L1
oe® FasL \
Gitrl N
°0
L3
cD11e b f o
IL-4 ‘
o~ D Maturation 1 -
cp1 >
¢ Th2

Figure 3. Immune modulation mechanisms via activation of regulatory cell phenotypes induced by
immunogenic bacteria. Depending on the immunogenicity of a bacterial antigen, APCs (immature
DCs and naive B cells) are activated differently through the recognition of MAMPs (e.g. LPS or PGN)
through Toll-like receptors. Interaction of weak agonistic viable B. vulgatus, OMVgy or LPSgy, leads to
semi-maturation of CD11c’ DCs exhibiting tolerant properties. Binding of strong agonistic E. coli
results in the fully maturation of DCs expressing high amount of MHC-Il and T cell co-stimulatory
proteins and secreting increased levels of immune-modulatory cytokines. In contrast, potent
stimulation of B cells (e.g. by strong immunogenic E. coli) induces the differentiation and
proliferation of regulatory B cell phenotypes such as B10 cells (CD19*CD5'CD1d*IL10%), T2-MZP cells
(CD19'CD21"cD23"CcD24") and Tim-1" B cells (CD19" Tim-1*) characterized by an upregulated
expression and strong secretion of suppressive mediators. Primarily through secreted IL-10, Bregs
can inhibit DC and macrophage maturation and function and consequently dampen their antigen
presentation capacity to activate and polarize T cells. Moreover, Bregs can regulate T-cell responses
by suppressing the proliferation and polarization of effector T cells (in particular TH1 and TH17 cells).
These effects are mediated by secreted factors (IL-10, TGFR, and Ebi3/IL-35) and membrane-bound
molecules including MHC-Il, CD73, PD-L1, FasL and GitrL at the interface between B cells and T cells
[266]. Regulatory B cells also crosstalk with Treg cells to promote their expansion and support their
function. (+): induction/activation, (-): inhibition. semi-mature DCs (intermediate expression of DC
maturation markers); LPS (lipopolysaccharide); PGN (peptidoglycan); OMV (outer membrane vesicle);
TLR (toll-like receptor); iDC (immature dendritic cell); CD (cluster of differentiation); PD-L1
(programmed death ligand 1); FasL (Fas ligand); GitrL (glucocorticoid-induced tumour necrosis factor
receptor-related protein ligand); IL- (interleukin-); TCR (T cell receptor); TGFR (transforming growth
factor B); Th (T helper cells); Tim-1 (T cell Ig and mucin 1); IFNy (interferon y); TNFa (tumour-necrosis
factor a); T-bet (T-box transcription factor); RORyt (RAR-related orphan receptor gamma); GATA-3
(Trans-acting T-cell-specific transcription factor GATA-3); FoxP3 (Forkhead box protein P3) (Adapted
from publication c).
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ABSTRACT

The Gram negative intestinal symbiont Bacteroides vulgatus mpk is able to prevent from induction of
colonic inflammation in Ragl~’~ mice and promotes immune balance in /27~ mice. These
inflammation-silencing effects are associated with B. vulgatus mpk-mediated induction of semi-
mature dendritic cells, especially in the colonic lamina propria (cLP). However the beneficial
interaction of bacteria with host immune cells is limited due to the existence of a large mucus layer
covering the intestinal epithelium. How can intestinal bacteria overcome this physical barrier and
contact the host immune system?

One mechanism is the production of outer membrane vesicles (OMVs) via ubiquitous blebbing of
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 from B. vulgatus mpk 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 of B. vulgatus mpk for a vigorous acellular prevention and
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treatment of systemic diseases.

Introduction

The intestinal microbiota provides important features
which are considered to be beneficial for the host
organism, such as (1) the maintenance of the struc-
tural integrity of the intestinal mucosal barrier, (2) the
development of epithelial cell function, (3) host nutri-
ent metabolism, (4) modulation of the immune system
and (5) prevention of bacterial overgrowth."” Hereby,
a certain microbial diversity is considered to be
required for the maintenance of the immune homeo-
stasis and crucial for the optimal functionality and
interaction with the host. Concerning the interplay
between microbiota and the host immune system, a
disturbed or altered composition of the gut micro-
biota, called “dysbiosis,” is associated with the patho-
genesis of both intestinal and systemic immunological
of the intestinal

disorders.> Such a dysbiosis

microbiota, can also influence the disease onset and
progress in a variety of mouse models for autoimmune
diseases (AID) such as rheumatoid arthritis (RA), type
1 diabetes (T1D) and inflammatory bowel disease
(IBD).*® This highlights the importance of a deeper
knowledge of the interaction between the host
immune system and the intestinal microbes. Based on
this cross talk, specific modulation of the intestinal
microbiota composition is considered to be used as
therapy for the treatment of microbiota-associated
AID.”® Hereby, intestinal commensals are decisive for
the induction (pathobionts) or prevention (symbionts)
of a pathological immune response in a certain pre-
disposed host.” In this context, members of the genus
Bacteroides were already demonstrated to exhibit sym-
biotic properties concerning the modulation of the
intestinal immune system. "’

CONTACT Prof. Dr. Julia-Stefanie Frick @juIia—stefanie.frick@med.uni—tuebingen.de e Institute of Medical Microbiology and Hygiene, University of

Tlbingen, Elfriede-Aulhorn-Str.6, D-72076 Tiibingen, Germany.
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Accordingly, Bacteroides vulgatus mpk was already
depicted to mediate inflaimmation-silencing effects
finally preventing from colitis induction in various
moue models for IBD.""*> These immune regulatory
properties of B. vulgatus mpk are traced back to the
induction of a tolerant dendritic cell (DC) phenotype
in the colonic lamina propria (cLP) termed semi-
mature.'*'* However, direct physical interaction
between intestinal commensals and cLP DCs is limited
due to the presence of a thick and almost sterile mucus
layer covering the intestinal epithelium. Therefore, we
were interested in how this symbiotic commensal
manages to enhance the communication with host
cells to modulate the immune system.

Instead of direct physically interacting with tar-
get cells, bacteria can communicate with more dis-
tant host environments via secretion of signaling
molecules, such as toxins, quorum sensing mole-
cules and DNA."” These mechanisms involving
non-viable bacteria provide distinct advantages for
bacteria, since secreted soluble material is smaller
and non-viable.'®!” Therefore, this material can
gain access to environments usually being inacces-
sible for living bacteria. In this context, the biogen-
esis and release of bacterial outer membrane
vesicles (OMVs) by Gram-negative bacteria repre-
sent a secretion pathway combining the long-dis-
tance traveling ability of small soluble bacterial
products with mimicking the characteristics of the
whole bacterial cell by facilitating the transport of
819 OMV release therefore
constitutes a critical mechanism for
inter-kingdom communication.”>*'
the outer membrane of bacteria, OMVs harbour a
broad variety of microbe-associated molecular pat-

insoluble molecules.
intra- and

Derived from

terns (MAMPs) which interact with pattern recog-
nition receptors (PRRs) of host target cells, leading
to innate and adaptive immune responses.”>** Tt
was shown that the application of OMVs critically
modulates the course of disease in animal models
of intestinal inflammation by either a direct or an
indirect interaction with the intestinal immune sys-
tem.”*?* Hickey et al. even showed that OMVs of
B. thetaiotaomicron can be found in macrophages
of the intestinal mucosa. This implicates a passag-
ing through not only the mucus layer but also
through the intestinal epithelial cell layer.

In this study, we provide evidence that the symbi-
otic commensal B. vulgatus mpk produces OMVs.

This generation of OMVs contribute to the mediation
of the immune-system silencing properties provoked
by this strain via the induction of DC semi-matura-
tion. Thereby, both TLR2- and MD-2/TLR4-mediated
signaling is crucial for this OMV-induced generation
of semi-mature DCs, indicating that TLR2 and TLR4
ligands carried by OMVs are indispensable for the
manifestation of this tolerant DC phenotype. There-
fore, B. vulgatus mpk-caused OMV blebbing seems to
contribute to host-microbe communication at intesti-
nal sites which are hardly accessible for the living
bacterium.

Results

Bacteroides vulgatus mpk outer membrane vesicles
induce tolerance in CD11c" cells

It is well known that components of the intestinal
microbiota have widespread effects on the mucosal
immune system in the intestine.'*** Hereby, commen-
sal bacteria exhibit important functions for the prim-
ing of immune cells underlying the mucosal epithelial
barrier. However, physical contact between bacteria
and such immune cells is restricted due to the pres-
ence of a large mucus layer covering the intestinal epi-
thelium. Almost all bacteria produce outer membrane
vesicles (OMVs) through bulging of the outer bacterial
membrane.”” These vesicles are able to cross the
mucin layer, finally increasing the probability of inter-
action of mucosal immune cells with bacterial surface
structures such as MAMPs.*®* The mechanism of
OMYV production is a key characteristic of Gram nega-
tive bacteria and commensal-derived OMVs seem to
be important for the modulation of the host immune
system.”’

In previous work, we could demonstrate that B. vul-
gatus mpk modulate the immune response in vivo and
in vitro in an inflammation-silencing manner. This is
mainly mediated by the induction of tolerant CD11c*
cells in the colonic lamina propria, which seem to be
responsible for the maintenance of homeostatic condi-
tions in the intestine.'>"> Several molecular mecha-
nisms for tolerance induction have already been
identified in CD11c" bone marrow derived dendritic
cells (BMDCs).* Until now, not all immune system-
modulating surface structures of B. vulgatus mpk were
already identified. Therefore, we were interested if this
symbiotic commensal produces OMVs and if this ves-
icle production contributes to the observed immuno-



modulatory properties of this commensal strain. The
secretion of OMV's can be a response due to environ-
mental stress of the prokaryotic cell.”>*' Therefore, we
incubated the bacteria under different culture condi-
tions and for different periods of time, to elucidate, if
this strain produces OMVs and if this is dependent on
the culturing conditions. We could demonstrate that
B. vulgatus produces vesicles ubiquitarily under non-
detrimental conditions through bulging of the outer
membrane as demonstrated in TEM pictures (Fig. 1a).
To gain information on the immune system modulat-
ing features of OMVs, CD11c™ BMDCs were gener-
ated as described and stimulated with B. vulgatus
mpk-derived OMVs (OMVygy) for 24 h (Fig. 1b). After
end of incubation time, BMDCs were checked for sur-
face expression of MHC-II, CD40, CD80 and CD86
by flow cytometry (Fig. 1c, gating strategy) since these
surface markers indicate the maturation status of
CD11c" BMDCs.'"'*!*** PBS-stimulated BMDCs
were used as a negative control (mock), representing
completely immature CD11c* cells. BMDCs stimu-
lated with pathobiotic E. coli mpk were used as posi-
tive controls, representing mature CDl11c?t cells, since
CD11c* BMDC stimulation with this strain was dem-
onstrated to induce complete maturation."" B. vulga-
tus mpk was already demonstrated to induce CD11c™
cell semi-maturation as indicated by intermediate
expression of MHC-II, CD40, CD80 and CD86 which
was significantly lower compared with the expression
of these respective surface proteins of mature CD11c*
BMDCs."" We could demonstrate that OMVyy pro-
vide the same properties like live B. vulgatus mpk
when used at a concentration of 50 ng mL ™!, since we
could not detect any difference in the expression of
MHC-II, CD40, CD80 and CD86 between CD11c*
cells stimulated with either OMVyy or live B. vulgatus
mpk, respectively (Fig. 1d). Additionally and as con-
firmed for live B. vulgatus mpk, CD11c" cells stimu-
lated with OMVygy provided significantly lower
surface expression of these proteins compared with E.
coli mpk stimulated CDl11ct BMDCs. However, the
surface expression of MHC-II and T cell co-stimula-
tory surface proteins of CD11c™ BMDCs represents
only a first hint on the maturation of these cells. A key
feature of semi-mature CD1lc" cells is tolerance
toward a secondary bacterial stimulus after priming
with B. wvulgatus mpk.!" Therefore, we primed
CD11c" BMDCs with either OMVyy, live B. vulgatus
mpk, E. coli mpk or PBS (mock), incubated these cells
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for 24 h, changed cell culture medium and challenged
them with either PBS or E. coli mpk (Fig. 1e). We ana-
lyzed the surface expression of MHC-II and the secre-
tion of the pro-inflammatory cytokines TNF and IL-6.
Immature PBS-stimulated CD11c* cells showed a sig-
nificantly increased surface expression of MHC-II as
well as secretion of TNF and IL-6 after challenge with
E. coli mpk. Already mature E. coli mpk primed
CD11c" cells maintained their high expression level
of MHC-II and IL-6 after challenge with E. coli mpk.
Due to the high secretion of TNF during the first 24 h,
indicating a maturation of the BMDCs, secreted TNF
was not detectable in the supernatant of mature
CD11c" cells upon a second challenge with E.coli
mpk after exchange of media.”>** This is in line with
the literature reporting on a non-responsiveness of
mature BMDCs to additional stimuli.'"**** Semi-
mature CD11c™ cells stimulated with either live B. vul-
gatus mpk or OMVyy were non-responsive toward
subsequent challenge with E. coli mpk concerning the
surface expression of MHC-II and the secretion of
TNF in the supernatant (Fig. 1f). Furthermore, to pro-
vide evidence for a direct interaction of B. vulgatus-
derived OMVs with antigen-presenting cells, we per-
formed an internalisation timeline assay using
CD11c* BMDCs in combination with different con-
centration of FITC-labeled vesicles. OMVygy, were
taken up by cultured BMDCs, leading to an extensive
increase of CD11¢tOMVyy " cell population after 30
minutes as shown in Figure 1g. As shown by Shen
et al., the rapid internalization of vesicles can be
achieved in an actin-dependent manner directing the
expression of surface markers and inflammatory cyto-
kine secretion in BMDCs.**

OMVpg,-mediated immunomodulatory properties are
sensed via host TLR2 and TLR4 receptor complexes

We demonstrated that B. vulgatus mpk and its outer
membrane vesicles interact with innate immune cells
and modulate the host immune system in an anti-
inflammatory sense. Though, the exact mechanisms
and involved pattern recognition receptors for signal
transduction were not yet accurately identified. There-
fore, we wanted to describe the responsible receptor
on host target cells for the interaction with microbial
ligands on bacterial cell surface and outer membrane
vesicles, respectively. In this context, Toll-like recep-
tors (TLRs) are the most pivotal pattern-recognition
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Figure 1. Induction of dendritic cell semi-maturation via B. vulgatus OMVs (OMVgy). (a) Evidence for vesicle production derived from the
outer membrane of cultivated Bacteroides vulgatus cell. Black arrows indicate single secreted vesicles of fixed bacterial cells after tolui-
dine blue staining captured with Transmission Electron Microscope (upper picture). Native OMVpy after isolation and purification stained
negative with uranyl acetate (lower picture). (b) Experimental setting for the analysis of surface maturation marker expression on den-
dritic cells after stimulation with OMVs. BMDCs are primed for 24 h with either PBS (mock), B. vulgatus or E. coli as control and addition-
ally with 50 ng mL™" OMVsgy. (c) Gating strategy for the determination of MHC class Il high positive (MHC-Il "'+), CD40, CD80 or CD86
BMDCs. CD11c-negative cells were excluded and the proportion of MHC-II hi+ (dot plot), CD40, CD8O or CD86 (histogram) DCs within
the population of CD11c™ cells was determined as shown. Dashed line shows negative control. (d) MHC class Il ", CD40, CD80 or CD86
population CD11ct BMDCs that were primed with PBS (mock), B. vulgatus mpk, 50 ng mL~" OMVgy or E. coli mpk for 24 h (n = 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 phenotype, B. vulgatus mpk or 50 ng mL™"' OMVgy to induce semi-maturation or E. coli to
induce BMDC maturation. After medium change, these cells were secondarily challenged for 16 h with either PBS (mock) as controls or
E. coli to proof non-responsiveness of tolerant cells. (f) Expression of analyzed maturation markers MHC class Il, TNF and IL-6 of CD11c™
BMDCs after priming with PBS (mock), B. vulgatus mpk, 50 ng mL™" OMVgy or E. coli mpk for 16 h and subsequently challenge with
either PBS (mock) or E. coli mpk for 16 h (n = 4). (g) Flow cytometry analysis of OMVyy internalization by BMDCs. Different concentra-
tions of vesicles were labeled with fluorescein isothiocyanate (FITC) and incubated with cultured DCs for various times. Percentages
show CD11ctOMVp, ™ cell populations. Unlabeled OMVs served as negative control (black population in dot plot graph). All statistical
analyses were performed using student’s t test. Error bars represent SD.



receptors (PRRs) for the detection of MAMPs.**
The most abundant MAMPs exhibiting strong immu-
nogenic properties are lipopolysaccharides (LPS),
which are recognized by CD14 and the TLR4/MD-2
receptor complex.'***** Besides TLR4 agonists, TLR2
ligands like bacterial lipopeptides, play a prominent
role regarding target activation of antigen presenting
cells.** In general, TLR4- as well as TLR2- agonists
can be integrated into OMVs and therefore be trans-
ported by these vesicles."® To characterize the B. vul-
gatus mpk- and OMVyy- associated ligands which
might be relevant for the induction of semi-mature
BMDCs, we used Human Embryonic Kidney cells
(HEK) overexpressing mouse TLR2 or the mouse
CD14/TLR4/MD-2 receptor complex. The resulting
IL-8 secretion into cell supernatant was detected to
determine receptor activation. PBS treated cells served
as negative control, whereas Pam;CSK, was used as
TLR2 ligand. As demonstrated in Fig. 2a, OMVgy
induced both activation of the TLR2 receptor as well
as CD14/TLR4/MD-2 receptor complex. To validate
these results, we used CD11¢™ BMDCs derived from
mice deficient for Toll-like receptor 2 (Tlr2~'7), TLR4
(Tlr4~'~) and for both receptors (Tlr2~~xTlra™).
CD11ct BMDCs of wt and Tlr2™/~, Tlr4~’~ and
Tlr2~~xTlr4~~ mice were generated as described
and primed with OMVgy for 24 h (Fig. 2b). CD11c"
cells were harvested and analyzed for surface expres-
sion of MHC-II and CD40 (Fig. 1c, gating strategy).
Additionally, the amount of secreted pro-inflamma-
tory TNF and IL-6 was detected. The deficiency of
both TLRs on the cell surface leads to a complete loss
of antigen recognition independent of the used stimu-
lus as indicated by the low expression of MHC-II and
an abolished secretion of TNF of Tlr2~/"xTLR4™"~
CD11c¢™ BMDCs. In accordance with the findings
generated with HEK cells (Fig. 2a), the activation of
the TLR4/MD-2 receptor complex via B. vulgatus
mpk- secreted OMV3s is decisive for the main outcom-
ing signal. In addition, the expression of MHC-II, the
costimulatory proteins and the secretion of the inflam-
matory cytokines in TIr2—/— stimulated BMDCs is
nearly as strong as in the wt cells after challenging
with E.coli mpk, B. vulgatus mpk or high concentra-
tion of OMVygy. Nevertheless, we also observed a
dose-dependent increase of all analyzed proteins upon
stimulation of Tlr4~'~ CD11c™ BMDCs with purified
OMVyy, pointing out that the TLR2 receptor is com-
petent to recognize agonistic structures present in
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OMVygy. Furthermore, TLR2-dependent signaling is
also involved in vesicle- induced BMDC activation
and maturation (Fig. 2c). This observation prompted
us to elucidate whether the contact of host immune
cells with a bacterial TLR4 agonist such as LPS alone
is sufficient for the activation and differentiation of
tolerant BMDCs or whether an additional TLR2 acti-
vation is accessory required for adequate induction of
BMDC semi-maturation. Therefore, BMDCs were
generated from TIr2~'~ mice, primed with OMVgy
for 24 h and challenged with E. coli mpk for additional
16 h (Fig. 2d). As mentioned before, this experimental
setting is required to check for tolerance in semi-
mature BMDCs. We could verify that a TLR2-depen-
dent signaling is necessary for tolerance induction in
BMDCs, since TIr2~/~ failed to become tolerant upon
priming with B. vulgatus mpk or OMVgy as demon-
strated by the high expression of MHC class II and the
enhanced secretion of TNFo upon E. coli mpk chal-
lenge (Fig. 2e).

Discussion

In this study, we demonstrated that the Gram negative
symbiotic commensal B. vulgatus mpk produces outer
membrane vesicles (OMV). This OMV blebbing
mechanism seems to contribute to the immune
response modulating properties of this strain which
was demonstrated in several previous studies.
B. vulgatus mpk-derived OMVs (OMVyy) induced
tolerance in CD11c* BMDCs in a TLR4 and TLR2
dependent manner. However, the defined vesicle-asso-
ciated receptor ligands were not identified. Neverthe-
less, simultaneous activation of both receptors was
required to induce effective DC tolerance. In line with
Shen et al. and Hickey et al.***>%*’
cates an additional mechanism how B. vulgatus mpk

this feature indi-

as a symbiotic commensal, modulates the immune
system at mucosal interfaces. As Bacteria are separated
from the host intestinal mucosa by a thick mucus layer
that is thought to impede a direct contact between
luminal bacteria and the intestinal mucosa,*’ the shed-
ding of OMVs by B. vulgatus is of special importance
since OMVs can diffuse through the mucin layer.”>**
This underlines the role of OMVs for the modulation
of intestinal immune cells. These characteristics make
OMV3gy to an important attribute of B. vulgatus mpk
for an effective passive protection and treatment of
systemic diseases.
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Figure 2. Induction of dendritic cell tolerance via OMVpy, is TLR2 and TLR4 dependent. (a) Stimulation of Human embryonic kidney (HEK)
cells overexpressing murine TLR 2 or 4. HEK cells are primed with PBS (mock), B. vulgatus mpk, various concentrations of OMVpy or E. coli
mpk for 24 h. Pam3CSK4 served as TLR2 specific control. (b) Experimental setting for the analysis of surface maturation marker expres-
sion on dendritic cells after stimulation with OMVs. wt, TIr2~/~, Tir4~’~ and TIr2~/~xTIr4~'~ BMDCs are primed for 24 h with either PBS
(mock), B. vulgatus or E. coli as control and additionally with increasing concentrations of OMVgy,. (c) MHC class I"™ or CD40 population
(CD11c™) (normalized to mock) and secreted concentration of TNF or IL-6 of wt and TLR-deficient BMDCs that were primed with PBS
(mock), B. vulgatus mpk, different concentrations of OMVyy, or E. coli mpk for 24 h (n = 4). (d) Experimental setting for investigation of
dendritic cell tolerance after induction of semi-maturation in TIr2~/~ DCs.BMDCs are primed for 24 h with either PBS (mock) to preserve
an immature phenotype, B. vulgatus or OMVpy to induce semi-maturation or E. coli to induce BMDC maturation. After medium change,
these cells were secondarily challenged for 16 h with either PBS (mock) as controls or E. coli to proof non-responsiveness of tolerant
cells. (e) Expression of analyzed maturation markers MHC class Il, TNF and IL-6 of CD11c™ BMDCs of TLR2™/~ mice after priming with
PBS (mock), B. vulgatus mpk, OMVpy or E. coli mpk for 16 h and subsequently challenge with either PBS (mock) or E. coli mpk for 16 h (n
= 4). All statistical analyses were performed using student’s t test. Error bars represent SD.



Gram negative bacteria are able to deliver a chemi-
cally diverse spectrum of cargo protected from the
external environment over long distances by the help
of outer membrane vesicles.”” Though, OMVs can
cross physical barriers which are impermeable for the
whole bacterium such as the intestinal mucus layer,
gain access to the intestinal epithelium and therefore
to the underlying immune cells present in the intesti-
nal lamina propria.”**>*** This makes OMV bleb-
bing to an important immune modulating
mechanism. Considering pathogens, vesicles of Salmo-
nella enterica or Helicobacter pylori harbour virulence
factors to enhance bacterial survival and the ability to
colonize host mucosal tissues.”™>" This leads to a strin-
gent immune reaction and local inflammation.>*
However, OMVs derived from commensal symbiotic
bacteria were demonstrated to be involved in main-
taining or restoring immune homeostasis in the
intestine.”>>* For example, Bacteroides fragilis, repre-
senting an intestinal commensal, produces OMVs and
interacts with the host immune system by delivering a
capsular polysaccharide (PSA) to dendritic cells.””
The release of PSA in OMVs induces immune-modu-
latory effects, activates regulatory T cells and prevents
from experimental colitis.?* However, a general role
for OMVs in mediating immune responses, account-
ing for all OMV-producing commensal, was not yet
demonstrated.”"**

Findings using live B. vulgatus mpk cells indicate
that this symbiotic bacterium prevents from disease
induction in different mouse models for experimental
colitis.'>"* In this context, B. vulgatus mpk promotes
the maintenance of the immune equilibrium via
induction of tolerant semi-mature dendritic cells in
the intestine and the resulting regulation of host
Cathepsin S activity and secretion in these antigen-
presenting cells.” In this study, we demonstrated that
OMVs derived from B. vulgatus mpk contribute to
these observed effects since they interact with bone
marrow derived dendritic cells, leading to a semi-
mature phenotype characterized by a low expression
of T cell activation and maturation markers as well as
pro-inflammatory cytokines.

Innate immune cells recognize conserved microbial
ligands through pattern recognition receptors (PRRs)
leading to immunologic responses. For example, Poly-
saccharide A (PSA) from Bacteroides fragilis is recog-
nized by TLR2. In consequence, the binding of PSA to
TLR2 leads to the induction of FoxP3™ regulatory T
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cells which affect both the development and homeo-
stasis of the host immune system.””** Our study now
reveals that OMVpy also contain TLR2 activating
ligands which are, in consequence, necessary for the
induction of tolerant BMDCs. Since these tolerance-
inducing effects are abolished in TLR2- deficient
BMDCs, a TLR2-dependent intracellular signaling is
indispensable for OMVypy-mediated induction of tol-
erance in BMDCs. These observations indicate that
both receptors, MD-2/TLR4 and TLR2, are required
for the induction of DC tolerance. In addition to the
LPS in the outer membrane, OMVs of B. vulgatus
mpk contain and a yet unidentified TLR2 agonist, as it
is e.g. the case for PSA in vesicles secreted by B. fragi-
lis. Interestingly, the genome of B. vulgatus mpk con-
tains 9 different loci coding for capsular
polysaccharides (e.g., glycosyltransferases and polysac-
charide export outer membrane proteins), indicating
the presence of a TLR2-interacting polysaccharide on
the outer membrane of the bacterium cell and on
vesicles derived from B. vulgatus mpk.*® But the com-
parison of the various loci in B. fragilis and B. vulgatus
revealed different arrangements of the genes necessary
for the biosynthesis of capsular polysaccharides (data
not shown). This implicates, that polysaccharides
present in B. vulgatus mpk has a different structure as
compared with the capsular polysaccharide produce
by B. fragilis.

The presence of a TLR4- and TLR2- ligand on the
outer membrane indicates that the mechanism by
which OMVygy induce tolerance in DCs is not origi-
nated in classical endotoxin tolerance. Usually, low
doses of one TLR agonist desensitize the host to subse-
quent stimulation with a related agonist or endo-
>o-el the addition of a Toll-like
receptor (TLR) ligand can also induces tolerance to

toxin. However,
subsequent challenges with other stimuli that signal
through one or more different TLRs (cross-tolerance).
Since outer membrane vesicles harbor various differ-
ent TLR ligands, OMVygy might even mediate TLR-
cross-tolerance. The simultaneous interaction of dif-
ferent MAMPs with different receptors might there-
fore result in complementary, synergistic or
antagonistic effects that modulate innate and adaptive
immunity.****

In summary, outer membrane vesicles derived from
the symbiotic intestinal commensal of B. vulgatus mpk
play a pivotal role in modulating and regulating

immune responses of the host. With their combined
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qualities of crossing physically barriers and the media-
tion of endotoxin tolerance and even cross-tolerance
in dendritic cells via the delivery of different microbial
ligands to immune cells, the production of OMV rep-
resents an important key feature of this symbiotic
strain, to prevent from intestinal inflammation in the
host. Due to these properties, OMVgy might even rep-
resent a potential therapeutical tool to hamper or
recover from inflammatory bowel diseases (IBD) and
other systemic inflammatory disorders.

Materials and methods

Cultivation of bone marrow derived dendritic
cells (BMDCs)

Bone marrow cells were isolated and cultivated for
differentiation as described previously.®> At day 7 after
isolation, resulting CD1lc positive, bone marrow
derived dendritic cells (BMDCs) were harvested and
used for stimulation.

Cultivation of human embryonic kidney
cells (HEK cells)

Before stimulation, cryoconserved cell stocks were
thawed and cultured in DMEM media supplemented
with 10% FCS, 1% Penicillin/Streptomycin up to
passage 7.

Stimulation of bone marrow derived dendritic cells

Two x 10° BMDCs were stimulated with either
PBS or B. vulgatus mpk or E. coli mpk at a MOI of
1 or various concentrations of B. vulgatus-derived
OMVs (5, 50, 500, 5000 ng mL™"). Cells were stim-
ulated for a maximum of 24 hours. If a second
challenge was used, media were changed and cells
were restimulated with either PBS or E. coli mpk
MOI 1 for a maximum of 16 hours. Additionally,
exogenous TGF (Sigma-Aldrich) 20 ng mL™' and
prostaglandin E (Sigma-Aldrich) 1 uM were used
as positive and Toll-like receptor- independent
control.

Stimulation of human embryonic kidney cells

Two x 10* HEK cells were stimulated with either PBS
or B. vulgatus mpk or E. coli mpk at a MOI of 1 or var-
ious concentrations of B. vulgatus-derived OMVs (5,
50, 500 ng mL™"). Cells were stimulated for a

maximum of 24 hours. FSL-1 (10, 100 ng mL~") and
Pam3CSK4 (30, 300 ng mL™") (both InvivoGen) were
used as positive and TLR2-specific agonist.

Flow cytometrical analysis

Multi-color FCM analyses were performed on a FACS
LSRII (BD Biosciences). All fluorochrome-coupled
antibodies were purchased from BD Biosciences. Data
were analyzed using the FlowJo software (Tree Star
Inc., USA).

Cytokine analysis by ELISA

For analysis of IL6, TNF and ILIf8 concentrations in
cell culture supernatants, ELISA Kits purchased from
BD Bioscience were used according to the manufac-
turer’s instructions.

Bacteria cultivation

The bacteria used for stimulation of the murine den-
dritic cells were Escherichia coli mpk and Bacteroides
vulgatus mpk. The E. coli mpk strain was grown in
Luria-Bertani (LB) medium under aerobic conditions
at 37°C. Bacteroides vulgatus was grown in Brain-
Heart-Infusion (BHI) medium and anaerobic condi-
tions at 37°C.

Detection of secreted OMVs

Part of the cultured bacteria suspension was sedi-
mented for 2 h and fixed with Paraformaldehyde-
Glutaraldehyde Solution (Karnovsky’s Fixative) in a
rate of 7:2 (A:B) for 1 h at room temperature after
removal of excess fluids. Following, for the stabili-
zation of proteins and lipids samples were post-
fixed in osmium tetroxide. Fixed cells are then
embedded in agar and washed in 0.1 M cacodylate
buffer. Addition of uranyl acetate for 1 h enhanced
membrane stabilization and improved overall con-
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 45°C and plus
48 h at 60°C. For visualization, the semi-thin sec-
tions were treated with toluidine blue staining.
Images were recorded with Zeiss Libra 120 Trans-
mission Electron Microscope.



Isolation protocol and microscopy of purified OMVs

Cultured B. vulgatus mpk suspension was slightly vor-
texed and centrifuged for 10 min at 10,000 x g.
Supernatant was vacuum sterile filtrated and vesicles
were pelletized for 2 h at 38,000 x g. Pellets were resus-
pended in sterile PBS and mixed with Iodixanol
(OptiPrep) density gradient solution to prepare a 40%
working solution. Subsequently, a dilutions serial with
decreasing densities of 40%, 35%, 30%, 25%, 20% and
5% OptiPrep was assembled and stacked up in an
appropriate ultracentrifugation tube. The samples
were fractionated for 3 h at 280,000 x g and the devel-
oped, vesicle containing layers were collected. The iso-
lated vesicles were natively held via the grid-on-drop
technic and stained for negative imaging via TEM
with uranyl acetate.

FITC-labeling of isolated vesicles

Isolated and purified OMVs were incubated in the
dark for 1 h with 1 mg mL™" Fluorescein isothiocya-
nate (FITC) at room temperature. Suspension was
washed twice with HEPES buffer and centrifuged for
30 min at 52,000 x g. The pellet containing fluores-
cence-labeled OMVs was resuspended in sterile PBS.

Determination of OMVs concentration
for stimulation experiments

To ensure a standardized application of vesicles and
invariant stimulation of BMDCs and HEK cells, the
exact concentration of every OMV batch was calcu-
lated and defined by the Pierce™ BCA Protein Assay
Kit using the manufacturer’s instructions.

Mice

C57BL/6] mice were purchased from Charles River
Laboratories. Toll-like receptor 2 and 4 deficient
(Tr2~'~, Tlr4~~) mice were provided by Jackson
Laboratory. All animals were kept and bred under SPF
conditions. For isolation of bone marrow, only female
mice aged 6-12 weeks were used. Animal experiments
were reviewed and approved by the responsible insti-
tutional review committee and the local authorities.

Statistics

Statistical analyses were performed using the unpaired
student’s t test. For comparing in vitro results, samples
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were considered to be biologically independent if
the samples were generated from BMDCs from differ-
ent mice. Differences were considered to be statisti-
cally significant if p < 0.05. Error bars, if shown,
represent =+ standard deviation (SD).

Disclosure of potential conflicts of Interest

No potential conflicts of interest were disclosed.

Funding

Work by J.S.F was supported by the DFG (DFG FR 2087/6-1,
DFG FR 2087/8-1, CRC685, SPP1656), the DFG research
training group 1708, the Bundesministerium fiir Bildung und
Forschung (BMBF) and the German Center for Infection
Research (DZIF).

References

[1] Frick JS and Autenrieth IB, The Gut Microflora and Its
Variety of Roles in Health and Disease. Between Pathoge-
nicity and Commensalism, U Dobrindt, JH Hacker, and
C Svanborg Eds. Springer: Berlin Heidelberg 2012:
p. 273-289

[2] Jandhyala SM, Talukdar R, Subramanyam C, Vuyyuru H,
Sasikala M, Nageshwar Reddy D. Role of the normal gut
microbiota. World ] Gastroenterol 2015; 21(29):8787-
803; PMID:26269668; https://doi.org/10.3748/wjg.v21.
i29.8787

[3] Carding S, Verbeke K, Vipond DT, Corfe BM, Owen LJ.
Dysbiosis of the gut microbiota in disease. Microb Ecol
Health Dis 2015; 26:26191; PMID:25651997

[4] Manichanh C, Borruel N, Casellas F, Guarner F. The gut
microbiota in IBD. Nat Rev Gastroenterol Hepatol 2012;
9(10):599-608; PMID:22907164; https://doi.org/10.1038/
nrgastro.2012.152

[5] GaoJ,MaX,GuW,FuM, An]J,XingY, Gao T, Li W, Liu
Y. Novel functions of murine B1 cells: active phagocytic
and microbicidal abilities. Eur ] Immunol 2012; 42
(4):982-92; https://doi.org/10.1002/eji.201141519

[6] Scher JU, Sczesnak A, Longman RS, Segata N, Ubeda C,
Bielski C, Rostron T, Cerundolo V, Pamer EG, Abramson
SB, et al. Expansion of intestinal Prevotella copri corre-
lates with enhanced susceptibility to arthritis. Elife 2013;
2:e01202; https://doi.org/10.7554/eLife.01202

[7] Ianiro G, Bibbo S, Gasbarrini A, Cammarota G.
Therapeutic modulation of gut microbiota: current
clinical applications and future perspectives. Curr
Drug Targets 2014; 15(8):762-70; https://doi.org/
10.2174/1389450115666140606111402

[8] Gallo A, Passaro G, Gasbarrini A, Landolfi R, Montalto
M. Modulation of microbiota as treatment for intestinal
inflammatory disorders: An uptodate. World ]



10 J.K.MAERZ ET AL.

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

Gastroenterol 2016; 22(32):7186-202; https://doi.org/
10.3748/wjg.v22.i32.7186

Hornef M. Pathogens, Commensal Symbionts, and Path-
obionts: Discovery and Functional Effects on the Host.
ILAR ] 2015; 56(2):159-62; PMID:26323625; https://doi.
org/10.1093/ilar/ilv007

Perez-Lopez A, Behnsen ], Nuccio SP, Raffatellu M.
Mucosal immunity to pathogenic intestinal bacteria. Nat
Rev Immunol 2016; 16(3):135-48; https://doi.org/
10.1038/nri.2015.17

Frick JS, Zahir N, Miiller M, Kahl F, Bechtold O, Lutz
MB, Kirschning CJ, Reimann ], Jilge B, Bohn E, et al. Col-
itogenic and non-colitogenic commensal bacteria differ-
entially trigger DC maturation and Th cell polarization:
an important role for IL-6. Eur ] Immunol 2006; 36
(6):1537-47; https://doi.org/10.1002/eji.200635840
Muller M, Fink K, Geisel J, Kahl F, Jilge B, Reimann J,
Mach N, Autenrieth IB, Frick JS. Intestinal colonization
of IL-2 deficient mice with non-colitogenic B. vulgatus
prevents DC maturation and T-cell polarization. PLoS
One 2008; 3(6):€2376

Waidmann M, Bechtold O, Frick JS, Lehr HA, Schubert
S, Dobrindt U, Loeffler J, Bohn E, Autenrieth IB. Bacter-
oides vulgatus protects against Escherichia coli-induced
colitis in gnotobiotic interleukin-2-deficient mice. Gas-
troenterology 2003; 125(1):162-177; https://doi.org/
10.1016/50016-5085(03)00672-3

Gronbach K, Flade I, Holst O, Lindner B, Ruscheweyh
HJ, Wittmann A, Menz S, Schwiertz A, Adam P, Stecher
B, et al. Endotoxicity of lipopolysaccharide as a determi-
nant of T-cell-mediated colitis induction in mice. Gastro-
enterology 2014; 146(3):765-75; https://doi.org/10.1053/j.
gastro.2013.11.033

Haurat MF, Aduse-Opoku ], Rangarajan M, Dorobantu
L, Gray MR, Curtis MA, Feldman MF. Selective sorting
of cargo proteins into bacterial membrane vesicles. ] Biol
Chem 2011; 286(2):1269-76; https://doi.org/10.1074/jbc.
M110.185744

Jang SC, Kim SR, Yoon Y], Park KS, Kim JH, Lee J, Kim
QY, Choi EJ, Kim DK, Choi DS, et al. In vivo kinetic bio-
distribution of nano-sized outer membrane vesicles
derived from bacteria. Small 2015; 11(4):456-61; https://
doi.org/10.1002/smll.201401803

Bomberger JM, Maceachran DP, Coutermarsh BA, Ye S,
O’Toole GA, Stanton BA. Long-distance delivery of bac-
terial virulence factors by Pseudomonas aeruginosa outer
membrane vesicles. PLoS Pathog 2009; 5(4):e1000382;
https://doi.org/10.1371/journal.ppat.1000382

Ratner D, Orning MP, Lien E. Bacterial secretion systems
and regulation of inflammasome activation. J Leukoc
Biol 2016; 101(1):165-181; PMID:27810946

Dale C, Moran NA. Molecular interactions between
bacterial symbionts and their hosts. Cell 2006; 126
(3):453-65; PMID:16901780; https://doi.org/10.1016/j.
cell.2006.07.014

Haurat MF, Elhenawy W, Feldman MF. Prokaryotic
membrane vesicles: new insights on biogenesis and

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

biological roles. Biol Chem 2015; 396(2):95-109;
PMID:25178905; https://doi.org/10.1515/hsz-2014-0183
Kuehn M]J, Kesty NC. Bacterial outer membrane vesicles
and the host-pathogen interaction. Genes Dev 2005; 19
(22):2645-55; PMID:16291643; https://doi.org/10.1101/
gad.1299905

Mogensen TH. Pathogen recognition and inflammatory
signaling in innate immune defenses. Clin Microbiol Rev
2009; 22(2):240-73, Table of Contents; PMID:19366914;
https://doi.org/10.1128/CMR.00046-08

Chu H and Mazmanian SK. Innate immune recognition
of the microbiota promotes host-microbial symbiosis.
Nat Immunol 2013; 14(7):668-75; PMID:23778794;
https://doi.org/10.1038/ni.2635

Shen Y, Giardino Torchia ML, Lawson GW, Karp
CL, Ashwell JD, Mazmanian SK. Outer membrane
vesicles of a human commensal mediate immune
regulation and disease protection. Cell Host
Microbe 2012; 12(4):509-20; https://doi.org/10.1016/
j.chom.2012.08.004

Hickey CA, Kuhn KA, Donermeyer DL, Porter NT, Jin C,
Cameron EA, Jung H, Kaiko GE, Wegorzewska M, Mal-
vin NP, et al. Colitogenic Bacteroides thetaiotaomicron
Antigens Access Host Immune Cells in a Sulfatase-
Dependent Manner via Outer Membrane Vesicles. Cell
Host Microbe 2015; 17(5):672-80; https://doi.org/
10.1016/j.chom.2015.04.002

Duboc H, Rajca S, Rainteau D, Benarous D, Maubert
MA, Quervain E, Thomas G, Barbu V, Humbert L, Desp-
ras G, et al. Connecting dysbiosis, bile-acid dysmetabo-
lism and gut inflammation in inflammatory bowel
diseases. Gut 2013; 62(4):531-9; https://doi.org/10.1136/
gutjnl-2012-302578

Kaparakis-Liaskos M, Ferrero RL. Immune modulation
by bacterial outer membrane vesicles. Nat Rev Immunol
2015; 15(6):375-87; PMID:25976515; https://doi.org/
10.1038/nri3837

Schwechheimer C, Kuehn MJ. Outer-membrane vesicles
from Gram-negative bacteria: biogenesis and functions.
Nat Rev Microbiol 2015; 13(10):605-19; PMID:26373371;
https://doi.org/10.1038/nrmicro3525

Muraca M, Putignani L, Fierabracci A, Teti A, Perilongo
G. Gut microbiota-derived outer membrane vesicles:
under-recognized major players in health and disease?
Discov Med 2015; 19(106):343-8; PMID:26105697
Steimle A, Frick JS. Molecular Mechanisms of Induc-
tion of Tolerant and Tolerogenic Intestinal Dendritic
Cells in Mice. J Immunol Res 2016; 2016:1958650;
PMID:26981546; https://doi.org/10.1155/2016/1958650
McBroom AJ, Kuehn M]J. Release of outer membrane
vesicles by Gram-negative bacteria is a novel enve-
lope stress response. Mol Microbiol 2007; 63(2):545-
58; PMID:17163978; https://doi.org/10.1111/j.1365-
2958.2006.05522.x

Steimle A, Gronbach K, Beifuss B, Schafer A, Harmening
R, Bender A, Maerz JK, Lange A, Michaelis L, Maurer A,
et al. Symbiotic gut commensal bacteria act as host



cathepsin § activity regulators. ] Autoimmun 2016; 75:82-
95; https://doi.org/10.1016/j.jaut.2016.07.009

Lutz MB, Schuler G. Immature, semi-mature and fully
mature dendritic cells: which signals induce tolerance or
immunity? Trends Immunol 2002; 23(9):445-9;
PMID:12200066; https://doi.org/10.1016/S1471-4906(02)
02281-0

Dudek AM, Martin S, Garg AD, Agostinis P. Immature,
Semi-Mature, and Fully Mature Dendritic Cells: Toward
a DC-Cancer Cells Interface That Augments Anticancer
Immunity. Front Immunol 2013; 4:438; https://doi.org/
10.3389/fimmu.2013.00438

Gerlach AM, Steimle A, Krampen L, Wittmann A,
Gronbach K, Geisel ], Autenrieth IB, Frick JS. Role of CD40
ligation in dendritic cell semimaturation. BMC Immunol
2012; 13:22; https://doi.org/10.1186/1471-2172-13-22
Abreu MT. Toll-like receptor signalling in the intestinal
epithelium: how bacterial recognition shapes intestinal
function. Nat Rev Immunol 2010; 10(2):131-44;
PMID:20098461; https://doi.org/10.1038/nri2707
Janssens S, Beyaert R. Role of Toll-like receptors in path-
ogen recognition. Clin Microbiol Rev 2003; 16(4):637-46;
PMID:14557290; https://doi.org/10.1128/CMR.16.4.637-
646.2003

Jimenez-Dalmaroni MJ, Gerswhin ME, Adamopoulos IE.
The critical role of toll-like receptors-From microbial
recognition to autoimmunity: A comprehensive review.
Autoimmun Rev 2016; 15(1):1-8; PMID:26299984;
https://doi.org/10.1016/j.autrev.2015.08.009

Frosali S, Pagliari D, Gambassi G, Landolfi R, Pandolfi
F, Cianci R. How the Intricate Interaction among
Toll-Like Receptors, Microbiota, and Intestinal Immu-
nity Can Influence Gastrointestinal Pathology. ]
Immunol Res 2015; 2015:489821; https://doi.org/
10.1155/2015/489821

Alexander C, Rietschel ET. Bacterial lipopolysaccharides
and innate immunity. ] Endotoxin Res 2001; 7(3):167-
202; PMID:11581570

Steimle A, Autenrieth IB, Frick JS. Structure and
function: Lipid A modifications in commensals and
pathogens. Int ] Med Microbiol 2016; 306(5):290-
301;  PMID:27009633;  https://doi.org/10.1016/j.
ijmm.2016.03.001

Molinaro A, Holst O, Di Lorenzo F, Callaghan M,
Nurisso A, D’Errico G, Zamyatina A, Peri F, Berisio R,
Jerala R, et al. Chemistry of lipid A: at the heart of innate
immunity. Chemistry 2015; 21(2):500-19; https://doi.org/
10.1002/chem.201403923

Akira S, Takeda K. Toll-like receptor signalling. Nat Rev
Immunol 2004; 4(7):499-511; PMID:15229469; https://
doi.org/10.1038/nri1391

Takeda K, Akira S. Toll-like receptors in innate immu-
nity. Int Immunol 2005; 17(1):1-14; PMID:15585605;
https://doi.org/10.1093/intimm/dxh186

Liew FY, Patel M, Xu D. Toll-like receptor 2 signalling
and inflammation. Ann Rheum Dis 2005; 64(Suppl 4):
iv104-5; PMID:16239376

[46]

(55]

(56]

GUT MICROBES 11

Lange A, Beier S, Steimle A, Autenrieth IB, Huson DH,
Frick JS. Extensive Mobilome-Driven Genome Diversifi-
cation in Mouse Gut-Associated Bacteroides vulgatus
mpk. Genome Biol Evol 2016; 8(4):1197-207; https://doi.
org/10.1093/gbe/evw070

Hansson GC. Role of mucus layers in gut infection
and inflammation. Curr Opin Microbiol 2012; 15
(1):57-62; PMID:22177113; https://doi.org/10.1016/j.
mib.2011.11.002

Canas MA, Giménez R, Fabrega MJ, Toloza L, Baldoma
L, Badia J. Outer Membrane Vesicles from the Probiotic
Escherichia coli Nissle 1917 and the Commensal
ECORI12 Enter Intestinal Epithelial Cells via Clathrin-
Dependent Endocytosis and Elicit Differential Effects on
DNA Damage. PLoS One 2016; 11(8):e0160374; https://
doi.org/10.1371/journal.pone.0160374

Bonnington KE, Kuehn M]J. Protein selection and export
via outer membrane vesicles. Biochim Biophys Acta
2014; 1843(8):1612-9; PMID:24370777; https://doi.org/
10.1016/j.bbamcr.2013.12.011

Olsen I, Amano A. Outer membrane vesicles - offensive
weapons or good Samaritans? J Oral Microbiol 2015;
7:27468; PMID:25840612; https://doi.org/10.3402/jom.
v7.27468

Deatherage BL, Cookson BT. Membrane vesicle release in
bacteria, eukaryotes, and archaea: a conserved yet under-
appreciated aspect of microbial life. Infect Immun 2012;
80(6):1948-57; PMID:22409932; https://doi.org/10.1128/
IAI.06014-11

Ercolini AM, Miller SD. The role of infections in
autoimmune disease. Clin Exp Immunol 2009; 155
(1):1-15;  PMID:19076824;  https://doi.org/10.1111/
j.1365-2249.2008.03834.x

Shi Y, Mu L. An expanding stage for commensal
microbes in host immune regulation. Cell Mol Immunol
2017; 14(4):339-348; https://doi.org/10.1038/cmi.2016.64
Lin L, Zhang J. Role of intestinal microbiota and metabo-
lites on gut homeostasis and human diseases. BMC
Immunol 2017; 18(1):2; PMID:28061847; https://doi.org/
10.1186/s12865-016-0187-3

Mazmanian SK, Round JL, Kasper DL. A microbial sym-
biosis factor prevents intestinal inflammatory disease.
Nature 2008; 453(7195):620-625; PMID:18509436;
https://doi.org/10.1038/nature07008

Deatherage BL, Lara JC, Bergsbaken T, Rassoulian Bar-
rett SL, Lara S, Cookson BT. Biogenesis of bacterial
membrane vesicles. Mol Microbiol 2009; 72(6):1395-407;
https://doi.org/10.1111/j.1365-2958.2009.06731 .x

Round JL, Mazmanian SK. Inducible Foxp3+ regulatory
T-cell development by a commensal bacterium of the
intestinal microbiota. Proc Natl Acad Sci U S A 2010;
107(27):12204-9;  PMID:20566854;  https://doi.org/
10.1073/pnas.0909122107

Wang Q, McLoughlin RM, Cobb BA, Charrel-Dennis M,
Zaleski KJ, Golenbock D, Tzianabos AO, Kasper DL. A
bacterial carbohydrate links innate and adaptive
responses through Toll-like receptor 2. ] Exp Med 2006;



12 (& J.K MAERZETAL.

(59]

(60]

[61]

[62]

203(13):2853-63; PMID:17178920;
10.1084/jem.20062008

Brooke MS. Conversion of immunological paralysis to
immunity by endotoxin. Nature 1965; 206(984):635-6;
PMID:4378605; https://doi.org/10.1038/206635a0
Greisman SE, Young EJ, Workman JB, Ollodart RM,
Hornick RB. Mechanisms of endotoxin tolerance. The
role of the spleen. J Clin Invest 1975; 56(6):1597-1607;
https://doi.org/10.1172/JCI108242

Broad A, Jones DE, Kirby JA. Toll-like receptor
(TLR) response tolerance: a key physiological “dam-
age limitation” effect and an important potential
opportunity for therapy. Curr Med Chem 2006; 13
(21):2487-502; PMID:17017906; https://doi.org/
10.2174/092986706778201675

Sato S, Nomura F, Kawai T, Takeuchi O, Miihlradt PF,
Takeda K, Akira S. Synergy and cross-tolerance between

https://doi.org/

(63]

(64]

(65]

toll-like receptor (TLR) 2- and TLR4-mediated signaling
pathways. ] Immunol 2000; 165(12):7096-101; https://
doi.org/10.4049/jimmunol.165.12.7096

Hayashi T, Gray CS, Chan M, Tawatao RI, Ronacher L,
McGargill MA, Datta SK, Carson DA, Corr M. Preven-
tion of autoimmune disease by induction of tolerance to
Toll-like receptor 7. Proc Natl Acad Sci U S A 2009; 106
(8):2764-9; https://doi.org/10.1073/pnas.0813037106

Tan RS, Ho B, Leung BP, Ding JL. TLR cross-talk
confers specificity to innate immunity. Int Rev Immu-
nol 2014; 33(6):443-53; https://doi.org/10.3109/
08830185.2014.921164

Hevia A, Milani C, Lépez P, Cuervo A, Arboleya S,
Duranti S, Turroni F, Gonzalez S, Sudrez A, Gueimonde
M, et al. Intestinal dysbiosis associated with systemic
lupus erythematosus. MBio 2014; 5(5):e01548-14; https://
doi.org/10.1128/mBio.01548-14



Molecular Therapy
Original Article

AMERICAN SOCIETY of
w GENE & CELL

el THERAPY

Weak Agonistic LPS Restores Intestinal

Immune Homeostasis

Alex Steimle,’* Lena Michaelis,"* Flaviana Di Lorenzo,?> Thorsten Kliem,! Tobias Miinzner,' Jan Kevin Maerz,'
Andrea Schifer,! Anna Lange,' Raphael Parusel,! Kerstin Gronbach,' Kerstin Fuchs,? Alba Silipo,> Hasan Halit Oz,
Bernd J. Pichler,® Ingo B. Autenrieth,! Antonio Molinaro,” and Julia-Stefanie Frick'

nstitute of Medical Microbiology and Hygiene, University of Tiibingen, Tiibingen, Germany; 2Department of Chemical Sciences, University of Naples Federico II, Naples,

Italy; 3Institute of Radiology, Werner Siemens Imaging Center, Department of Preclinical Imaging and Radiopharmacy, University of Tiibingen, Tiibingen, Germany

Generated by gram-negative bacteria, lipopolysaccharides
(LPSs) are one of the most abundant and potent immunomod-
ulatory substances present in the intestinal lumen. Interaction
of agonistic LPS with the host myeloid-differentiation-2/Toll-
like receptor 4 (MD-2/TLR4) receptor complex results in
nuclear factor kB (NF-kB) activation, followed by the robust
induction of pro-inflammatory immune responses. Here we
have isolated LPS from a common gut commensal, Bacteroides
vulgatus mpk (BVMPK), which provides only weak agonistic
activity. This weak agonistic activity leads to the amelioration
of inflammatory immune responses in a mouse model for
experimental colitis, and it was in sharp contrast to strong ag-
onists and antagonists. In this context, the administration of
BVMPK LPS into mice with severe intestinal inflammation
re-established intestinal immune homeostasis within only
2 weeks, resulting in the clearance of all symptoms of inflam-
mation. These inflammation-reducing properties of weak
agonistic LPS are grounded in the induction of a special type
of endotoxin tolerance via the MD-2/TLR4 receptor complex
axis in intestinal lamina propria CD11c" cells. Thus, weak
agonistic LPS represents a promising agent to treat diseases
involving pathological overactivation of the intestinal immune
system, e.g., in inflammatory bowel diseases.

INTRODUCTION

Inflammatory bowel diseases (IBDs) are characterized by chronic re-
lapsing intestinal inflammation, with Crohn’s disease (CD) and ulcer-
ative colitis (UC) being the most frequent and clinically relevant
forms of this disease complex." The etiology of IBD is considered to
be multifactorial, with genetics,2 environmental factors,” and intesti-
nal microbiota composition* contributing to the pathology. Therapy
of IBD in humans is currently focused on symptomatic treatment,
often by means of immunosuppression.” Furthermore, IBD patients
require intensive medical intervention, rendering IBD not only a
major health care but also a growing economic challenge.® This un-
derlies the need for novel, low-priced, and innovative therapeutic
approaches.

It is widely accepted that the composition of the intestinal microbiota
contributes to the progression and outcome of IBD. However, not
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only the presence, abundance, or proportion of certain live microbial
species account for such microbiota-mediated effects. Indeed, the
structure, and consequently the endotoxicity, of lipopolysaccharides
(LPSs) from gram-negative bacteria determines the outcome of
inflammation in a mouse model for experimental colitis.” Further-
more, the composition and variety of the intestinal LPSome strongly
impact its inflammation-promoting or homeostasis-preserving prop-
erties.” This makes LPS an interesting potential drug to target dysre-
gulated intestinal immune responses.

LPS, in its smooth form, consists of three distinct domains: (1) an
O-specific polysaccharide (O-chain); (2) a core oligosaccharide
(core OS); and (3) the lipid A, which anchors LPS to the outer
leaflet of the bacterial cell wall.” With its highly conserved overall
structure and composition, LPS represents an important microbe-
associated molecular pattern (MAMP), playing an essential role
for the recognition of bacterial invasion by the host innate immune
system' " through recognition by the host myeloid-differentiation-
2/Toll-like receptor 4 (MD-2/TLR4) receptor complex. Importantly,
the chemical structure of LPS, primarily the detailed composition of
lipid A, drastically influences its biological activity, ranging from
strong activation of the innate immune system in the case of
agonistic LPS to a complete block of immune responses in the
case of antagonists.'”'* This different behavior is reflected in diverse
binding modes of such lipid A structures to the MD-2/TLR4 recep-
tor complex."”

Given the high amount of endogenous LPS in the gastrointestinal
lumen, it is important for the mammalian host to avoid overstimula-
tion of immune cells. Two crucial mechanisms contribute to
achieving this aim: (1) a tight intestinal epithelial barrier protecting
underlying immune cells in the lamina propria (LP) from luminal
LPS, and (2) the induction of endotoxin tolerance.
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Endotoxin tolerance denotes a phenotype of antigen-presenting cells
that are hyporesponsive toward a second LPS (endotoxin) stimulus
through receptor desensitization as the result of a first LPS stim-
15 Although being a well-documented phenomenon, the mo-
lecular mechanisms underlying endotoxin tolerance still remain

ulus.

incompletely understood. Endotoxin tolerance has been observed
both in vitro and in vivo in animal models as well as in humans.'
The hyporesponsiveness of endotoxin-tolerant cells is reflected in
their inability to express and secrete pro-inflammatory cytokines,
such as interleukin (IL)-12, IL-6, and IL-1B, in response to a second
LPS stimulus.'* However, the detailed pattern of tolerant genes is cell
type dependent.'® Noteworthy, not only cytokine expression is dras-
tically reduced during endotoxin tolerance but also surface expression
of T cell-activating molecules, such as major histocompatibility com-
plex (MHC) class I and CD40."”"*

Endotoxin tolerance is established while LPS-stimulated antigen-pre-
senting cells undergo maturation characterized by increased expression
of pro-inflammatory cytokines and MHC class II surface expression.
So-called semi-mature cells, however, exhibit tolerance toward a sec-
ondary LPS stimulus, but they fail to express pro-inflammatory cyto-
kines in response to the first, semi-maturation-inducing stimulus."’
For example, the well-documented mouse gut commensal Bacteroides
vulgatus mpk (BVMPK) induces semi-mature CD11c" cells in the intes-
tinal LP, which is thought to contribute to immunomodulating proper-
ties of this bacterial strain, resulting in the prevention of colitis induction
in several mouse models for experimental colitis.”’ > BVMPK belongs
to the bacterial phylum Bacteroidetes, which represents the most abun-
dant gram-negative phylum in the mammalian gut.”’ Notably, not only
BVMPK but also other Bacteroides species, such as Bacteroides fragilis
(BF), provide beneficial and host immune system-modulating
properties.”* In this context, BF is of particular interest since its advan-
tageous properties were demonstrated to be rooted in a structural
component: the zwitterionic polysaccharide A (PSA).

Here we demonstrate that BVMPK drastically reduced already estab-
lished intestinal inflammation in mice, thus leading to a complete heal-
ing of damaged intestinal tissue. Intriguingly, this effect was mirrored by
using a structural component other than PSA: LPS. BVMPK LPS was
found to exhibit weak agonistic activity for interaction with the host
MD-2/TLR4 receptor complex, and the administration of purified
BVMPK LPS re-established intestinal immune homeostasis in a mouse
model for experimental colitis. The weak agonistic properties of this LPS
are thought to be responsible for its active amelioration of inflammation
through the induction of semi-mature LP CD11c" cells. Hence, weak
agonistic LPS might be a novel and effective therapeutic agent for the
treatment of intestinal inflammatory disorders such as IBD.

RESULTS

BVMPK Actively Ameliorates Established Inflammatory
Reactions in a Mouse Model for Experimental Colitis, as
Confirmed by Non-invasive In Vivo PET Imaging

We have already demonstrated that mouse gut-associated commensal
BVMPK exhibits anti-inflammatory properties in various different

. L 20-22 .
mouse models for experimental colitis. These anti-inflammatory

properties appeared when BVMPK was administered before the onset
of disease, resulting in the prevention of microbiota-mediated intes-
tinal inflammation. This prompted us to verify whether this
commensal was also capable of reducing inflammatory reactions in
an already inflamed environment. Since we aimed to induce long-
term chronic inflammatory conditions, we chose a T cell transplanta-
tion model®® using Ragl-deficient mice, which fail to express func-
tional T and B cells.*® Upon transplantation of naive CD4" T cells,
these Ragl ™'~ mice develop a chronic form of intestinal inflamma-
tion, which is highly dependent on the microbiota composition.”’

Therefore, we transplanted Ragl™'~ mice harboring a highly
dysbiotic microbiota (DYSM)” with 5 x 10° naive wild-type (WT)
CD4"CD62L*CD45Rb"™ T cells. The composition of the microbiota
is described in the Materials and Methods. At 4 weeks after T cell
transplantation, mice were administered 5 x 108 viable BVMPK/mL
drinking water until the end of the experiment. BVMPK-containing
drinking water was renewed every 2 days, and anaerobic BVMPK re-
mained viable under these conditions due to its aerotolerant proper-
ties (data not shown). Untreated Ragl ™~ mice were used as negative
controls, and T cell-transplanted mice that were not administered
BVMPK were used as positive controls (Figure 1A).

Since we aimed to real-time monitor the progression of intestinal
inflammation in each individual, we injected all mice with [*®F]-fluo-
rodeoxyglucose (["*F]FDG), and we performed non-invasive in vivo
positron emission tomography (PET). ["*F]FDG is suitable for the
detection of ongoing inflammatory processes in living animals, since
sites of inflammation are depicted as regions with higher ['*F][FDG
uptake in PET scans compared to non-inflamed surrounding
environments.”® However, some organs such as heart and bladder
generally provide a basic tracer uptake signal independent of their in-
flammatory status. We monitored the colonic ['®*F]FDG uptake over
time from all mice used for this experiment. Therefore, each mouse
was injected with ['®*F]JFDG, and PET imaging was performed at
the day of T cell transplantation (week 0) as well as 4, 6, and 8 weeks
after T cell transplantation (Figure 1B). The obtained data were cor-
rected for decay, due to the half-life time of [ISF], and normalized to
the injected activity per animal.

As demonstrated in the upper panel of Figure 1B, non-transplanted
Ragl™'~ mice provided low [**F]FDG uptake during the whole obser-
vation period, indicating no ongoing inflammatory processes in the
colon. In line with previous publications,”*” Ragl ™'~ mice harboring
a DYSM and transplanted with naive T cells exhibited severe colonic
inflammation, as illustrated by a high colonic ["*F]FDG uptake at
weeks 4 and 6 (Figure 1B, middle panel). Since the inflammation in
these animals exceeded an ethically justifiable level, these animals
had to be sacrificed at week 6. As a third group, T cell-transplanted
Ragl™~ mice, displaying severe signs of intestinal inflammation at
week 4 (Figure 1B, lower panel), were administered viable BVMPK
via drinking water from week 4 to week 8 after T cell transplantation.
In these mice, we observed a considerable reduction in colonic ['*F]
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Figure 1. Administration of Live B. vulgatus mpk Reduces Intestinal Inflammation in Rag1"‘ Mice with Established Colonic Inflammation, as Confirmed by

Non-invasive In Vivo PET Imaging

(A) Experimental setup: Rag? ™'~ mice harboring a highly dysbiotic microbiota were transplanted with CD4* T cells to induce intestinal inflammation as described. 4 weeks
after T cell transplantation, mice started receiving live B. vulgatus mpk (BVMPK) in the drinking water at a concentration of 5 x 10® mL~". BVMPK treatment was continued for
4 more weeks. 8 weeks after T cell transplantation, mice were sacrificed 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 animal in vivo PET imaging. 8.3 + 1.3 MBq ['®FIFDG 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 = 8-10 mice per group). Organs providing high-intensity signals

(heart, bladder, and inflamed colon) are labeled in the upper left panel.

FDG uptake already after 2 weeks. Another PET scan at week 8
revealed comparably low ['*FIFDG uptake, indicating that the in-
flammatory processes, visible at week 4, were cleared by BVMPK
administration. The PET results were confirmed by a reduced histo-
logical score and a reduced IL-17 expression in BVMPK-fed T cell-
transplaned Ragl ™~ mice, as compared to only T cell-transplaned
Ragl™™ mice (Figures 4B-4D).

This clearly demonstrated that the anti-inflammatory properties of
the commensal BVMPK did not only prevent the induction of inflam-
mation in T cell-transplanted Ragl™'~ mice, as published previ-
ously,”” but also actively ameliorated already established colonic
inflammation, alleviating symptoms of colitis in this mouse model.

Induction of Hyporesponsive CD11c* Cells Is a Common Feature
of Various Bacteroides Species

We have already demonstrated that BVMPK-mediated suppression
of intestinal inflammation strongly correlates with the induction of
a hyporesponsive or so-called semi-mature phenotype of LP
CD11c" cells.”””* We assumed that such hyporesponsive LP CD11c¢*
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cells were responsible for the observed inflammation-preventing
and -reducing effects in in vivo models for experimental colitis. Since
Bacteroidetes represents the major gram-negative phylum in the
human intestine,>”">°
inducing properties of Bacteroides species other than BVMPK,
namely, B. dorei (BD), B. vulgatus ATCC8482 (BV8482), BF, and
B. thetaiotaomicron (BTIO).

we aimed to examine the semi-maturation-

It was already demonstrated that BVMPK induced semi-maturation
in vitro in bone marrow-derived dendritic cells (BMDCs). This
phenotype is characterized by low but measurable secretion of IL-6
with the simultaneous absence of secretion of other pro-inflammatory
cytokines, such as tumor necrosis factor (TNF), IL-12, and IL-18, as
well as the absence of anti-inflammatory IL-10.*"' Furthermore,
semi-mature BMDCs (smBMDCs) only provide slightly increased
surface expression of MHC class II, CD40, CD80, and CD86.2*°! In
general, LP CD11c" cells strongly resemble BMDCs, as shown by
comparable expressions of CD45, CD11b, and CD103 while being
CD3neg, Ly6Gneg, Ly6Gneg, CD45Rneg, and CD64neg (Figure S1).
Therefore, we used BMDCs to assess whether Bacteroides strains
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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), E. coli mpk (EC), B. vulgatus mpk
(BVMPK), B. dorei (BD), B. vulgatus ATCC8482 (BV8482), B. fragilis (BF), and B. 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 flow cytometry, and the population of MHC class Il hi* cells and CD40 MF, 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, and BTIO at an
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 flow cytometry. Statistical analysis was performed using one-way ANOVA.
p values <0.05 were considered to be statistically significant and are indicated with an asterisk (*). Columns and error bars represent mean + SD.

other than BVMPK induce the effects of hyporesponsiveness in
CD11c" cells.

BMDCs were generated from the bone marrow of WT C57BL/6N
mice, and they were stimulated for 16 h with PBS (mock) as a negative
control as well as with BVMPK, BD, BF, BV8482, and BTIO. E. coli
mpk (EC) was used as a positive control to induce fully mature
BMDCs.”* All bacteria were added to BMDCs at an MOI of 1. As
demonstrated by the low secretion of IL-6, the absence of IL-10 and
TNF, as well as by only slightly increased MHC class IT and CD40 sur-
face expressions, all tested Bacteroides strains induced comparable ef-
fects in BMDCs, which were comparable to BVMPK-induced effects,
therefore suggesting the induction of semi-maturation by all tested
Bacteroides strains (Figures 2A and S2). As expected, EC stimulation
led to the strong secretions of IL-6, IL-10, and TNF as well as
increased MHC class IT and CD40 surface levels.

A characteristic feature of BVMPK-induced semi-mature (sm)
CD11c" cells is hyporesponsiveness toward further bacterial stimuli

in terms of surface expressions of MHC class II, CD40, CD80, and
CD86 as well as secretions of cytokines, such as TNF, but not IL-6.
Therefore, we primed BMDCs with BVMPK, BD, BV8482, BF,
BTIO, or EC for 24 h and challenged them with EC. Importantly, me-
dium was changed between prime and challenge to determine whether
primed cells were still capable of secreting pro-inflammatory cyto-
kines in response to EC challenge. As seen in Figure 2B, IL-6 secretion
was not reduced in Bacteroides-primed and EC-challenged BMDCs
compared to unprimed EC-challenged BMDCs. IL-10 secretion was
generally low among all different stimulus combinations. However,
priming of BMDC:s with all tested Bacteroides strains resulted in the
tolerance of TNF expression after EC challenge in contrast to un-
primed BMDC:s. In line with this, priming of BMDCs with all tested
Bacteroides strains resulted in (significantly) lower MHC class II and
CD40 surface expressions after EC challenge compared to EC-primed
BMDCs. However, these results point at the induction of semi-matu-
ration and, therefore, tolerance toward TNF and surface T cell-acti-
vating surface molecule expression by all tested Bacteroides species.
Thus, 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 identified
BvMPK_0983 BVU_1238 99 HMPREF1064_01498 93 not identified
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 respective gene identifiers.

Bacteroides Species Share a Conserved Lipid A Synthesis Core
Since stimulation with heat-killed BVMPK, BD, BF, BV8482, and
BTIO also resulted in BMDC semi-maturation as induced by viable
bacteria (see also Figure S3), we supposed the crucial semi-matura-
tion-inducing bacterial factor to be a structural component that is
shared by all these strains. Bacteroides belong to gram-negative bac-
teria and harbor LPS in the outer membrane of the bacterial cell
wall. LPS is known to be one of the most potent surface molecules
and dendritic cell (DC) maturation-inducing components of gram-
negative bacteria. It consists of lipid A, a core oligosaccharide, and
an O-antigen composed of polysaccharides of various lengths. Jacob-
son et al.’* have recently reported on the differences in the poly- and
oligosaccharide portions among BF, BV8482, BD, and BTIO. Since all
these strains induced semi-maturation in our experiments (Figure 2),
we hypothesized that the induction of semi-maturation occurs inde-
pendently of LPS carbohydrate moieties. Therefore, we focused on the
lipid A part. Lipid A of BD and BF was reported to be similar in struc-
ture and composition, being mono-phosphorylated and harboring
only 5 acyl chains.’>**

To identify candidate genes for Bacteroides lipid A biosynthesis, we
performed BLASTP searches against genomes of BV8482, BD, and
BTIO using BVMPK genes as reference. We found lipid A biosynthesis
genes of all investigated Bacteroides spp. to be homologous, since, with
some exceptions for BTIO, the similarities among the sequences ex-
ceeded 90% (Table 1). In the next step, we compared the biosynthesis
genes for BVMPK lipid A with the Raetz pathway of EC (Table 2). We
could clearly show that Bacteroides lipid A synthesis genes differ
significantly from the EC lipid A synthesis genes. The similarities be-
tween the genes were only between 25% and 42%, and the EC genome
was found to lack the BVMPK_0774 and BVMPK_3353 (Table 2).
These differences probably result in different lipid A compositions.
The observed gene homology among the lipid A cores of BVMPK,
BD, BTIO, and BV8482 is in line with our hypothesis that immuno-
genic effects on dendritic cells by all tested Bacteroides spp. are
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mediated by their typical LPS. Correspondingly, EC, which produces
a different type of LPS, induced clearly different effects. Overall, this
suggests that the structure of Bacteroides spp. LPS is a crucial determi-
nant for the induction of semi-maturation in CD11c" cells. Work is
ongoing to establish the chemical structure of LPS from BVMPK
(LPSBV) and its structure-activity relationship.

Isolated LPS of BVMPK Induces Hyporesponsive Semi-mature
CD11c" Cells

To verify the hypothesis that Bacteroides spp. LPS is crucial for the in-
duction of hyporesponsive CD11c" cells, we isolated LPSBV as well as
from EC (LPSEC), which contains a strongly agonistic bis-phosphor-
ylated and hexaacylated lipid A. We generated BMDCs from WT
C57BL/6 mice, and we stimulated these cells with either viable
BVMPK or EC at an MOI of 1. Additionally, BMDCs were stimulated
with purified LPSBV or LPSEC, both at concentrations of 50 ng~'/10°
BMDC:s for a total of 16 h. As shown in Figure 3A, stimulation of
BMDCs with LPS resulted in the same BMDC phenotype as stimula-
tion with the respective bacteria from which the LPS was isolated.
Both, BVMPK and LPSBV stimulation led to low expressions of
MHC class II, CD40, CD80, and CD86 (Figure 3A) as well as to a
low secretion of IL-6 and an absence of TNF (Figure 3A). On the con-
trary, stimulation of BMDCs with either EC or LPSEC led to signifi-
cant increases in the surface expressions of MHC class II and T cell
co-stimulatory molecules CD40, CD80, and CD86 as well as to
increased secretions of IL-6 and TNF (Figure 3A).

To assess hyporesponsiveness toward a secondary stimulus, we stim-
ulated BMDC:s for 24 h with PBS (mock), BVMPK, LPSBV, EC, and
LPSEC followed by a challenge with either EC or PBS as a negative
control. Importantly, medium was changed between prime and chal-
lenge to determine whether primed cells were still capable of secreting
pro-inflammatory cytokines in response to EC challenge. To deter-
mine the change in the surface expressions of T cell co-stimulatory
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 EC MG1655

BVMPK EC MG1655

ID ID SIM
BvMPK_3283 944849 42
BvMPK_3832 944816 36
BvMPK_3821 944882 33
BvMPK_4264 949053 27
BvMPK_1137 944838 31
BvMPK_0444 945526 25
BvMPK_1465 949048 26
BvMPK_0774 not identified

BvMPK_3353 not identified

BvMPK_0983 945863 35
BvMPK_2934 945450 27

Genetic similarities (SIMs) were calculated by alignment of the genes from Escherchia
coli K12 MG1655 (EC MG1655) compared to BVMPK. IDs refer to the respective
gene identifiers.

of MHC class IThi*, CD40", CD80", and CD86" cells in primed and
EC-challenged BMDCs, and we compared them with PBS-challenged
controls that were primed with the same stimulus. Thus, high bars
indicate high responsiveness and low bars indicate tolerance (Fig-
ure 3B). As demonstrated in Figure 3B, both, BVMPK- and
LPSBV-primed EC-challenged BMDCs provided significantly lower
secretion of TNF. Furthermore, increases in CD80 and CD86 surface
expressions in LPSBV-primed and EC-challenged BMDCs were
significantly lower compared to PBS-primed and EC-challenged
BMDCs, indicating the induction of hyporesponsiveness of LPSBV-
primed cells concerning the surface expressions of T cell-activating
molecules. As expected, priming with EC and LPSEC leads to full
DC maturation.

To verify that LPSBV- and BVMPK-induced semi-maturating effects
on BMDCs are rooted in LPS-dependent TLR4 signaling, we pre-
incubated BMDCs for 1 h with the competitive TLR4 antagonist
TAK242 (Figure S4) before stimulation with LPSBV, BVMPK, and
EC for 16 h (Figure 3C). TAK242 pre-incubation abolished cytokine
secretion and modulation of MHC class II and CD40 surface expres-
sions for all the used stimuli. Therefore, we concluded that (1)
BVMPK induces BMDC semi-maturation mainly via its LPS, and
(2) purified LPSBV is sufficient to induce hyporesponsive semi-
mature BMDCs.

TAK242 is described to be a selective TLR4 antagonist,”””® and our
control experiments confirmed that TAK242 led to an inhibition of
TLR4, but not TLR2, signaling. However, we cannot exclude that
TAK242 may also influence other signaling pathways.

LPS-mediated induction of TLR4 signaling results in the activation of
nuclear factor kB (NF-kB) and, therefore, in the expression of pro-

and anti-inflammatory cytokines. Since BVMPK and EC as well as
LPSBV induce a different cytokine secretion pattern via TLR4
signaling, we compared the NF-kB-activating potential of BVMPK
and EC, as well as of LPSBV and LPSEC. For this purpose, we used
HEK cells expressing the mouse MD-2/TLR4 receptor complex
(mTLR4-HEK) (Figure 3D), and we stimulated them for 16 h. The re-
sulting IL-8 secretion was detected as an indirect measure of MD-2/
TLR4-mediated NF-kB activation, since IL-8 secretion is a direct
consequence of TLR4-mediated NF-kB activation.”” Stimulation of
mTLR4-HEK cells with either viable BVMPK or EC at an MOI of 1
resulted in significantly higher IL-8 secretion from EC-stimulated
cells compared to BVMPK-stimulated cells (Figure 3D, upper panel).
Stimulation of mTLR4-HEK cells with isolated LPSBV or LPSEC re-
sulted in a concentration-dependent increase in IL-8 secretion when
LPSBV was used. LPSEC stimulation resulted in saturated IL-8 secre-
tion, even at concentrations as low as 1 ng mL ! (Figure 3D, lower
panel). The increased IL-8 secretion as a result of NF-kB activation®”
indicated significantly stronger activation of LPSEC compared to
LPSBV in mTLR4-HEK cells. Additionally, we measured the phos-
phorylation of S534 of the NF-kB subunit p65 (p-p65) via flow cy-
tometry as a measure of NF-kB transactivation activity
BMDC s, in response to either LPSBV or viable BVMPK and EC,
respectively. Stimulation with BVMPK and LPSBV of BMDCs for
30 min resulted in a significantly lower p-p65 induction compared
to EC stimulation (Figure 3E).

Furthermore, we determined intracellular aldehyde dehydrogenase
(ALDH) activity in mouse BMDCs stimulated with viable BVMPK
or EC for 16 h (Figures 3F and S5). ALDH triggers the induction of
inflammation-ameliorating Foxp3" regulatory T cells (Tregs) by
metabolizing vitamin A-derived retinol into retinoic acid (RA)."’
RA has been shown to be a crucial mediator for the induction of
Tregs, and ALDH" intestinal dendritic cells are considered to be
important mediators for immune homeostasis.'”*"** BVMPK-stim-
ulated BMDCs showed a significantly higher ALDH activity
compared to EC-stimulated BMDCs, indicating a stronger Treg in-
duction potential.

LPS is known to be a strong agonist for the MD-2/TLR4 receptor
complex. However, it was reported that certain LPS structures also
induce TLR2-mediated signaling, i.e., Helicobacter pylori LPS,* while
the TLR2-activating capacity of Porphyromonas gingivalis LPS re-
mains controversial and is probably an experimental artifact due to
a lipoprotein contamination.** Therefore, these reports raise the
question for a contribution of TLR2 signaling to the LPSBV-mediated
immunogenic effects on CD11c" cells as well as for a potential
contamination of the used LPSBV preparations, which might, in
consequence, induce TLR2 receptor activation. Concerning potential
and yet unrecognized contaminations, not only lipoproteins but also
the presence of capsular polysaccharides has to be considered. During
the purification process, an additional ultracentrifugation step was
performed to eliminate the presence of capsular polysaccharides
from the LPSBV preparations. Nevertheless, we checked whether sol-
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), E. coli mpk (EC), B. vulgatus mpk
(BVMPK), E. coli mpk LPS (LPSEC), and B. vulgatus mpk LPS (LPSBV). Cytokine secretion was detected by ELISA. Surface expressions of CD40, CD80, CD86, and MHC
class Il were detected by flow 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 I, CD40, CD80, and CD86 were detected by flow cytometry, and the population of MHC class Il hi* cells 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 CD11c¢* bone marrow-derived
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potential contaminants, capsular polysaccharides**™** and lipopro-
teins*’ ' from gram-negative bacteria, would result in TLR2 receptor
activation (Figure S6). We detected minor differences in IL-6 secre-
tion of LPSBV-stimulated WT BMDCs compared to TLR2-deficient
BMDCs, indicating a slight activation of TLR2 by LPSBV (Fig-
ure S6A). However, using TLR2™'~ BMDCs, we could exclude the
contribution of TLR2-mediated signaling to the induction of hypores-
ponsive semi-mature BMDCs (Figure S6B). Therefore, we conclude
that LPSBV-induced MD-2/TLR4 receptor signaling, but not TLR2
signaling, is crucial for the induction of BMDC semi-maturation.

Taken together, these results indicate a significantly weaker MD-2/
TLR4 receptor activation of LPSBV compared to LPSEC, resulting
in reduced NF-kB transactivation capacity. However, and in contrast
to being a MD-2/TLR4 antagonist, LPSBV actively induced hypores-
ponsive semi-maturation in BMDCs without inducing the expression
of pro-inflammatory cytokines. Thus, we suppose LPSBV to be rather
weak agonistic than antagonistic.

Administration of Purified LPSBV Reduces Established

Intestinal Inflammation in a Mouse Model of Experimental Colitis
Since (1) weak agonistic LPSBV provided the same semi-maturation-
inducing capacities as viable BVMPK in BMDCs and (2) BVMPK-
mediated prevention of intestinal inflammation in Ragl™'~ mice
correlated with the induction of semi-mature LP CD11c" cells, we
were interested to know if the administration of LPSBV resulted in
the same inflaimmation-reducing effects in T cell-transplanted
Ragl ™'~ mice. Therefore, we used Ragl ™'~ mice harboring a highly
DYSM, and we induced colonic inflammation through the transplan-
tation of 5 x 10° naive WT CD4"CD62L"CD45RB™ T cells. At week
4, transplanted mice showed clear signs of colonic inflammation, such
as bloody feces and diarrhea, which is in line with the PET imaging
that was performed to monitor intestinal inflammation (Figure 1B).
At this point, we started to administer viable BVMPK (5 x 108
bacteria/mL drinking water) as well as LPSBV at a concentration of
160 ug mL ™" in the drinking water for 4 additional weeks (Figure 4A).
Mice with a C57BL/6 genetic background, such as Ragl ™', were re-
ported to consume around 6 mL drinking water each day,” suggest-
ing the daily uptake of LPSBV to be around 1 mg/mouse.

Figure 4B illustrates representative H&E-stained colonic sections
from each group taken at the end of the experiment. As expected,
non-treated T cell-transplanted animals showed severe signs of

colonic inflammation (Figure 4B, left panel). However, the LPSBV-
and BVMPK-treated animals exhibited significantly lower intestinal
inflammation (Figure 4B, middle and right panels) compared to
non-treated mice (Figure 4C). CD3*CD4" T cells isolated from the
colonic LP (cLP) of live BVMPK-treated Ragl™'~ mice expressed
significantly lower amounts of IL-17 (Figure 4D), thus providing a
clearly reduced Th17 response,”” which crucially contributes to the
induction of colitis in this mouse model.

Furthermore, qRT-PCRs from colonic scrapings revealed that live
BVMPK-treated animals expressed significantly higher amounts of
ALDH mRNA (Figure 4E), which supports our in vitro findings of
a higher Treg-inducing potential of antigen-presenting cells that
encountered BVMPK (Figure 3F).

LPSBV-treated T cell-transplanted Ragl '~ mice also provided
significantly lower proportions of IL-17-expressing CD3"CD4" cLP
T cells as well as higher Aldh mRNA expression in colonic scrapings.
These data indicated that both live BVMPK and isolated LPSBV are
equally able to ameliorate established inflammatory processes in the
large intestine, by downregulating the Th17 immune response pro-
moting cytokines and by favoring Treg-inducing environmental
conditions.

Weak Agonistic LPSBV Is Not a Competitive Inhibitor of Strong
Agonistic LPS

The results obtained from in vivo experiments using Ragl ™'~ mice
raised the question of whether LPSBV acts as a competitive inhibitor
at the MD-2/TLR4 receptor complex-binding site, therefore prevent-
ing agonistic LPS from binding and thus inducing complete CD11c*
cell maturation characterized by pro-inflammatory immune re-
sponses. First, we aimed to determine and compare binding constants
of LPSBV and the prototype agonistic LPSEC to the mouse MD-2/
TLR4 receptor complex. Therefore, we established an optical titration
setting to trigger quasi dissociation constants (Kp) of both LPSBV
and LPSEC, using biotinylated LPSBV (bioLPSBV). Prior to that, bio-
LPSBV was confirmed to provide the identical activation of the mouse
MD-2/TLR4 receptor complex (Figure S7), therefore suggesting that
biotinylation did not affect LPSBV-binding behavior.

We are aware of the fact that we could not determine real Ky, values,
since we did not know the exact molarity of the used LPS solutions.
The 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 LPSBV 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 flow
cytometry, and the population of MHC class Il hi* cells 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 LPSBV at various concentrations (n = 3 technical replicates, lower panel). The resulting IL-8 secretion as a
measure of NF-kB 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 LPSBV for 30 min. The resulting phosphorylation of intracellular p65, phosphorylated at S534 (p-p65), was detected by flow 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 Aldefluor ALDH activity assay. Statistical analysis was performed using one-way ANOVA
(A, B, and E) or Student’s t test (C and F). p values <0.05 were considered to be statistically significant 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 Inflammation in Rag7~'~ Mice with Established Colonic

Inflammation as Live B. vulgatus mpk

(A) Experimental setup: Rag? ™/~ mice harboring a highly dysbiotic microbiota were transplanted with naive CD4* T cells to induce intestinal inflammation as described.
4 weeks after T cell transplantation, mice were not treated (TC only, n = 5), treated with live B. vulgatus mpk (TC + BVMPK, n = 8) by administration of 5 x 10® bacteriamL~" in
the drinking water, or treated with isolated B. vulgatus mpk LPS (TC + LPSBV, n = 8) in the drinking water at a concentration of 160 ng mL~". Mice were sacrificed 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 CD3"CD4* T cell population in the colonic lamina propria (cLP) at week 8. Right panel: proportion of IL-17* cells among
the population of cLP CD3*CD4™ T cells, determined by flow cytometry. (E) Relative Aldh2 mRNA expression in colonic scrapings at week 8, determined by gRT-PCR. Data
were normalized to Aldh2 mRNA expression in colonic scrapings of non-inflamed non-T cell-transplanted Rag7 ~/~ 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 significant and are indicated with an asterisk (*). Columns and error bars
represent mean + SD (C and E). Boxplots depict the mean as well as the 25th and 75th percentiles, and whiskers depict the highest and lowest values (D).

or even more complicated structures is highly dependent on the
buffer and ionic strength, and it is, therefore, hardly predictable.
This exacerbated the determination of the molarity of LPS monomers,
which effectively have access to the receptor, rendering them active
ligands thus contributing to Kp values. However, assuming that (1)
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bioLPSBV and LPSEC provide a comparable monomeric molecular
weight, (2) bioLPSBV and LPSEC behave in a similar chemical
manner under the experimental conditions, and (3) all experiments
were carried out incubating both LPSs at the same time, we can spec-
ulate that a qualitative comparison using Ky, values 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 x 10°
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 mg L~ or 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 fluorescence associated with mTLR4-HEK cells was detected by flow cytometry. Right panel: gating strategy to
determine PE fluorescence of intact mTLR4-HEK cells is shown. (C) Binding curves of 4 distinct concentrations of LPSEC added first 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 first to mTLR4-HEK
(n = 3 technical replicates) plotted against varying concentrations of subsequently added LPSEC. Squares with error bars represent mean + SD (C and D).

instead of mol L™ is qualifiable for a comparison of their binding af-
finity. We finally determined quasi Kp to be 0.412 g L™" for LPSBV
and 0.304 g L' for LPSEC (Figure 5A, see also Figure S8 for more
details on optical titration). These data allowed us to conclude that
LPSBV and LPSEC provide similar binding affinity to the mouse
MD-2/TLR4 receptor complex.

Next, we tested the capability of each of these two distinct LPSs to
remove already bound LPS from the receptor complex. Thus, we
incubated mTLR4-HEK cells with different concentrations of either
bioLPSBV or LPSEC for 1 h, and, subsequently, we added the oppo-
site LPS for 1 h and in several concentrations. Subsequent additional
incubation with phycoerythrin (PE)-coupled streptavidin (Strep-PE)
allowed for flow cytometry-based visualization of mTLR4-HEK cell-
bound bioLPSBV (Figure 5B). Pre-incubation with LPSEC followed
by subsequent incubation with bioLPSBV resulted in a low detected
PE fluorescence, fairly independent of the employed LPSEC and bio-
LPSBV concentrations (Figure 5C). This indicated that, once the mu-
rine MD-2/TLR4 receptor complex was bound by LPSEC, bioLPSBV
was not able to remove LPSEC from the receptor-binding site. Pre-in-
cubation with LPSEC, even at low concentrations of 1.25 mg L™,
resulted in a decrease of the PE signal to about 20% of the PE signal
that arose when cells were not pre-incubated with LPSEC (Figure 5C).
Contrariwise, pre-incubation of mTLR4-HEK cells with bioLPSBV
followed by subsequent incubation with LPSEC resulted in a strong
reduction of the PE signal, which is exclusively derived from bound

bioLPSBV, of about 50%, even when low concentrations of LPSEC
were added (Figure 5D). Since we assumed that the detected PE
fluorescence was directly proportional to the amount of bound
bioLPSBV, it can be stated that bioLPSBV was able to remove about
20% of already bound LPSEC (Figure 5C), while LPSEC was able to
remove about 50% of already bound bioLPSBV (Figure 5D).

We have already demonstrated that LPSBV is able to induce tolerant
semi-mature BMDCs in vitro (Figure 3) and reduce established intes-
tinal inflammation in T cell-transplanted Ragl '~ mice harboring a
complex microbiota (Figure 4). So far, all experiments investigating
smBMDC:s in vitro were performed in the absence of other LPS struc-
tures for the first 16 h of the semi-maturation process. Physiological
conditions in the colonic lumen provide the presence of different
commensal LPSs in large amounts at the same time. Therefore, we
stimulated BMDCs with weak agonistic LPSBV and prototype
agonistic LPSEC at the same time and at different concentrations
for 16 h (Figure 6A) to investigate if LPSBV-induced semi-maturation
even occurs in the presence of a strong MD-2/TLR4 receptor complex
agonist. Thus, we checked for the secretion of pro-inflammatory cy-
tokines and the surface expressions of MHC class IT and TLRA4.

We detected a concentration-dependent effect of LPSBV stimulation
on BMDCs in the absence of LPSEC (light blue lines in Figure 6B).
LPSBV concentrations of up to 100 ng mL~' (which equals
50 ng/10° 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 flow cytometry. Squares with error bars represent mean + SD.

previously demonstrated in Figure 3. Using 1,000 ng mL™" or 500 ng
pure LPSBV/ 10° cells resulted in a strong activation of BMDCs, as
indicated by high TNF, IL-6, and MHC class II surface expressions
(Figure 6B). This underlined and confirmed the observation that
LPSBV is not a MD-2/TLR4 receptor complex antagonist but rather
a weak agonist, with the overall concentration determining its final
endotoxicity. The addition of agonistic LPSEC to LPSBV-stimulated
BMDC:s led to strong increases in secretion rates of pro-inflammatory
cytokines (Figure 6B) as well as in the expression of MHC class II
(Figure 6B) for all the used LPSEC concentrations. Therefore, the
simultaneous presence of LPSBV could not anticipate LPSEC-
induced maturation effects. Surprisingly, TLR4 expression on the
cell surface remained relatively constant among all differently stimu-
lated BMDCs (Figure 6B), indicating that no significant TLR4 endo-
cytosis is detectable upon binding of these two LPS structures to the
MD-2/TLR4 receptor complex, which was in opposition to what was
previously reported for other intestinal commensally derived LPSs.>*

So far, these results indicated that the simultaneous encounter of
BMDCs with weak agonistic LPSBV and strong agonistic LPSEC pre-
vented LPSBV-induced semi-maturation. However, LPSBV adminis-
tration into mice harboring a complex microbiota reduced intestinal
inflammation. Since LPSBV-induced semi-maturation of CDI11c"
cells might account for the observed inflammation-reducing effects
of LPSBV in vivo, we were interested to know how competition be-
tween LPSBV and endogenous LPS as well as other microbial compo-
nents from a complex mouse microbiota affects the phenotype of
CD11c" cells. Therefore, we generated BMDCs from WT C57BL/6
mice, and we stimulated them with isolated LPSBV as described
before. Simultaneously, we added autoclaved feces that were taken
from Ragl™'~ mice 4 weeks after T cell transplantation, which pro-
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vided severe intestinal inflammation (Figure 1B). These feces,
therefore, represent a DYSM composition that arises during intestinal
inflammation. The DYSM harbors various endogenous LPSs
competing with LPSBV for binding to the MD-2/TLR4 receptor com-
plex on LP CD11c" cells as well as various other immunomodulating
components. Additionally, the DYSM represents the microbiota
composition LPSBV faced when it was administered to inflamed
Ragl™'~ mice and exhibited inflammation-ameliorating properties.
DYSM stimulation of BMDCs resulted in slight, but not statistically
significant, increases in the secretions of pro-inflammatory cytokines
and T cell co-stimulatory molecules (Figure 7A). This indicated that
the DYSM impacted CD11c" cell maturation, albeit not as strongly as
EC with agonistic LPS (Figure S9), at least at the chosen DYSM con-
centration. Interestingly, simultaneous stimulation of BMDCs with
DYSM and LPSBV induced significantly stronger expressions of
IL-6 and TNF as well as increased surface expressions of MHC class
IT and CD40 than either of the stimuli administered alone.

Since simultaneous stimulation of BMDCs with DYSM and LPSBV
resulted in fully mature BMDCs, we pre-incubated BMDCs with
LPSBV (prime) for 24 h before adding the DYSM (challenge). As
seen in Figure 7B, pre-incubation of LPSBV resulted in an induction
of tolerance of IL-6 and TNF expressions, preventing the secretion of
pro-inflammatory cytokines in response to DYSM challenge. How-
ever, surface expressions of MHC class II and CD40 were not altered
in LPSBV-primed and DYSM-challenged BMDCs compared to un-
primed and DYSM-challenged BMDCs.

These experiments demonstrate that the simultaneous stimulation of
CD11c" BMDCs cells with LPSBV and components of an endogenous
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-inflammatory Response to a Dysbiotic

Microbiota Composition

(A) Feces from Rag?~/~ mice providing intestinal inflammation (DYSM) was autoclaved and prepared as described in the Materials and Methods. WT BMDCs (n = 4-5 mice)
were stimulated with DYSM, LPSBV (100 ng mL™"), or both simultaneously (DYSM + LPSBV). Cytokine secretion was detected by ELISA. Surface expressions of MHC class
Iland CD40 were detected by flow 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 flow 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 Student’s t test (B). p values <0.05 were considered to be statistically significant 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 of
agonistic LPS for the initial phase of semi-maturation induction.

DISCUSSION

BVMPK belongs to the gram-negative bacterial phylum Bacteroidetes,
representing one of the two most prominent phyla in the mammalian
gut.””*° However, the proportion of Bacteroidetes in the intestinal mi-
crobiota is dependent on the inflammatory status of the gut. In ulcer-
ative colitis patients, the proportion of Bacteroides spp. is markedly
decreased,’® supporting the idea of Bacteroides spp. being important
beneficial players in the intestinal microbiota. Additionally, we have
already shown that the administration of BVMPK prevents disease
induction in different mouse models for experimental colitis,2* 22
mainly by the induction of hyporesponsive semi-mature CD11c" cells
(smDCs) in the cLP. These smDCs are responsible for the prevention
of pro-inflammatory immune responses.”’*>*' In this study, we
report that the administration of BVMPK drastically reduces estab-
lished and ongoing pathological inflammatory processes in the intes-
tine of a mouse model for experimental colitis using Ragl '~ mice.
These immune response-regulating properties were mediated by
LPSBYV, as the healing effects could be obtained using purified LPSBV
only. We therefore propose that LPSBV might be a novel therapeutic
agent for the treatment of chronic gut inflammatory disorders, by
restoring physiological intestinal immune homeostasis.

BVMPK is not the only Bacteroides strain that exhibits such beneficial
immunomodulatory properties. BF was reported to protect against
intestinal inflammation in a mouse model for experimental colitis*®
as well as against CNS demyelination and inflammation during
experimental autoimmune encephalomyelitis.*® Interestingly, these

properties were mediated by one of its capsular PSAs through inter-

action with host TLR2.*#°%°7 So far, we have no information on the
chemical structure of BVMPK capsular polysaccharides, but the close
relation between BF and BVMPK and the convincing immune sys-
tem-regulating properties of BF PSA prompted us to check for a
contribution of TLR2 signaling to the observed immunological effects
in CD11c" cells in response to LPSBV stimulation. This is of partic-
ular interest since such a TLR2-mediated signaling might be due to
contamination of the used LPSBV preparations with capsular poly-
saccharides™ **°**" and lipoproteins™™' or due to the LPS
itself.****** Although a slight TLR2 activation was detected, LPSBV
preparations crucially mediated the induction of CD11c" cell semi-
maturation via the MD-2/TLR4 receptor complex.

In this context, we demonstrated that the immunomodulatory prop-
erties of LPSBV are clearly distinguishable from that of strong TLR4
agonists such as, e.g., E. coli-derived prototype LPS, or antagonists,
which block any TLR4-mediated signaling. Since LPSBV did not
induce the expression of pro-inflammatory cytokines but actively
induced hyporesponsiveness toward subsequent LPS stimuli in
CDL11c" cells, thereby fairly merging the properties of TLR4 antago-
nists and agonists, we propose LPSBV to be a weak agonist concern-
ing its interaction with the MD-2/TLR4 receptor complex.

To elucidate how endogenous LPSs from a complex mouse micro-
biota affect the phenotype of CD11c" cells, we autoclaved the feces
of inflamed Ragl” ~ mice (DYSM). Hence, the DYSM represents
the endogenous LPS composition as well as other microbial com-
pounds LPSBV faced when it was administered to inflamed Ragl ™"~
mice and exhibited inflammation-ameliorating properties. Interest-
ingly, simultaneous stimulation of BMDCs with DYSM and LPSBV
induced significantly stronger expressions of IL-6 and TNF as well
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Figure 8. Proposed Mechanism of How Weakly Agonistic LPSBV Influences 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 symbiotic B. 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 CD11c™ cells into a tolerant, tolerogenic, and semi-mature phenotype that fails to activate CD4 ™" T cells. This prevention of a
de novo activation of CD4* T cells leads to a phase-out of ongoing inflammatory processes, while de novo induction of an immune response is prevented. However, our data
indicate that this only happens if LPSBV is the only TLR4 ligand that CD11c* 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 CD11c¢* cell tolerance, and it does not, therefore, promote abrogation of in-

flammatory processes.

as increased surface expressions of MHC class II and CD40 than
either of the stimuli administered alone. This finding is most likely
due to the fact that the induction of cytokines as well as the expression
of cell surface markers follows a dose-response effect. It can be seen in
Figure 6B that the stimulation of BMDCs with high concentrations of
LPSBYV results in the induction of TNF and IL-6 secretions. Adding
LPSBV and the DYSM sample simultaneously results in the stimula-
tion of the cells with high LPS levels, hence inducing the secretions of
proinflammatory cytokines and expressions of BMDC activation sur-
face markers. The anti-inflammatory potential of LPSBV is nicely
demonstrated in Figure 7B where BMDCs were primed with either
PBS (mock) or LPSBV and challenged with DYSM. In this experi-
ment, it can be clearly seen that priming the cells with LPSBV led
to reduced secretions of TNF and IL-6 upon a challenge with DYSM.

Referring to the therapeutic effects of LPSBV in efficiently reducing
intestinal inflammation, we conclude that the concentration of
LPSBYV located in the intestinal lumen is a decisive factor and must
exceed the number of endogenous agonistic LPSs in order to induce
tolerant semi-mature CD11c" in the LP. Such exceeding LPSBV con-
centrations are thought to enhance the probability that intestinal DCs
only encounter weak agonistic LPSBV by enhancing the ratio between
weak agonistic to endogenous agonistic LPSs. This seems to be indis-
pensable since we demonstrated that a simultaneous encounter with a
strong agonistic LPS prevented LPSBV-induced DC semi-maturation
and induced pro-inflammatory responses instead. We could further
demonstrate that prototype agonistic LPSEC was able to remove
already bound LPSBV from the MD-2/TLR4 receptor complex
more efficiently than vice versa.

In a scenario of exceeding LPSBV concentrations in the gastrointes-
tinal lumen, this effect is thought to be irrelevant. As demonstrated,
the endotoxicity of LPSBV is dependent on its concentration, and a
very high LPSBV concentration leads to complete DC maturation un-
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derlying its weak agonistic properties, clearly distinguishing it from
an antagonist. Nevertheless, we demonstrated that the administration
of a daily dose of about 1 mg LPSBV/mouse via the drinking water led
to the observed inflammation-reducing effects in Ragl '~ mice with
colitis, indicating that such a concentration is sufficient to exceed the
amount of endogenous LPS in the gastrointestinal tract while simul-
taneously being in a semi-maturation-inducing concentration range.
Once CD11c" cell semi-maturation is induced, this phenotype cannot
be overcome, and it is, therefore, thought to result in the prevention of
adenovo T cell activation in the intestine. Therefore, after a phase-out
of ongoing inflammatory processes, newly induced semi-mature DCs
through LPSBV administration would prevent a continuous T cell
activation (Figure 8) and, therefore, promote healing of damaged
colonic tissue.

In general, LPS is a potent MD-2/TLR4 receptor complex agonist
leading to strong intracellular signaling in target cells, resulting in
the transcription of genes associated with pro-inflammatory immune
responses.'” LPS-induced strength of this intracellular signaling is
widely considered to be mostly mediated by its lipid A portion.””*’

Lipid A structures of various Bacteroides spp. were already reported to
harbor 4-5 acyl chains and only 0-1 phosphate group.® Since we re-
vealed strong genetic similarities between the lipid A synthesis core of
BVMPK and other Bacteroides spp., we suggest LPSBV also to be
hypo-acylated and hypo-phosphorylated compared to LPSEC.
Hexa-acylated and bis-phosphorylated E. coli lipid A is considered
to be the most potent activator of the MD-2/TLR4 receptor com-
plex-mediated signaling, since it was demonstrated that five of the
six acyl chains are buried inside the MD-2-binding cavity while the
sixth acyl chain points out to the MD-2 surface-mediating hydropho-
bic interactions with the TLR4 ectodomain, which are necessary for
TLR4 activation.'>** This might partly explain the lower endotoxicity
of hypo-acylated lipid A structures lacking this sixth acyl chain and
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the weak agonistic activity of hypo-acylated LPSBV. Furthermore,
both 1- and 4’- phosphates on the lipid A diglucosamine backbone
were demonstrated to be important moieties for MD-2/TLR4 recep-
tor complex activation."” Since Bacteroidales possessed only one
phosphate at position 1 of the reducing glucosamine,’ this may also
contribute to its weakly agonistic effects, as a missing 4’-phosphate
was demonstrated to result in a 100-fold reduction in endotoxic
activity.”'

We suppose the weak agonistic features of LPSBV to be responsible
for the observed healing effects in mice with intestinal inflamma-
tion. In this context, weak agonistic LPS is thought to induce a
weaker, but still detectable, intracellular signaling and NF-«B activa-
tion, providing a basic anti-inflammatory intracellular transcription
program without exceeding a pro-inflammatory threshold. Further-
more, LPSBV leads to the active induction of hyporesponsive
CD11c" cells. These properties clearly distinguish LPSBV from
strong agonistic LPSEC, which induces endotoxin tolerance but
also strong pro-inflammatory signaling. However, weak agonistic
LPS is also different from antagonistic LPS, which does not promote
pro-inflammatory reactions but also does not promote tolerance in-
duction in TLR4-expressing cells. The property of LPSBV of being
an effective ligand for the MD-2/TLR4 receptor complex and, at
the same time, a weak agonist must, of course, be attributed to its
chemical structure. We think that this is a chemical paradigm of
the commensal intestinal microbiota LPS, contributing to the adap-
tion of microbes to the host. In line with this, other groups reported
on the contribution of Bacteroides LPS to the preservation of intes-
tinal homeostasis.® However, our study represents the first success-
ful attempt to actively restore intestinal immune homeostasis in
mice providing severe intestinal inflammation by using commen-
sally derived LPS.

However, the immunogenic effects of weak agonistic LPS seem to be
situation dependent. In another study, Vatanen et al.”” revealed a
higher incidence of type 1 diabetes (T1D) in children who were less
exposed to strong agonistic LPS in early childhood, accompanied
by higher proportions of microbes harboring hypo-acylated and
hypo-phosphorylated LPS. In line with this, continuous intraperito-
neal administration of E. coli LPS starting shortly after birth delayed
the onset of T1D in non-obese diabetic (NOD)/Shilt mice while the
administration of hypo-acylated and hypo-phosphorylated BD LPS
failed to do so.” This study supported the hygiene hypothesis that as-
sumes that early exposure to highly immunogenic microorganisms in
early childhood benefits immune system development and protects
the host from allergic and autoimmune diseases. At first sight, these
observations seem to be contradictory to our results. Though, in
our study, we aimed to actively re-establish immune homeostasis
from severe intestinal inflammation in adult animals. This approach
is different from the aim to protect from spontaneous disease onset
through microbiota modulation in infants. Additionally, other groups
consider hypo-phosphorylated and hypo-acylated Bacteroides LPS to
be antagonistic. However, we have clearly demonstrated that these
LPS structures rather act as weak agonists.

Our results and those of other groups raise the question of the poten-
tial use of weak agonistic LPS as a suitable therapeutical tool to restore
homeostatic conditions not only in experimental mouse models but
also in IBD patients. Therapy of IBD patients is, to date, restricted
to a general suppression of the patient’s immune response, often asso-
ciated with undesirable side effects. LPS (derivative)-based treatment
might avoid this problem by acting only locally at the site of inflam-
mation, the intestine.

Although our results strongly indicate a direct LPS-mediated modu-
lation of CD11c" cells in the intestinal LP to be the key driver for the
observed healing effects, we cannot completely rule out that the re-
establishment of intestinal homeostasis only represents a secondary
effect in response to a potential LPSBV-induced microbiota shift
from dysbiotic to homeostatic.

Nevertheless, we aim to promote purified LPSBV as an alternative for
the treatment of intestinal inflammatory disorders or IBD, providing
evidence that this compound demonstrated its beneficial effects as not
being an antagonist but rather a weak agonist. Concluding, we
contribute this study to IBD therapy-related research, offering a
completely new approach that avoids the disadvantages of current
state-of-the-art IBD therapies.

MATERIALS AND METHODS

Mice

C57BL/6 mice were purchased from Charles River Laboratories, and
C57BL/6J-Ragl"™™°™ (Ragl~'~) mice were obtained from our own
breeding. All animals were kept and bred under specific pathogen-
free (SPF) conditions in individually ventilated cages (IVCs),
receiving standard chow and regular drinking water. For the isolation
of bone marrow from C57BL/6 mice, only female mice aged
6-12 weeks were used. Ragl™'~ mice were used as a mouse model
for T cell transplantation-dependent experimental chronic colitis.
Animal experiments were reviewed and approved by the responsible
institutional review committee and the local authorities (Regierung-
sprasidium Tibingen, Permit H6/10, Anzeigen 01.12.11, 09.01.15,
14.06.17).

T Cell-Mediated Induction of Chronic Colitis in Rag1~”~ Mice

C57BL/6]-RagI™™°™ (Ragl™'™) mice were transplanted with
5 x 10° splenic CD4*CD62L*CD45RB"C WT T cells at 8-10 weeks
of age. Ragl~'~ mice harbored a so-called DYSM, which efficiently
triggers the induction of pathological intestinal inflammation upon
transplantation of naive T cells, as reported previously.””* This
microbiota was absent of Norovirus, Rotavirus, and Helicobacter hep-
aticus. Furthermore, detailed next-generation sequencing-based anal-
ysis of DYSM composition revealed a significantly increased relative
abundance of the bacterial phyla Proteobacteria, Verrucomicrobia,
and Firmicutes, while the relative abundance of Bacteroidetes was
drastically reduced compared to a symbiotic microbiota composition,
as published previously by our group.” During the experiments,
Ragl™'~ mice were kept under SPF conditions in IVCs and analyzed
8 weeks after T cell transplantation, as indicated in the Results.
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Radiopharmaceuticals

[*®F]fluoride was produced by using 80 (p,n) *®F nuclear reaction
on the PETtrace cyclotron (General Electric Medical Systems,
GEMS, Uppsala, Sweden). ['*FIEDG synthesis was performed as
> After the synthesis, specific activity was
calculated and revealed to be >50 GBq/mmol with a radiochemical
purity of >99%.

described elsewhere.

In Vivo PET Imaging

High-resolution PET imaging was performed using two identical
small animal Inveon microPET scanner (Siemens Medical Solutions,
Knoxville, USA) with a spatial resolution of 1.4 mm in the recon-
structed images (field of view [FOV]: transaxial, 10 cm; axial,
12.7 ¢cm).*’ By applying iterative ordered subset expectation maxi-
mization (OSEM) 2D algorithm for reconstruction, list mode data
were processed. Mice were anesthetized with 1.5% isoflurane
(Abbott, Wiesbaden, Germany) vaporized with O, (1.5 L/min)
and injected intravenously (iv.) into the tail vein with 8.3 =+
1.3 MBq ['®F]FDG. After tracer injection, animals were kept anes-
thetized for 60 min, in an anesthesia box, placed on a heating pad
to maintain body temperature of animals during tracer uptake
time. Shortly before the end of the uptake time, mice were placed
in the FOV of the PET scanner on a warmed (37°C) scanner bed.
Static (10-min) PET scans were performed on weeks 0, 4, 6, and
8 after T cell application. Data were corrected for decay, normalized
to the injected activity, and analyzed using Pmod Software (PMOD
Technologies, Zurich, Switzerland) by drawing regions of interest
over the intestine.

Bacteria

The bacteria used for stimulation of the mouse BMDCs were EC and
BVMPK, which were described in detail previously.”’ *>*"** Addi-
tionally, we used BD CL02T12C06, BTIO VPI-5482, BV8482
ATCC 8482, and BF ATCC 25285, DSM 2151. The EC strain was
grown in Luria-Bertani (LB) medium under aerobic conditions at
37°C. All Bacteroides strains were grown in brain-heart-infusion
(BHI) medium and anaerobic conditions at 37°C.

Comparison of Bacteroides spp. Lipid A Synthesis Genes

Lipid A synthesis genes were identified in BVMPK (GenBank:
NZ_CP013020.1) using the B. vulgatus ATCCB8482 type strain
genome sequence (GenBank: NC_009614.1). The amino acid
sequences of all lipid A synthesis enzymes of BVMPK were
subsequently compared to BD CL02T12C06 (GenBank:
NZ_AGXJ00000000.1), BTIO VPI-5482 (GenBank: NC_004663.1),
BF NCTC 9343 (GenBank: NC_003228.3), and E. coli K12 MG1655
(GenBank: NC_000913.3), using the standard protein BLAST
(blastp suite).

Isolation of LPSBV and LPSEC

The lyophilized bacterial pellet was washed several times with distilled
water, ethanol, and acetone, followed by several ultracentrifugation
steps (45,000 rpm at 4°C) in order to remove cell, growth broth,
and capsular contaminants.
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Cells were extracted by hot phenol-water extraction.”” Water and
phenol phases were both exhaustively dialyzed and lyophilized. After
inspection by SDS-PAGE, an enzymatic treatment to remove proteins
and nucleic acids was executed, followed by a dialysis step. The SDS-
PAGE executed on both purified water and phenol phases highlighted
the presence of LPS only in the water phase from which it was further
purified.

Biotinylation of LPSBV

10 mg LPSBV was biotinylated with EZ-Link Micro Sulfo-NHS-LC-
Biotinylation Kit (Thermo Scientific), according to the manufac-
turer’s protocol, using PBS as a solvent. To remove PBS, an exhaustive
dialysis against distilled water was performed. The biotinylated LPSgy
(bioLPSgy) was then collected and lyophilized. For in vitro experi-
ments, lyophilized bioLPSgy was dissolved in distilled water in con-
centrations not higher than 1 mg mL ™.

Cultivation of BMDCs

Bone marrow cells were isolated from C57BL/6 W'T, TLR2-deficient,
TLR4-deficient, and TLR2 x TLR4 double-deficient mice and culti-
vated as described previously.*®
CD11c-positive dendritic cells were used for stimulation experiments.

At day 7 after isolation, the resulting

Stimulation of BMDCs

2 x 10° BMDCs were stimulated with PBS, BVMPK, or EC at an MOI
of 1 or the respective isolated LPS at concentrations as indicated in the
Results. Cells were stimulated for a maximum of 24 h. If viable bac-
teria were used for stimulation, gentamycin was added at a final con-
centration of 1 g mL ™" to avoid bacterial overgrowth under aerobic
conditions. If a second challenge was used, cells were stimulated with
bacteria or LPS preparations for 24 h. Cell culture medium was
changed before challenging the cells with a second stimulus for a
maximum of additional 16 h. PBS was used as a mock stimulation
control. For stimulation with a DYSM composition, feces were
collected from living SPF Ragl '~ animals exhibiting severe intestinal
inflammation, 4 weeks after T cell transplantation. Feces were auto-
claved for 15 min at 121°C and weighed, and sterile PBS was added
to obtain a final concentration of 50 mg mL~'. Homogemnized feces
were then filtered through a 100-pm sieve. The filtered suspension
was diluted by a factor of 2.5, and 5 pL was added to 1 mL cell culture
medium containing 10° BMDCs. The competitive TLR4 antagonist
TAK242 was added at a final concentration of 10 pM at 1 h prior
to stimulation with LPS, Pam2CSK,, flagellin from S. Typhimurium
(FLA-ST), or viable bacteria.

Stimulation of HEK Cells

2 x 10° HEK cells expressing murine CD14, MD-2, and
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
indicated in the Results.

Detection of Bound Biotinylated LPSBV
After incubation with biotinylated LPSBV, mTLR4-HEK cells were
scraped off, washed once in PBS + 1% fetal calf serum (FCS), and
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incubated with Strep-PE for 30 min, followed by another washing
step. Cell-attached Strep-PE was detected by flow cytometry. All ex-
periments to be compared were carried out in one experimental
setting to guarantee for comparability of the detected MFI (median
fluorescence intensity) values of the PE fluorescence.

Cytokine Analysis by ELISA

For the analysis of secreted cytokines (IL-6, IL-10, and TNF), ELISA-
based detection kits were purchased from BD Biosciences and used
according to the manufacturer’s instructions.

Flow Cytometry Analysis

Multi-color flow cytometrical (FCM) analyses were performed on a
FACS Calibur or FACS LSRII (BD Biosciences). All fluorochrome-
coupled antibodies were purchased from BD Biosciences if not stated
otherwise. Data were analyzed using the FlowJo software (Tree Star,
USA).

ALDH Activity Assay

Intracellular ALDH activity in BMDCs was assayed using the Alde-
fluor kit (STEMCELL Technologies), according to the manufacturer’s
instructions. Samples treated with the specific ALDH inhibitor dieth-
ylaminobenzaldehyde (DEAB) served for the determination of base-
line fluorescence and defining ALDH-positive cells (Figure S5).

Purification of RNA and Quantitative Real-Time PCR

Purification of RNA from colonic scrapings was performed using
QIAGEN’s RNeasy Mini Kit, according to the manufacturer’s instruc-
tions. Additional DNA digestion was conducted by using 4 U rDNase
I and 40 U rRNasin for an RNA solution of 0.1 pg pL ™", After 30 min
of incubation at room temperature (RT), DNase was inactivated using
Ambion DNase inactivation reagent, which was later removed by
centrifugation for 1 min at 10,000 x g. SybrGreen-based qRT-PCR
was performed on a Roche LightCycler480 using QIAGEN SybrGreen
RT-PCR Kit. Primer annealing occurred at 60°C. 10-100 ng DNA-di-
gested RNA was used for qRT-PCR. Relative mRNA expression in
BMDCs stimulated with bacteria to unstimulated BMDCs was deter-
mined, with B-actin as the housekeeping gene, using the AACp
method that included the specific amplification efficiency of every
used primer pair and each PCR run.

Primer Sequences

Primers used for qRT-PCR were as follows: Aldhla2 forward, 5'-AA
GACACGAGCCCATTGGAG-3'; reverse, 5'-GGAAAGCCAGCCT
CCTTGAT-3'; and B-actin forward, 5-CCCTGTGCTGCTCACC
GA-3'; reverse, 5-ACAGTGTGGGTGACCCCGTC-3'.

Isolation of LP DCs and T Cells and the Adoptive Transfer of T
Cells

Isolation of LP cells was performed as reported previously.”” For
adoptive transfer, splenic CD4" T cells from C57BL/6 mice were pu-
rified using a magnetic-activated cell sorting (MACS)-based negative
selection kit (Miltenyi), according to the manufacturer’s instructions.
The isolated cells were stained for CD3e, CD4, CD62, and CD45RB

for reanalysis; purity was generally >90% with >80% being
CD3e"CD4"CD62L"CD45RB™. 5 x 10° CD4" T cells were injected
intraperitoneally (i.p.) into Ragl ™'~ mice, as described previously.®®

Histology

Colonic tissues were fixed in neutral buffered 4% formalin.
Formalin-fixed tissues were embedded in paraffin and cut into
2-um sections. They were stained with H&E (Merck) for histological
scoring. Scoring was conducted in a blinded fashion on a validated
scale of 0-3, with 0 representing no inflammation and 3 represent-
ing severe inflammation characterized by infiltration with inflam-
matory cells, crypt hyperplasia, loss of goblet cells, and distortion

. A
of architecture.®”

Antibodies

The following antibodies were used for flow cytometry analysis of
intracellular and surface proteins: anti-mouse CD11c-allophycocya-
nin (APC) (clone H3; Becton Dickinson), anti-mouse MHC class
II-fluorescein isothiocyanate (FITC) (clone 2G9, Becton Dickinson),
anti-mouse MHC class II-BV510 (clone 2G9, Becton Dickinson),
anti-mouse CD40-FITC (clone 3/23, Becton Dickinson), anti-
mouse CD40-BV421 (clone 3/23, Becton Dickinson), anti-mouse
CD80-FITC (clone B7-1 (16-10A1), Becton Dickinson), anti-
mouse CD86-FITC (clone GL1, Becton Dickinson), anti-mouse
p65-PE  (pS534) (clone 96HI1, Becton Dickinson), anti-mouse
Ly6G/Ly6C-FITC (clone GR-1/RB-68C5, Becton Dickinson), anti-
mouse CD45R-FITC (clone RA3-6B2, Becton Dickinson), anti-
mouse CD64-FITC (clone X54-5/7.1, Becton Dickinson), anti-mouse
CD45-BV421 (clone 30-F11, Becton Dickinson), anti-mouse CD11b-
BV605 (clone M1/70, Becton Dickinson), anti-mouse CD103-PerCP-
Cy5.5 (clone M290, Becton Dickinson), and anti-mouse TLR4-biotin
(clone SA15-21, BioLegend).

Statistics

For comparisons of two groups, a parametric Student’s t test was used
for normally distributed values. For multiple comparison of more
than two groups, one-way ANOVA was used for normally distributed
values and non-parametric Kruskal-Wallis test was used elsewhere.
p values are indicated in the figures; p values <0.05 were considered
to be significant.
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B cells fulfill multifaceted functions that influence immune responses during health and
disease. In autoimmune diseases, such as inflammatory bowel disease, multiple sclerosis
and rheumatoid arthritis, depletion of functional B cells results in an aggravation of
disease in humans and respective mouse models. This could be due to a lack of a
pivotal B cell subpopulation: regulatory B cells (Bregs). Although Bregs represent only a
small proportion of all immune cells, they exhibit critical properties in regulating immune
responses, thus contributing to the maintenance of immune homeostasis in healthy
individuals. In this study, we report that the induction of Bregs is differentially triggered
by the immunogenicity of the host microbiota. In comparative experiments with low
immunogenic Bacteroides vulgatus and strong immunogenic Escherichia coli, we found
that the induction and longevity of Bregs depend on strong Toll-like receptor activation
mediated by antigens of strong immunogenic commensals. The potent B cell stimulation
via E. coli led to a pronounced expression of suppressive molecules on the B cell
surface and an increased production of anti-inflammatory cytokines like interleukin-10.
These bacteria-primed Bregs were capable of efficiently inhibiting the maturation and
function of dendritic cells (DCs), preventing the proliferation and polarization of T helper
(Th)1 and Th17 cells while simultaneously promoting Th2 cell differentiation in vitro.
In addition, Bregs facilitated the development of regulatory T cells (Tregs) resulting
in a possible feedback cooperation to establish immune homeostasis. Moreover, the
colonization of germfree wild type mice with E. coli but not B. vulgatus significantly
reduced intestinal inflammatory processes in dextran sulfate sodium (DSS)-induced
colitis associated with an increase induction of immune suppressive Bregs. The quantity
of Bregs directly correlated with the severity of inflammation. These findings may
provide new insights and therapeutic approaches for B cell-controlled treatments of
microbiota-driven autoimmune disease.

Keywords: immune regulation, homeostasis, microbiota, regulatory B cells (Bregs), interleukin 10 (IL-10),
immunogenicity, inflammatory bowel disease (IBD), Toll-like receptors
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INTRODUCTION

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 mice and
humans. However, these studies focused on the production of
autoantibodies with B cells being understood as the cause for
the development of inflammation, e.g., multiple sclerosis (MS)
(1-3). Nevertheless, 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) (4). 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 (5-9). 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 (10-12). 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) (13). Hitherto, no
definitive phenotype with specific markers has been identified
for Bregs. Certain phenotypes are characterized and described,
but they differ in their expression of surface proteins. However,
these phenotypes possess similar functionalities which explain
the reason why the definition of Bregs is based on their
immune-regulatory and anti-inflammatory capabilities (14).
The main features of Bregs include the potent suppression
of type 1T helper (Th) cell differentiation, the inhibition of
autoimmune pathogenesis and the maintenance of immune
homoeostasis (15). The three most intensely studied Breg
subsets are splenic transitional 2 marginal-zone precursor
(T2-MZP) cells (CD19*CD21MCD23MCD24M), B10 cells
(CD19tCD5tCD1dTIL10%), and Tim-1T B cells (CD19F Tim-
1) (16-21). A common and most important feature of these
B cell subsets is the production and secretion of the anti-
inflammatory cytokine interleukin 10 (IL-10). IL-10 fulfills
regulatory functions by effectively suppressing cell-mediated
inflammatory responses, thus restoring Th1/Th2 balance (22-
25). IL-10-producing B cells have also been identified in humans
(26, 27). The powerful immune downregulation quality of IL-10-
producing Bregs has already been shown in various autoimmune
diseases, such as EAE, collagen-induced arthritis, lupus and
inflammatory bowel disease (9, 28-31). Depending on the type
of inflammatory response, there are two major mechanisms by
which Bregs suppress inflammation via IL-10: (I) in autoimmune
diseases, such as IBD where both innate and adaptive immune
responses are involved, Bregs directly dampen the production
of proinflammatory cytokines by macrophages (32-34); (II)
during inflammatory processes in, for example, EAE and RA,
in which an overshooting T cell-mediated response is the
driving force for inflammation, Bregs balance Th1/Th2 immune
homeostasis (9, 28). Moreover, Bregs shift T cell differentiation

to a regulatory phenotype (Tregs) in both mice and humans
(19, 35). The influence of regulatory B cells on the induction
of Tregs polarization has been verified in B cell-deficient uMT
mice and mice harboring a B cell-specific deletion of IL-10.
These genotypes revealed a reduction of Treg numbers with a
simultaneous increase of proinflammatory Thl and Th17 cells
(19, 36-38).

In addition to the production of IL-10, Bregs express
and secrete suppressive molecules and thus possess further
mechanisms to regulate immune responses in an IL-10-
independent manner: CD73 is a cell-surface enzyme that
converts adenosine monophosphate to adenosine with potential
immunosuppressive effects (39); PD-L1 (programmed death
ligand 1) is an inhibitory costimulatory molecule that restricts
T cell differentiation (40-43); FasL (Fas ligand) bound with
its receptor induces apoptotic cell death (44-46); GITRL
(glucocorticoid-induced tumor necrosis factor receptor-related
protein ligand) induces proliferation of Tregs (47); EBI3/IL-
35 (Epstein-Barr virus induced gene 3) regulates inflammatory
immune responses through induction of Tregs (48-51). In
combination, these molecules perfect regulatory B cells to a
strong immune-suppressive cell subset.

However, only a few studies have been published that
investigate the activation B cells by a direct interaction 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 (51-55). Recently published
studies highlighted the influence of the resident microbiota on
the activation of B cells that modulate intestinal inflammation
and promote immune homeostasis (16, 56). The intenseness of
B cell activation and differentiation depends on the composition
of the host microbiota and the involved resident bacteria which
interact and stimulate various immune cells (immunogenicity)
(56-58). 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 (59). We thus investigate
the immunogenicity-dependent potential of the two model
commensals Bacteroides vulgatus (weak immunogenic) and
Escherichia coli (strong immunogenic) to modulate and regulate
the immune system of the host via B cells. In this context, we
could already show that a weak immunogenic signal provided by
B. vulgatus is beneficial in genetically predisposed host (deficient
for Ragl or IL-2) in the course of inflammation. In contrast,
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 (59-61).

In this study we demonstrated the following: (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, B cells can mint strong
regulatory cell phenotypes to promote immune tolerance; (II)
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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; (III) this regulation
mechanism may serve as a feedback loop to maintain immune
homeostasis and even attenuate inflammatory processes in
autoimmune disease.

MATERIALS AND METHODS
Bacteria Cultivation

E. coli mpk was grown in Luria-Bertani (LB) medium under
aerobic conditions at 37°C. B. vulgatus mpk was grown in Brain-
Heart-Infusion (BHI) medium and anaerobic conditions at 37°C.

Mice

C57BL/6NCrl mice and C57BL/6-Tg(TcraTcrb)425Cbn/Crl (OT-
II) mice were purchased from Charles River Laboratories. Toll-
like receptor 2 and 4 double KO mice (Tlr2=/=, Tlr4=/~) were
provided by Jackson Laboratory. All animals were kept and
bred under SPF conditions. For isolation of B cells, T cells
and bone marrow, only female mice aged 8-10 weeks were
used. Germfree C57BL/6] mice were bred and housed in our
own gnotobiotic facility. Animal experiments were reviewed and
approved by the responsible institutional review committee and
the local authorities.

Purification and Cultivation of Naive B

Cells and Naive T Cells

B cells were purified from spleens of WT or TLR27/~
x TLR4™/~ mice by magnetic isolation using negative
selection with microbeads (Miltenyi Biotec) according
to the manufacturer’s instruction. The purity of
CD197CD43-CD4 " Ter119~ B cell population was >95%.
B cells were cultured in complete medium (RPMI1640
supplemented with 10% FCS, 50 wM 2-mercaptoethanol, 25 mM
Hepes, 1% non-essential amino-acids, 1% sodium pyruvate and
1% penicillin/streptomycin) at a density of 1 x 10° cells/mL in
flat-bottom plates for subsequent stimulation experiments. The
purity of naive CD4tCD44~CD8a~CDI11b~CD1lc-CD19~
CD25-CD45R~CD49b~CD105~"MHCII ™ Ter-119"TCRy/3~

T cell population was >94%. After purification, T cells were
directly used for co-culture experiments. For proliferation assays,
isolated splenic B cells or T cells were adjusted to a concentration
of 10° cells/mL in PBS/1% FCS, resuspended in 10 wM CFSE and
incubated at 37°C for 20 min.

Cultivation of Bone Marrow-Derived
Dendritic Cells (BMDCs)

Bone marrow cells were isolated from femurs and tibias of WT
mice and cultivated for differentiation in GM-CSF supplemented
media as described previously (62). Cells were supplemented with
fresh DC media on days 3 and 5. Seven days after isolation, the
resulting CD11c™* bone marrow-derived dendritic cells (BMDCs)
were harvested and used for co-culture stimulation experiments.

Stimulation of Naive B Cells and Bone

Marrow-Derived Dendritic Cells

1 x 10%/mL splenic B cells or BMDCs were stimulated with
PBS, B. vulgatus mpk or E. coli mpk at a Multiplicity of
infection (MOI) of 1 at 37°C (“-stimulated B cells/BMDCs”). One
pwL/mL gentamicin was added to prevent bacterial overgrowth.
According to the experimental setting, cells were harvested
following stimulation at different time points.

Co-culture Experiments

For B-T cell co-culture experiments B cells served as APCs
and were stimulated for 24h with commensals as described
previously (“-primed B cells”). Prior to co-cultivation with naive
CFSE-labeled OT-II CD4™" T cells, B cells were incubated with
10 pug/mL Ova-Peptide (ISQAVHAAHAEINEAGR, EMC) for 2h
at 37°C. B cells were washed and supernatant was exchanged
with fresh media (“-pulsed B cells”). Primed and pulsed B cells
and naive T cells were co-cultured at different ratios for 72 h at
37°C and 100 ng/mL purified anti-mouse IL-10 antibody (Clone:
JES5-2A5, BioLegend) was added to certain samples.

For CD11c" dendritic cells maturation assay, naive B cells and
differentiated immature BMDCs were simultaneously stimulated
with bacteria at MOI 1 and co-cultured at a ratio of 5:1 (B
cells/BMDCs). To show the effect of indirect cell-cell interaction,
naive B cells and BMDCs were additionally co-cultured in
Transwells (pore-size 0.4 um) and stimulated with bacteria at
MOI 1. To mimic the influence of soluble IL-10 produced by
B cells on the maturation of BMDCs, 10 pg/mL recombinant
mouse IL-10 (BioLegend) were added to BMDC mono-cultures.

DSS-Induced Colitis
Germfree (GF) C57BL/6] mice were colonized for 7 days
with 1 x 10® B. vulgatus or E. coli per mL sterile drinking
water. After day 8, mice received sterile drinking water
without bacteria. Colonization was checked weekly by collecting
fresh feces and determining CFU on selective growth agars
(Supplementary Figure 1). After 4 weeks of colonization, mice
were administered 2% DSS (molecular weight 36-50 kDa; MP
Biomedicals, Santa Ana, CA) in their drinking water for 7 days,
followed by regular drinking water for 2 days. The disease
activity index (DAI) was determined daily by assessment of
body weight, stool consistency, and detection of rectal bleeding.
On day 9, mice were sacrificed. Colon, spleen and mesenteric
lymph nodes (mLN) were removed and cleaned for histological
analysis and cell isolation. For the latter, colons were finely
minced and incubated in HBSS containing 5mM EDTA at 37°C
for 15min in motion for 2 cycles. Then, tissue was digested in
RPMI 1640 containing 0.4 mg/ml collagenase D (Roche) and
0.01 mg/ml DNase I (Roche) for 20 min at 37°C on a shaking
platform. After collagenase digestion, mononuclear cells were
collected by centrifugation at 400 g for 5min. In addition, cells
of mesenteric lymph nodes (mLN) and spleen were extracted by
gently disrupting the tissue with a sterile syringe plunger and
passing through a nylon cell strainer (40-pm mesh) with PBS
containing 1% FBS.

Viable cells were counted and cultured for 4h with 2
ul/mL Leukocyte Activation Cocktail with Brefeldin A (BD
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Bioscience). After incubation, cells were prepared for flow
cytometrical analysis.

Flow Cytometrical Analysis (FCM)

Harvested cells were washed and FC-receptors were blocked
to avoid non-specific binding. Cell death was measured
by LIVE/DEAD Cell Viability kit (ThermoFisher) staining
for 20min at 4°C. Intracellular staining was performed
using Cytofix/Cytoperm (BD Biosciences) according to the
manufacturer’s description. For intracellular and cell-surface
staining, cells were labeled for 25min at 4°C with specific
fluorophore-conjugated antibodies, washed, and resuspended in
staining buffer (PBS/1% FCS). Multi-color FCM analyses were
performed on a FACS LSRII (BD Biosciences). For compensation,
fluorescence minus one (FMO) samples served as controls.
Doublets were excluded using FSC-A/FSC-H gating. Data was
analyzed using Flow]o software (Tree Star, Ashland, OR).

Antibodies: CDI11c-APC, CD19-BV421, CD1d-AF647,
CD21/CD35-BV605, CD23-BB515, CD24 AF700, CD365(TIM-
1)-PE, CD4-APC, CD4-Bv605, CD40-APC, CD40-Bv421,
CD45R(B220)-FITC, CD5-Bv605, CD80-PerCP-Cy5.5, CD86-
PE-Cy7, CD178(Fas-L)-PE, CD274(PD1-L)-PE, CD73-PE,
CD210(IL10R)-PE,  FoxP3-AF647, I-A/I-E(MHC-II)-FITC,
IFNy-PE-Cy7, IgM-APC, IL10-PE, IL17A-APC-Cy7, IL4-PE,
VP5.1,5.2-Bv605, GITR-L-PE, Ebi3-PE. All fluorophore-coupled
antibodies were purchased from BD Biosciences.

Cytokine Analysis by ELISA

For determination of TNF and IL-10 concentrations in cell
culture supernatants, ELISA Kits purchased from BD Bioscience
were used according to the manufacturer’s instructions.

Statistics

Data have been tested for normality using the Shapiro-Wilk
normality test. Statistical analyses were then performed via
unpaired student’s f-test or ANOVA for data with Gaussian
distribution and via Mann-Whitney or Kruskal-Wallis test for
non-parametric statistics. Correlation analyses were performed
via Spearman’s rank correlation coefficient (r). Statistical
significance: *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
Error bars represent + standard deviation (SD).

RESULTS

B Cell Activation and Maturation via Strong

Immunogenic E. coli Are TLR-Dependent

B cells are mainly associated with the production of antibodies
against invaders during adaptive immune responses (4).
Activation and proliferation of B cells are achieved by either T
cell- dependent or -independent interaction, whereas the latter
is coordinated by antigen-recognition via membrane-bound
immunoglobulin on the B-cell surface, known as B-cell receptor
(BCR) (63). However, B cells express additional receptors for
the specific and initial recognition of microbial antigens: Toll-
like receptors (TLRs) (64). These surface-bound molecules play
a key role in the identification of microbe-associated molecular
patterns (MAMPs), such as LPS (via TLR4) or PGN (TLR2) by
professional antigen-presenting cells (65).

In order to show that B cells are activated and differentiated
upon the MAMP recognition via TLRs and that the activation
level is dependent on the immunogenicity of encountered
microbes, B cells isolated from wild type (WT) and TLR2~/~
x TLR4~/~ (KO) mice were stimulated with two different
immunogenic bacteria: B. vulgatus mpk and E. coli mpk (66-69).

Survival of CD19% B cells was investigated in vitro after 0,
24, 48, and 72h of stimulation with B. vulgatus or E. coli. The
viability of B cells decreased significantly 24 h after stimulation
with PBS (Mock) or B. vulgatus in comparison to E. coli-
stimulated B cells, indicating that the survival of B cells is strongly
dependent on a potent stimulus with strong immunogenic E.
coli (Figure 1A). In addition, no significant differences between
E. coli, B. vulgatus or PBS stimulated TLR2™/~ x TLR4™/~
B cells were observable, indicating that the activation of naive
B cells depends on interaction of bacterial MAMPs with the
corresponding TLRs. This is in line with the analyzed B cell
proliferation in response to bacterial encounter after 72 h: a
robust bacterial interaction with TLR2 or TLR4 on the surface
of B cells is critical for the induction of B cell proliferation
(Figure 1B). Stimulation with E. coli results in an increased
proliferation of naive B cells expressing TLR2 and TLR4. E. coli
and B. vulgatus failed to activate naive TLR2™/~ x TLR4~/~ B
cells, resulting in a lack of proliferation. Additionally, maturation
and activation markers characteristic for APCs on the surface of
splenic B cells were measured after stimulation with bacteria. As
shown in Figure 1C, the production and expression of MHC-
class-II, CD80, CD86, and IgM were strongly upregulated in
response to E. coli and increased distinctly over time. In contrast,
B. vulgatus-challenged B cells expressed only moderate levels of
cell activation markers with a constant surface protein expression
during 72h of cultivation. In line with B cell survival and
proliferation, the activation of B cells was shown to be TLR2/4
dependent, as TLR2™/~ x TLR4~/~ splenic B cells did not
express significant levels of activation markers, regardless of the
bacterial stimulus.

Strong Immunogenic E. coli Induces
Differentiation of Regulatory B Cell
Phenotypes

We first demonstrated that B cells can interact directly with
MAMPs via TLRs resulting in differently pronounced survival,
activation and proliferation of B cells depending on the
recognized microbial antigen. We next determined the cell
phenotype of B cells stimulated with E. coli or B. vulgatus. In
order to demonstrate that, in a healthy host, immunogenic
bacteria are able to counter-regulate a pro-inflammatory
immune response, hence contributing to the maintenance of
immune homoeostasis, we focused on the differentiation of
naive B cells to regulatory B cells (Bregs). We determined
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 naive, unstimulated
B cells (Figure 2A) (70). As shown in Figure 2B, the induction
of the regulatory B cell phenotypes CD19TCD5TCD1d*IL10*
(B10 cells) and CD19*CD21"CD23"CD24M (T2-MZP cells)
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FIGURE 1 | Toll-like receptor-dependent activation of naive B cells by E. coli. Naive B cells were isolated from spleens of WT or TLR2~/~ x TLR4~/~ (KO) mice via
magnetic cell sorting. B cells were stimulated with B. vulgatus (B.v.) or E. coli (E.c.) at MOI 1 and PBS as control (Mock) for various time points (0, 24, 48, and 72 h).
After incubation, cells were blocked for non-specific binding of antibodies, permeabilized for intracellular antibody staining and fixed prior flow cytometric analysis. (A)
Survival of CD197 B cells was assessed by staining with life-dead dye. (B) B cell proliferation of CD19" B cells was analyzed via CFSE cell labeling. Left panel shows
exemplary histograms for each stimulus (colored peaks) including unstained control (white peak). (C) Surface expression of IgM, MHC-II, CD80, and CD86 was
measured to determine B cell activation after bacterial stimulation (n = 3-4). *p < 0.05, “*p < 0.01, ***p < 0.001, ****p < 0.0001.

were significantly enhanced after being challenged with
E. coli in comparison to B. vulgatus or PBS stimulation,
reaching the maximum proportion after 48-72h of incubation
(Figure 2B; Supplementary Figures 2, 3). Furthermore, E.
coli-stimulated B cells differentiated to a higher proportion
into CD19" Tim-1% cells (Tim-1T B cells), an additional
regulatory B cell phenotype compared to PBS and B. vulgatus
stimulation  (Figure 2B, right; Supplementary Figure 4).

Tim-1* B cells are found in the spleen and are reported
to produce IL-10 and suppress effector CD4™T T cells (70).
To further characterize the regulatory properties of PBS,
B. vulgatus or E. coli-stimulated B cells, we determined the
concentrations of pro- and anti-inflammatory cytokines
secreted in cell culture supernatant. The concentrations of
secreted IL-10 were significantly increased upon stimulation
of B cells with E. coli compared to stimulation with PBS
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FIGURE 2 | Induction of regulatory B cell phenotypes via E. coli. Naive B cells were isolated from spleens of WT or TLR27/~ x TLR4~/~ (KO) mice via magnetic cell
sorting. B cells were stimulated with B. vulgatus (B.v.) or E. coli (E.c.) at MOI 1 and PBS as control (Mock) for various time points (0, 24, 48, and 72 h). (A) Exemplary
flow cytometry gating strategy for CD19TCD5TCD1d*IL10" (B10 cells) of purified and stimulated splenic B cells (B) Induction of regulatory B cell phenotypes
CD19+CD5TCD1d*IL10" (B10 cells), CD19+CD21MCD23"CD24" (T2-MZP cells) and CD19+Tim-17 (Tim-1* B cells) as determined by flow cytometry. (C)
Concentration of secreted cytokines IL-10 and TNFa by stimulated B cells measured via ELISA. (D) Expression of suppressor molecules on B cell surface after
bacterial stimulation as determined by flow cytometry (n = 3-4). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

or B. vulgatus (Figure2C). In contrast, only low levels of
the pro-inflammatory cytokine TNFa were detectable (<80
pg/mL) and not different in the various treatments (Figure 2C).
Furthermore, we analyzed different suppressor molecules
produced by immune cells that are not directly linked to a
specific Breg phenotype: CD73, PD-LI, FasL, GITRL, and
EBI3. E. coli, but not B. vulgatus stimulation of naive splenic
wild type B cells led to significantly elevated productions of all

analyzed immune suppressive molecules starting after 24h of
stimulation (Figure 2D).

E. coli-Stimulated B Cells Inhibit DC

Activation and Maturation
In the next step we wanted to elucidate whether E. coli-
activated B cells featuring regulatory properties via the intensified

Frontiers in Immunology | www.frontiersin.org

January 2020 | Volume 10 | Article 3093



Maerz et al.

Breg-Induction by Commensal Bacteria

production and upregulated expression of suppressive molecules
directly influence the function of other immune cells, e.g.,
dendritic cells (DCs). We primarily focused on the maturation of
differentiated CD11c™ bone marrow-derived dendritic cells co-
cultured with bacteria-stimulated B cells (Figure 3A). Interaction
of immature DCs (iDCs) with MAMPs (e.g., Lipopolysaccharide,
LPS) results in DC maturation characterized by an enhanced
expression of MHC-II, CD40, CD80, and CD86 and increased
secretion of TNFa (61, 68, 69, 71). Activated DCs, as professional
APCs, are responsible for a robust immune response via antigen-
recognition, -processing, and -presentation resulting in a proper
activation of T cells (72, 73).

In line with our group’s previous work, stimulation of iDCs
for 24h with strong immunogenic E. coli led to a fully mature
DC phenotype with a strong upregulation of surface-bound
MHC-II, CD40, CD80, and CD86 (Figure 3B, DC dataset, red
columns) and high levels of secreted TNFa (Figure 3C, upper
panel, DC dataset, red columns). In contrast, the stimulation
with low immunogenic B. vulgatus resulted in a semi-mature DC
phenotype with an intermediate expression of T cell activation
markers and alleviated production of TNFa (Figures 3B,C, DC
dataset, blue columns) (66, 68, 69). To demonstrate the effect
of stimulated B cells on DC maturation, we co-cultured iDCs
with B cells either in direct contact (DC + B cells) or separated
via Transwell membranes (DC | B cells) and stimulated the
cells with PBS, B. vulgatus or E. coli. E. coli challenged B cells
inhibit DC maturation during stimulation, as indicated by a
notably reduced expression of MHC-II, CD40, CD80, and CD86
(Figure 3B, DC + B cells and DC|B cells dataset, red columns)
and significantly diminished secretion of the pro-inflammatory
cytokine TNFa (Figure 3C, upper panel, DC + B cells and DC|B
cells dataset, red columns). This effect was observed in both direct
and indirect DC-B cell co-cultures stimulated with E. coli, leading
us to conclude that soluble factors able to translocate through
the Transwell membrane possess the strongest potential for
inhibiting DC maturation. However, the maturation was slightly
more suppressed in direct interaction with B cells stimulated with
E. coli.

As IL-10 has been described as an important regulatory
factor of Bregs, mainly driving the modulation of immunological
functions of other cell types, we mimicked the effect of IL-10
on DC maturation by adding recombinant IL-10 to DC culture
(Figures 3B,C, DC + IL10 dataset) (70). We propose that the
stimulation of iDCs with B. vulgatus or E. coli in the presence of
recombinant IL-10 led to a reduced maturation of DCs, indicated
by the tendency of lower expression of MHC-II, CD40, CD80,
and CD86 in comparison to the stimulation without recombinant
IL-10 (Figure 3B, DC + IL10 and DC dataset). We support
this hypothesis by the detection of significantly lower levels of
secreted TNFa (Figure 3C, upper panel, DC 4 IL10 and DC
dataset) (Figure 3C, upper panel, DC + IL10 and DC dataset).

To investigate the effect of IL-10 secretion by E. coli-
stimulated B cells on DC maturation, we neutralized IL-10 in
the DC-B cell co-culture by adding anti-IL-10 (Figures 3B,C,
orange columns). The use of anti-IL-10 mAb partially blocks
the inhibitory effect of Bregs on DC maturation, resulting
in a restored production of pro-inflammatory cytokine TNFa

compared to the stimulation of DCs with E. coli-stimulated B
cells (Figure 3C, upper panel, orange and red columns). Further,
we measured the concentration of IL-10 in the cell culture
supernatant of all samples and proved the equal distribution
of secreted cytokines through the Transwell membranes in
the upper and bottom chamber (Figure3C, lower panel).
As expected, and already shown in Figure 2B in single cell
cultures, the concentration of IL-10 in co-culture supernatant
was highest in E. coli-stimulated samples (Figure 3C, lower panel,
red columns).

E. coli-Primed B Cells Inhibit T Cell

Activation and Induce Treg Differentiation
As presented above, we were able to show that commensal primed
B cells significantly shape DC maturation and consequently
influence antigen presentation and the potential to activate
T cells. Next, we investigated the direct effect of commensal
activated B cells on the proliferation and polarization of T cells
without the involvement of professional APCs. We primed WT
B cells with PBS, B. vulgatus or E. coli for 24 h, pulsed the cells
with Ova-peptide and co-cultured these B cells at different cell
ratios (1:1, 1:5) for 72 h with naive CFSE-labeled CD4TCD44~ T
cells isolated from OT-II mice, which express an Ova peptide-
specific TCR (Figure 4A). The proliferation of naive CD4T T
cells was significantly lower in co-cultures with E. coli-primed
B cells, with a T cell-B cell ratio of 1:1 in comparison to
PBS or B. vulgatus-primed B cells (Figure 4B). Increasing the
number of antigen-pulsed B cells (ratio T/B 1:5) resulted in a
potent reduction of T cell proliferation in both E. coli- and B.
vulgatus-primed cells (Figure 4B). B cells as bona fide APCs,
usually direct the induction of Th2 responses by suppressing the
differentiation of Th1 and Th17 cells and promoting regulatory
T-cell expansion (74-76). Th1 (CD4TIENy™), Th2 (CD4T1L4™),
Th17 (CD41IL17ATIL4~IFNy ™) cell, and Treg (CD41FoxP3™)
differentiation in B-T cell co-culture was analyzed by flow
cytometry. PBS-primed naive B cells appeared to favor the
differentiation of naive T cells to Thl and Th17 cells, whereas
E. coli-primed B cells led to a significantly enhanced T cell
polarization toward Tregs. In addition, co-culture of E. coli-
primed B cells with naive T cells resulted in a polarization of Th2
cells at a T cell-B cell ratio of 1:5 (Figure 4C) and the frequency
of Thl cells significantly decreased with a simultaneous increase
of Th2 cells compared to PBS control.

Induction of Begs by Strong Immunogenic
E. coli Contributes to the
Counter-Regulation of DSS-Induced

Inflammation
In the in vitro experiments, we could show that 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 us to the hypothesis that in a host having 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
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FIGURE 3 | E. coli-induced regulatory B cells inhibit maturation of professional APCs in vitro. Naive B cells were isolated from spleens of WT mice and stimulated with
B. vulgatus (B.v.) or E. coli (E.c.) at MOI 1 in co-culture with bone marrow-derived dendritic cells (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 (DC + B cells) or with Transwells (DC|B cells) and challenged with
bacteria. (B) Maturation of CD11c* APCs was determined through the expression of MHC-IIl and co-stimulatory markers CD40, CD80, and CD86. (C) Concentrations
of secreted pro- and anti-inflammatory cytokines TNFa and IL-10 of mono- and co-culture stimulation were determined in the cell culture supernatants. In Transwell
stimulations, supernatant of bottom and upper chambers was analyzed (n = 4). “p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.
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shows exemplary histograms for each stimulus (colored peaks) including unstained control (white peak). Percentage of proliferated TCRT™CD4™ T cells was assessed
by CFSE staining (right panel). (C) Polarization of naive T cells incubated for 72 h with different stimulated B cell ratios: Th1 (TCR*CD4*INFy*), Th2
(TCRTCD4tIL-4T), Th17 (TCRTCD4*IL-17a™) cells, and Treg (TCRTCD4"FoxP3™) cells (n = 4). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

maintain immune homeostasis. Therefore, we used the Dextran
Sulfate Sodium (DSS)-induced colitis model in gnotobiotic
C57BL/6 mice which have a physiological B and T cell response.
We colonized germfree WT mice with B. vulgatus or E. coli
for 4 weeks via drinking water (Supplementary Figure 1) 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
(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 germfree mice
in response to DSS-administration (Figures 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

mice (Figure 5D). Further, the increased absolute numbers of
CD11b*Gr1™ 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 (Figure 5E). Interestingly,
the influx of neutrophils was also reduced in B. vulgatus-
colonized mice as compared to germfree mice. 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
before and after DSS-administration (Supplementary Figure 5,
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 (Figure 6B). In addition, we analyzed the
polarization of CD41 T cells in all three DSS-administered
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FIGURE 5 | E. coli colonization of germfree mice ameliorates DSS-induced colitis. (A) Germfree wild type mice and B. vulgatus- or E. coli-colonized wild type mice
were administered with 2% DSS in drinking water for 7 days, followed by regular drinking water for an additional 2 days. (B) Bodyweight changes and (C) disease
activity index (DAI). (D) Representative colon histological sections stained with hematoxylin and eosin (H&E) and histological score. (E) Exemplary flow cytometry
gating strategy and analysis of absolute infiltrated CD11b+tGR1+ neutrophils in spleen and colonic lamina propria (cLP) (GF: n = 5; B.v/E.c: n = 5-6). *p < 0.05, **p <
0.01, **p < 0.001, ***p < 0.0001.

groups. No significant differences were observed in the Th2 T cells (CD19~CD4+TCD25"FoxP3™) in the spleen and mLN,
cell differentiation between the groups (Figure 6C). However, E.  whereas the proportion of Thl (CD19~CD3TCD4"IFNy™)
coli-colonized mice showed a significant increase of regulatory  and Th17 (CD19~CD3TCD4"IL-17%) cells was significantly
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FIGURE 6 | E. coli colonization of germfree mice triggers the induction of regulatory B cells accompanied by an increase of Treg cells during DSS-induced colitis. (A)
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reduced in the mLN in comparison to germfree DSS-treated
mice (Figure 6C).

In summary, we showed in vitro that the activation of naive
B cells and the differentiation of Bregs are highly dependent on
the strength of immunogenicity of the interacting commensal
bacteria. Moreover, the enhanced induction of Bregs by strong
immunogenic E. coli in combination with the differentiation of
Tregs may contribute to the regulation and even suppression of
inflammatory processes in vivo as compared to B. vulgatus.

DISCUSSION

In healthy individuals, a complex interaction between the host
immune system and commensal microbiota is required to
maintain intestinal homeostasis.

Alterations of the gut microbial communities can cause
an aberrant and dysregulated immune system resulting in the
onset or aggravation of inflammatory bowel diseases, such
as Crohn’s disease (CD) and ulcerative colitis (UC) (77-79).
Furthermore, a disturbed immune system-microbiota balance
has also been described in disease pathologies affecting tissues
other than those of the intestine (e.g., Grave’s disease, multiple
sclerosis, type-1 diabetes (T1D), systemic lupus erythematosus,
psoriasis, schizophrenia, and autism spectrum disorders) and
can be the cause for inflammatory processes during disease
development (80-89).

Beside pathogens which are typically acquired from the
environment, often provoking acute infections and are the
target of immunity, also members of the resident microbiota,
found in most healthy hosts, may be the cause for several
inflammatory disorders in a genetic or environmental
predisposed organism (90-94). The exact mechanisms
mediating pathology remain largely unclear, but commensal
bacteria are capable of triggering inflammatory disease in
immunosufficient rodents by altering barrier function, invading
the gut epithelium and stimulating local inflammatory responses
(pathobionts) (93, 94).

However, it is conceivable that pathobionts do not actively
use specific mechanisms to harm the host under certain
circumstances; rather, mechanisms, signaling pathways or cell
functions are malfunctioning or are lacking in an immune-
compromised host, which pathobionts usually activate in a
healthy host to counter-regulate inflammatory processes.

But which immune response mechanisms are consulted by
commensals in a healthy host to maintain immune homeostasis?
One possible mechanism could be the induction of regulatory
B cells.

Most studies investigate the interaction of pathogenic bacteria
with B cells during infection. Alternatively, we wanted to
demonstrate that the induction of regulatory B cell populations
is a mechanism which commensals use to suppress self-caused
pro-inflammatory immune responses in a healthy host (54, 95).
We also wanted to confirm that Bregs, although present in a
minor cell frequency, are an interface in immune-regulation and
thus an important player in counter-regulation of inflammatory
immune responses.

Primarily, naive B cells are activated via the help of Th cells
which present microbial antigens to the B cell receptor (BCR)
followed by the uptake of the antigen through receptor-mediated
endocytosis, degradation and presentation of peptide in complex
with MHC-class-II molecules on the B cell membrane (96). The
recognition of this complex by the corresponding T cell receptor
(TCR) of Th cells and the concurrent binding of CD40L with
the CD40 receptor on the surface of B cells, as well as the
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
activation) (96, 97). However, we propose a T cell-independent
activation and induction of Bregs by commensal bacteria via the
direct interaction of MAMPs with TLRs expressed on B cells.
Especially the exposure of naive B cells to LPS and peptidoglycan
(PGN), the two most prominent immune-stimulatory bacterial
cell components, were responsible and necessary for a potent
B cell proliferation and differentiation of Bregs since activation
markers like MHC-II, CD80 and CD86 were at lower levels
expressed on B cells lacking TLR2 and TLR4 after bacteria
encounter (65, 98-101). We could provide evidence for a T
cell-independent activation of B cells even without other co-
stimulatory factors [e.g., CD40 engagement, CD80/CD86, B cell-
activating factor (BAFF), or BCR-TLR crosstalk] that, according
to many studies, are pre-requisited to promote an optimal B cell
activation (102-105).

Further, we suggest that not only the presence of pattern
recognition receptors (PRRs), such as TLRs on the B cell surface
is crucial for B cell activation. Additionally, the antigen origin
and its immune-stimulatory level might be decisive for the
strength of activation and thus the differentiation and survival
of Breg subsets.

We could demonstrate that commensal bacteria possess
different potentials for directly activating B cells, prolonging
their survival and inducing Breg phenotypes as well. In this
comparative study of B. vulgatus (low immunogenic) and E.
coli (strong immunogenic), we were able to show that the
potent stimulation of naive B cells with E. coli resulted in
a strong activation and differentiation of Breg phenotypes
characterized by a significantly elevated secretion of anti-
inflammatory IL-10 and higher production of suppressive
molecules like EBI3, CD73, GITRL, FasL, and PD-L1. In addition,
the secretion of the pleiotropic modulatory cytokine IL-6, that
exerts either pro-inflammatory or anti-inflammatory properties,
was upregulated past stimulation of B cells with E. coli whereas
only low levels of pro-inflammatory TNFa were detectable
(Supplementary Figure 6). IL-6 can directly promote Breg cell
differentiation and IL-10 production in vivo and therefore could
be an important trigger for the proceeding induction of Bregs
(16, 106, 107).

Important for all following experiments, we demonstrated
in in vitro stimulation a functioning direct interaction of
commensal bacteria with naive B cells. Nevertheless, the
encounter of naive B cells with microbial antigens in vivo is
more complex and subject to many limitations, such as intestinal
barrier functions and the translocation of microbial structures
to secondary lymphoid organs as with the lymph nodes and
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the spleen. Furthermore, B cells are not capable of recognizing
and taking up microbial components via cell protrusions as
dendritic cells perform (108). However, Hudak et al. detected a
large number of CD19%" B cells in colonic lamina propria cells
which were positive for the uptake of PGN of D-amino acid
hydroxycoumarin amino-D-alanine (HADA)-labeled bacteria 4 h
after oral gavage (109). This study indicated that CD19" B cells
act as APC in the lamina propria and hence contribute to the
regulation of immune processes by directly recognizing MAMPs.

We determined that the bacteria-B cell interaction with the
accompanying induction of regulatory B cells had extensive
effects on other immune cells and the overall immune response.
We demonstrated this in the interplay between bacteria-induced
Bregs and DCs. It is already known that DCs, as professional
APCs, have crucial influences on B cell function by capturing
unprocessed antigen and transferring this antigen to naive B cells,
resulting in the initiation of antigen-specific antibody response
and the provision of B cell isotype class switching (110-112).
Here, we represented the effect of activated B cells on DC
differentiation, maturation and function. The stimulation of
immature DCs (iDCs) with B. vulgatus led to a semi-mature,
tolerant phenotype characterized by a low expression of MHC-
II, CD40, CD80, and CD86 and modest secretion of TNFa and
IL-18. In contrast, the challenge of iDCs with E. coli resulted in
a high expression of MHC-II and co-stimulatory markers with
increased secretion of pro-inflammatory cytokines (60, 66-69,
113, 114) (Figure 7).

However, in our co-culture experiments, the interaction of
DCs with E. coli-stimulated B cells significantly inhibited DC
maturation, 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. We could show in Transwell co-cultures that
the regulatory functions of Bregs on DC maturation were not
solely mediated by the anti-inflammatory cytokine IL-10 since
the addition of recombinant IL-10 was not as effective as the
complete repertoire of proteins secreted by stimulated B cells.
Consequently, additionally secreted molecules, such as EBI3/IL-
35 can contribute to the DC maturation inhibition properties
of E. coli-stimulated B cells in Transwell co-culture experiments
(51) (Figure 2D).

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 our
previously 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 (47, 51, 116).
Moreover, although the expression of T cell activation markers
and the production of pro-inflammatory cytokines by DCs
were suppressed via E. coli-stimulated B cells, the concentration
of anti-inflammatory IL-10 in the DC-B cell co-culture was
significantly higher than in single cell cultures of DCs and B cells.
This led us to the hypothesis that E. coli-challenged DCs and
B cells may even form a positive feedback loop, resulting in an

accumulated anti-inflammatory milieu to regulate overshooting
immune responses and dampen inflammatory processes in a
healthy host (117, 118).

We further demonstrated that this B cell-driven regulatory
mechanism had relevant impacts 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 CD11ct DCs and that activated CD4™ T cells favor
Th2 polarization in vitro (119). Saze et al. investigated T cell
activation properties of B cells in more detail. They compared
the proliferation of T cells incubated with either naive B cells
or activated B cells and showed that freshly purified B cells
co-cultured with separated CD4™ T cells augment proliferation
of the T cells as well as their cytokine production whereas
activated B cells significantly inhibit T cell proliferation (120).
By using two commensals featuring different immunogenic
properties for B cell stimulation, we could complement and
confirm these findings; furthermore, we could expand our
understanding of the mechanism behind microbiota-mediated
B cell regulation. The stimulation of CFSE-labeled Ova peptide-
specific TCRTCD4™ T cells with E. coli-primed and Ova peptide-
pulsed B cells resulted in a significant inhibition of T cell
proliferation at a T cell-B cell ratio of 1:1. In contrast, the
co-incubation of T cells with B. vulgatus-primed B cells did
not result in decreased proliferation. Only after increasing the
T cell-B cell ratio to 1:5, the low immunogenic bacterium
possessed T cell proliferation-preventing effects. The cultivation
of T cells with naive unstimulated B cells led to an intense
T cell proliferation and a polarization toward Thl and TH17
cells. In contrast, T cells incubated with E. coli-primed B cells
favored a polarization shifted toward Th2 cells and Tregs. B.
vulgatus-primed B cells also polarized T cells in a Th2 and Treg
direction but simultaneously induced Th1 and Th17 cells leading
to a more pro-inflammatory Th1/Th2/Th17/Treg balance (121-
123). The cause for the strong T cell activation, proliferation and
polarization by naive unstimulated B cells could be the basic
expression levels of MHC-II and co-stimulatory proteins in the
absence of anti-inflammatory cytokines and surface molecules,
which were upregulated in E. coli-primed B cells, as shown in
previous experiments (124). In addition, after induction of Tregs
via E. coli-primed Bregs, these two regulatory cell populations
could cooperate to generate an IL-10-driven feedback loop to
initiate their reciprocal activation and consequently increase their
cell emergence (8, 125, 126).

The inflammation-suppressive role of Breg subsets in
autoimmune disease has been demonstrated previously in in vivo
mice models for IBD, MS, T1D, and RA, primarily achieved
by the adoptive transfer before or during inflammation of
ex vivo-activated B cells in wild type, B cell-depleted (anti-
CD20 mAD treatment), or B cell-deficient (WMT) mice (10, 28,
47, 127-132). Consequently, the ability of Bregs to contribute
to the control of the immune response during inflammation
development and disease progression is evidently. Nevertheless,
the influence of the host commensal microbiota on the induction
of this regulatory cell phenotype needs to be investigated in
more detail.
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FIGURE 7 | Counter-regulatory mechanisms of Bregs after the induction of immune responses via immunogenic bacteria. Depending on the immunogenicity of a
bacterial antigen, APCs (immature DCs and naive B cells) are activated through the recognition of MAMPs (e.g., LPS or PGN) via Toll-like receptors to different
degrees. Potent stimulation of B cells (e.g., by strong immunogenic E. coli) induces the differentiation and proliferation of regulatory B cell phenotypes, such as B10
cells (CD19TCD5TCD1dTIL10%), T2-MZP cells (CD19TCD21"CD23MCD24M), and Tim-1+ B cells (CD19+ Tim-17) characterized by an upregulated expression and
strong secretion of suppressive mediators. Primarily through secreted IL-10, Bregs can inhibit DC and macrophage maturation and function and consequently
dampen their antigen presentation capacity to activate and polarize T cells. Moreover, Bregs can regulate T-cell responses by suppressing the proliferation and
polarization of effector T cells (in particular TH1 and TH17 cells). These effects are mediated by secreted factors (IL-10, TGFB, and Ebi3/IL-35) and membrane-bound
molecules including MHC-II, CD73, PD-L1, FasL, and GitrL at the interface between B cells and T cells (115). Regulatory B cells also crosstalk with Treg cells to
promote their expansion and support their function. +, induction/activation; —, inhibition; semi-mature DCs, intermediate expression of DC maturation markers; LPS,
lipopolysaccharide; PGN, peptidoglycan; TLR, toll-like receptor; iDC, immature dendritic cell; CD, cluster of differentiation; PD-L1, programmed death ligand 1; FasL,
Fas ligand; GitrL, glucocorticoid-induced tumor necrosis factor receptor-related protein ligand; IL-, interleukin—; TCR, T cell receptor; TGFRB, transforming growth factor
B3; Th, T helper cells; Tim-1, T cell Ig and mucin 1; IFNy, interferon y; TNFa, tumor-necrosis factor a; T-bet, T-box transcription factor; RORyt, RAR-related orphan
receptor gamma; GATA-3, Trans-acting T-cell-specific transcription factor GATA-3; FoxP3, Forkhead box protein P3.

In earlier studies, we could demonstrate the effect of different  colitis models, a potent immune-stimulatory signal mediated
immunogenic commensals on the differentiation and maturation ~ by strong immunogenic E. coli exacerbated inflammation,
of certain immune cells (e.g., CD11c™ DCs), concluding that  since important counter-regulation mechanisms (such as the
a potent TLR activation provided by strong immunogenic  induction of Bregs) for the compensation of overshooting
bacteria leads to enhanced immune responses, aggravating the  immune responses malfunctioning. Similar observation could be
course of disease (60, 61, 66, 68, 69, 133, 134). Thereby, made with the bacterium Helicobacter hepaticus. H. hepaticus
our and other groups used genetically susceptible colitis is a member of the mouse microbiota colonizing the lower
mouse models (Ragl-, IL-2-, and IL-10-deficient) exhibiting a  intestine and activating innate immunity via Toll-like receptors
dysregulated immune system to mimic disease development  without inducing immune pathology in a healthy host (136). H.
in an immune suppressed host (60, 61, 135). In detail,  hepaticus thus induces an anti-inflammatory immune response
B cell immunity is inoperative, either due to the lack of through the activation of regulatory macrophages to maintain
mature B cells (Ragl_/ ~), the disturbed proliferation and  immune homeostasis (137). However, in immune-deficient IL-
induction of Bregs (IL-27/7), or the dysfunction of Bregs 107/~ or Rag2™/~ mice, H. hepaticus triggered exacerbated
(IL-107/7) in all three colitis mouse models. Hence in these intestinal inflammation as a result of aberrant regulatory T cell
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function (138-140). 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.

However it has already been published in mouse models for
IBD and T1D that strong immunogenic bacteria, such as E.
coli Nissle or Helicobacter pylori have inflammation-suppressive
properties and can even prevent the onset of disease, on the
condition that the host provides a functional immune system
(141-143). In our study, we wanted to demonstrate the specific
impact of commensal bacteria featuring different immunogenic
properties on the activation of the immune system and the
development of inflammation while deciphering the crucial role
of regulatory B cells in these processes. Therefore, we colonized
DSS-administered germfree wild type mice providing a full-
featured immune system (no genetic susceptibility) to induce
intestinal inflammation.

The comparison of germfree, low immunogenic B. vulgatus-
or strong immunogenic E. coli-associated mice emphasizes
the importance of a potent immune stimulus in DSS-induced
inflammation since the colonization with E. coli significantly
prevented intense weight loss, alleviated disease symptoms
and reduced inflammation in the affected tissue. In contrast,
colonization with B. wvulgatus alleviated disease symptoms
slightly, but not significantly, compared to germfree mice. Reason
for that could be the weak immunogenic properties of B. vulgatus
still provoking a low activation of B cells, minor induction
of Bregs and modest inhibition of T cell proliferation and
polarization, as observed in in vitro experiments. In addition,
other bacteria-associated host immune modulating effects which
are B cell- and T cell-independent, such as the restoration and
education of the immature immune system and mucosal barrier
present in germfree mice could be causal for the attenuated
inflammation development shown in B. vulgatus-colonized
mice. However, these potential immunogenic-independent
regulatory mechanisms may be insufficient to significantly reduce
inflammation processes in DSS-induced colitis. Though, these
findings could explain the non-significant differences between B.
vulgatus- and E. coli-colonized mice in some read outs (144, 145).

Moreover, we provide evidence that the induction of Bregs
directly correlated with the severity of colonic inflammation and
therefore negatively correlated with the immunogenicity of the
colonizing bacteria. These findings are in line with other studies
reporting a decrease of intestinal regulatory B cells in colonic
inflammation in mice and humans (146-148). In line with our in
vitro experiments, the colonization of germfree mice with E. coli
prior to DSS-administration, and the accompanying induction of
Bregs, resulted in a significantly enhanced development of Tregs
and inhibition of a Th1l and Th17 polarization (Figure 7). Even
though B. vulgatus-colonization resulted in a slightly and non-
significant increased induction of Bregs, the differentiation of T
helper cells is not altered in comparison to germfree mice. In
contrast, the significant enhanced induction of Bregs in vitro and
in vivo in E. coli-associated mice leading to an anti-inflammatory
balance of Th1/Th2/Th17/Treg cells, marked by a pronounced
differentiation of Tregs, which is decisive for the development

of inflammation and consequently the possible reason for the
extenuated inflammation in E. coli-colonized and DSS treated
mice (121-123).

Thus, the increased accumulation of Bregs and Tregs
established an immune-homoeostatic state in In
combination, these two crucial regulatory cell populations
might develop a powerful anti-inflammatory milieu capable of
suppressing inflammation in various autoimmune diseases (149).

In conclusion, Bregs are an important interface in microbiota-
driven immune regulation. They contribute to maintenance of
immune homeostasis in a healthy host and counter-act emerging
inflammatory processes in immune-compromised hosts via the
production of suppressive molecules and the interaction with
other immune cell populations. The induction and longevity
of Bregs specifically depend and correlate with the strength
of TLR-ligation and subsequent cell activation, provided by
commensal antigens. 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.

Vivo.
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Supplementary Figure 1 | Determination of colony forming units (CFU) of
germfree mice after colonization with B. vulgatus or E. coli. Feces of every mouse
were collected under germ free conditions before and after colonization with
bacteria and DSS-administration and were plated timely to determine the CFU.

Supplementary Figure 2 | Representative flow cytometry plots of B10 cells
induced by E. coli stimulation. Naive B cells were stimulated with E. coli at MOI 1
for 0, 24, 48, and 72 h. Doublets wee excluded via FSC-A/FSC-H gating and
death cells were excluded by fixable viability dye. B10 cells were defined as
CD19+CD5*CD1d*IL10*.

Supplementary Figure 3 | Representative flow cytometry plots of T2-MZP B
cells induced by E. coli stimulation. Naive B cells were stimulated with E. coli at

REFERENCES

1. Myhr KM, Torkildsen O, Lossius A, Bo L, Holmoy T. B cell depletion in
the treatment of multiple sclerosis. Expert Opin Biol Ther. (2019) 19:261-71.
doi: 10.1080/14712598.2019.1568407

2. Hauser SL, Waubant E, Arnold DL, Vollmer T, Antel ], Fox RJ, et al. B-cell
depletion with rituximab in relapsing-remitting multiple sclerosis. N Engl |
Med. (2008) 358:676-88. doi: 10.1056/NEJM0a0706383

3. Hausler D, Hausser-Kinzel S, Feldmann L, Torke S, Lepennetier G, Bernard
CCA, et al. Functional characterization of reappearing B cells after anti-
CD20 treatment of CNS autoimmune disease. Proc Natl Acad Sci USA. (2018)
115:9773-8. doi: 10.1073/pnas.1810470115

4. Hofmann K, Clauder AK, Manz RA. Targeting B cells and plasma
cells in autoimmune diseases. Front Immunol. (2018) 9:835.
doi: 10.3389/fimmu.2018.00835

5. Schmidt EG, Larsen HL, Kristensen NN, Poulsen SS, Claesson MH,
Pedersen AE. B cells exposed to enterobacterial components suppress
development of experimental colitis. Inflamm Bowel Dis. (2012) 18:284-93.
doi: 10.1002/ibd.21769

6. Yanaba K, Yoshizaki A, Asano Y, Kadono T, Tedder TE, Sato S. IL-10-
producing regulatory B10 cells inhibit intestinal injury in a mouse model.
Am ] Pathol. (2011) 178:735-43. doi: 10.1016/j.ajpath.2010.10.022

7. 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)] effectively
attenuate mucosal inflammatory responses in the gut. J Autoimmun. (2014)
50:107-22. doi: 10.1016/j.jaut.2014.01.032

8. WangL, Ray A, Jiang X, Wang JY, Basu S, Liu X, et al. T regulatory cells and B
cells cooperate to form a regulatory loop that maintains gut homeostasis and
suppresses dextran sulfate sodium-induced colitis. Mucos Immunol. (2015)
8:1297-312. doi: 10.1038/mi.2015.20

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

regulate autoimmunity by provision of IL-10. Nat Immunol. (2002) 3:944-50.

doi: 10.1038/ni833

Matsushita T, Yanaba K, Bouaziz JD, Fujimoto M, Tedder TF. Regulatory

B cells inhibit EAE initiation in mice while other B cells promote disease

progression. J Clin Invest. (2008) 118:3420-30. doi: 10.1172/JCI36030

Thaunat O, Morelon E, Defrance T. Am“B’valent: anti-CD20 antibodies

unravel the dual role of B cells in immunopathogenesis. Blood. (2010)

116:515-21. doi: 10.1182/blood-2010-01-266668

Yanaba K, Bouaziz JD, Haas KM, Poe JC, Fujimoto M, Tedder TF. A

regulatory B cell subset with a unique CD1dhiCD5" phenotype controls

T cell-dependent inflammatory responses. Immunity. (2008) 28:639-50.

doi: 10.1016/j.immuni.2008.03.017

Mizoguchi A, Bhan AK. A case for regulatory B cells. J Immunol. (2006)

176:705-10. doi: 10.4049/jimmunol.176.2.705

Tedder TF. B10 cells: a functionally defined regulatory B cell subset. ]

Immunol. (2015) 194:1395-401. doi: 10.4049/jimmunol.1401329

10.

11.

12.

13.

14.

MOI 1 for 0, 24, 48, and 72 h. Doublets were excluded via FSC-A/FSC-H gating
and death cells were excluded by fixable viability dye. T2-MZP B cells were
defined as CD19+CD21+CD23+CD24+.

Supplementary Figure 4 | Representative flow cytometry plots of Tim-1* B cells
induced by E. coli stimulation. Naive B cells were stimulated with E. coli at MOI 1
for 0, 24, 48, and 72 h. Doublets were excluded via FSC-A/FSC-H gating and
death cells were excluded by fixable viability dye. Tim-1+ B cells were defined as
CD19* Tim-1+.

Supplementary Figure 5 | Analysis of Bregs in germfree mice after colonization
with B. vulgatus or E. coli prior 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 flow 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 with B. vulgatus (B.v.)
or E. coli (E.c.) at MOI 1 and PBS as control (Mock) for various time points (0, 24,
48, and 72h) (0 = 4). *p < 0.05, *p < 0.01.

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

Rosser EC, Oleinika K, Tonon S, Doyle R, Bosma A, Carter NA, et al.
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, CD19(+)CD24(hi)CD38(hi) B cells exhibit
regulatory capacity in healthy individuals but are functionally impaired
in systemic Lupus Erythematosus patients. Immunity. (2010) 32:129-40.
doi: 10.1016/j.immuni.2009.11.009

Evans JG, Chavez-Rueda KA, Eddaoudi A, Meyer-Bahlburg A, Rawlings
DJ, Ehrenstein MR, et al. Novel suppressive function of transitional
2 B cells in experimental arthritis. | 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 regulatory B
cells develop exacerbated disease and present with an increased frequency of
Th1/Th17 but a decrease in regulatory T cells. ] Immunol. (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 carcinogenesis. Proc Natl Acad Sci USA. (2011) 108:10662-
7. doi: 10.1073/pnas.1100994108

Horikawa M, Weimer ET, DiLillo D], Venturi GM, Spolski R, Leonard
W], et al. Regulatory B cell (B10 Cell) expansion during Listeria infection
governs innate and cellular immune responses in mice. ] Immunol. (2013)
190:1158-68. doi: 10.4049/jimmunol. 1201427

Fiorentino DE, Zlotnik A, Mosmann TR, Howard M, O’Garra A. IL-
10 inhibits cytokine production by activated macrophages. J Immunol.
(1991) 147:3815-22.

O’Farrell AM, Liu Y, Moore KW, Mui AL. IL-10 inhibits macrophage
activation and proliferation by distinct signaling mechanisms: evidence for
Stat3-dependent and -independent pathways. EMBO 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 inflammation 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 PB. Interleukin-10
and related cytokines and receptors. Annu Rev Immunol. (2004) 22:929-79.
doi: 10.1146/annurev.immunol.22.012703.104622

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

et al

20.

21.

22.

23.

24.

25.

26.

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:
therapeutic potential. J Clin Invest. (2017) 127:772-9. doi: 10.1172/JCI85113
Mauri C, Gray D, Mushtaq N, Londei M. Prevention of arthritis
by interleukin 10-producing B cells. J 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 gene. J Immunol. (2003)
170:1707-15. doi: 10.4049/jimmunol.170.4.1707

Mizoguchi A, Mizoguchi E, Takedatsu H, Blumberg RS, Bhan AK. Chronic
intestinal inflammatory condition generates IL-10-producing regulatory B
cell subset characterized by CD1d upregulation. Immunity. (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 IJ, Blumberg RS. The immunology of mucosal
models of inflammation. 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 transgenic
and knockout animals as models of human inflammatory bowel disease.
Immunol Rev. (1999) 169:195-207. doi: 10.1111/j.1600-065X.1999.tb0
1316.x

Sartor RB. Therapeutic manipulation of the enteric microflora in
inflammatory bowel diseases: antibiotics, probiotics, and prebiotics.
Gastroenterology. (2004) 126:1620-33. doi: 10.1053/j.gastro.2004.03.024
Flores-Borja F, Bosma A, Ng D, Reddy V, Ehrenstein MR, Isenberg DA,
et al. CD19+CD24MCD38M B cells maintain regulatory T cells while
limiting TH1 and TH17 differentiation. Sci Transl Med. (2013) 5:173ra23.
doi: 10.1126/scitranslmed.3005407

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

Sun JB, Flach CE Czerkinsky C, Holmgren J. B lymphocytes promote
expansion of regulatory T cells in oral tolerance: powerful induction by
antigen coupled to cholera toxin B subunit. ] Immunol. (2008) 181:8278-87.
doi: 10.4049/jimmunol.181.12.8278

Tadmor T, Zhang Y, Cho HM, Podack ER, Rosenblatt JD. The absence
of B lymphocytes reduces the number and function of T-regulatory cells
and enhances the anti-tumor response in a murine tumor model. Cancer
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
and adenosine production. ] Immunol. (2014) 193:5904-13.
doi: 10.4049/jimmunol.1400336

Bodhankar S, Galipeau D, Vandenbark AA, Offner H. PD-1
Interaction with PD-L1 but not PD-L2 on B-cells mediates protective
effects of estrogen against EAE. ] Clin Cell Immunol. (2013) 4:143.
doi: 10.4172/2155-9899.1000143

Bodhankar S, Vandenbark AA, Offner H. Oestrogen treatment of
experimental autoimmune encephalomyelitis requires 17beta-oestradiol-
receptor-positive B cells that up-regulate PD-1 on CD4" Foxp3™ regulatory
T cells. Immunology. (2012) 137:282-93. doi: 10.1111/imm.12013
Bodhankar S, Wang C, Vandenbark AA, Offner H. Estrogen-induced
protection against experimental autoimmune encephalomyelitis is
abrogated in the absence of B cells. Eur ] Immunol. (2011) 41:1165-75.
doi: 10.1002/€ji.201040992

Khan AR, Hams E, Floudas A, Sparwasser T, Weaver CT, Fallon PG. PD-L1hi
B cells are critical regulators of humoral immunity. Nat Commun. (2015)
6:5997. doi: 10.1038/ncomms6997

Lundy SK, Fox DA. Reduced Fas ligand-expressing splenic CD5% B
lymphocytes in severe collagen-induced arthritis. Arthritis Res Ther. (2009)
11:R128. doi: 10.1186/ar2795

Lundy SK, Berlin AA, Martens TF, Lukacs NW. Deficiency of regulatory B
cells increases allergic airway inflammation. Inflamm Res. (2005) 54:514-21.
doi: 10.1007/s00011-005-1387-0

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Minagawa R, Okano S, Tomita Y, Kishihara K, Yamada H, Nomoto K, et al.
The critical role of Fas-Fas ligand interaction in donor-specific transfusion-
induced tolerance to H-Y antigen. Transplantation. (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 action. Int Immunol. (2015) 27:531-6.
doi: 10.1093/intimm/dxv033

Dambuza IM, He C, Choi JK, Yu CR, Wang R, Mattapallil M], et al.
IL-12p35 induces expansion of IL-10 and IL-35-expressing regulatory B
cells and ameliorates autoimmune disease. Nat 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. ] Inflamm. (2017) 14:16.
doi: 10.1186/s12950-017-0164-5

Wang RX, Yu CR, Dambuza IM, Mahdi RM, Dolinska MB, Sergeev YV, et al.
Interleukin-35 induces regulatory B cells that suppress autoimmune disease.
Nat Med. (2014) 20:633-41. doi: 10.1038/nm.3554

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

Ronet C, Hauyon-La Torre Y, Revaz-Breton M, Mastelic B, Tacchini-Cottier
E, Louis ], et al. Regulatory B cells shape the development of Th2 immune
responses in BALB/c mice infected with Leishmania major through IL-10
production. ] Immunol. (2010) 184:886-94. doi: 10.4049/jimmunol.0901114
Velupillai P, Garcea RL, Benjamin TL. Polyoma virus-like particles elicit
polarized cytokine responses in APCs from tumor-susceptible and -resistant
mice. ] 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 infection. Immunity.
(2010) 33:777-90. doi: 10.1016/j.immuni.2010.10.016

Nothelfer K, Sansonetti PJ, Phalipon A. Pathogen manipulation of B cells:
the best defence is a good offence. Nat Rev Microbiol. (2015) 13:173-84.
doi: 10.1038/nrmicro3415

Mishima Y, Oka A, Liu B, Herzog JW, Eun CS, Fan TJ, et al. Microbiota
maintain colonic homeostasis by activating TLR2/MyD88/PI3K signaling
in IL-10-producing regulatory B cells. J Clin Invest. (2019) 130:3702-16.
doi: 10.1172/JCI93820

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

Hajam IA, Dar PA, Shahnawaz I, Jaume JC, Lee JH. Bacterial flagellin-
a potent immunomodulatory agent. Exp 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 homeostasis. Mol Ther.
(2019) 27:1974-91. doi: 10.1016/j.ymthe.2019.07.007

Waidmann M, Bechtold O, Frick JS, Lehr HA, Schubert S, Dobrindt U,
et al. Bacteroides vulgatus protects against Escherichia coli-induced colitis in
gnotobiotic interleukin-2-deficient mice. Gastroenterology. (2003) 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 mice. Gastroenterology. (2014) 146:765-75.
doi: 10.1053/j.gastro.2013.11.033

Lutz MB, Kukutsch N, Ogilvie AL, Rossner S, Koch F Romani N, et al.
An advanced culture method for generating large quantities of highly pure
dendritic cells from mouse bone marrow. J 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 receptors for
B-cell development and antigen-induced differentiation. FI000Res. (2018)
7:429. doi: 10.12688/f1000research.13567.1
Buchta CM, Bishop GA. Toll-like
functions and  mechanisms.  Immunol
doi: 10.1007/512026-014-8523-2

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

receptors
Res.

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.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Browne EP. Regulation of B-cell responses by Toll-like receptors.
Immunology. (2012) 136:370-9. doi: 10.1111/j.1365-2567.2012.03587.x
Maerz JK, Steimle A, Lange A, Bender A, Fehrenbacher B, Frick JS.
Outer membrane vesicles blebbing contributes to B. vulgatus mpk-
mediated immune response silencing. Gut Microbes. (2018) 9:1-12.
doi: 10.1080/19490976.2017.1344810

Lange A, Beier S, Steimle A, Autenrieth IB, Huson DH, Frick JS.
Extensive mobilome-driven genome diversification in mouse gut-
associated bacteroides vulgatus mpk. Genome Biol Evol. (2016) 8:1197-207.
doi: 10.1093/gbe/evw070

Steimle A, Gronbach K, Beifuss B, Schafer A, Harmening R, Bender A, et al.
Symbiotic gut commensal bacteria act as host cathepsin S activity regulators.
J Autoimmun. (2016) 75:82-95. doi: 10.1016/j.jaut.2016.07.009

Frick JS, Zahir N, Muller M, Kahl E Bechtold O, Lutz MB, et al.
Colitogenic and non-colitogenic commensal bacteria differentially trigger
DC maturation and Th cell polarization: an important role for IL-6. Eur |
Immunol. (2006) 36:1537-47. doi: 10.1002/¢ji.200635840

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

Casals C, Barrachina M, Serra M, Lloberas ], Celada A. Lipopolysaccharide
up-regulates MHC class II expression on dendritic cells through an AP-1
enhancer without affecting 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. Antigen
presentation and T cell stimulation by dendritic cells. Annu Rev Immunol.
(2002) 20:621-67. doi: 10.1146/annurev.immunol.20.100301.064828

Ni K, O’Neill HC. The role of dendritic cells in T cell activation. Immunol
Cell Biol. (1997) 75:223-30. doi: 10.1038/icb.1997.35

Leon B, Ballesteros-Tato A, Lund FE. Dendritic cells and B cells:
unexpected partners in Th2 development. J Immunol. (2014) 193:1531-7.
doi: 10.4049/jimmunol.1400149

Maddur MS, Bayry J. B cells drive Th2 responses by instructing
human dendritic cell maturation. Oncoimmunology. (2015) 4:¢1005508.
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 disorders. ] Neurosci Res. (2016) 94:693-701.
doi: 10.1002/jnr.23749

Sartor RB. Mechanisms of disease: pathogenesis of Crohn’s disease and
ulcerative colitis. Nat Clin Pract Gastroenterol Hepatol. (2006) 3:390-407.
doi: 10.1038/ncpgasthep0528

Maloy K], Powrie F. Intestinal
in inflammatory bowel disease.
doi: 10.1038/nature10208

Khor B, Gardet A, Xavier R]. Genetics and pathogenesis of inflammatory
bowel disease. Nature. (2011) 474:307-17. doi: 10.1038/nature10209
Alkanani AK, Hara N, Gottlieb PA, Ir D, Robertson CE, Wagner BD, et al.
Alterations in intestinal microbiota correlate with susceptibility to type 1
diabetes. Diabetes. (2015) 64:3510-20. doi: 10.2337/db14-1847

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

de Groot PE Belzer C, Aydin O, Levin E, Levels JH, Aalvink §,
et al. Distinct fecal and oral microbiota composition in human type
1 diabetes, an observational study. PLoS ONE. (2017) 12:¢0188475.
doi: 10.1371/journal.pone.0188475

Hindson J. Multiple sclerosis: a possible link between multiple
sclerosis and gut microbiota. Nature reviews Neurology. (2017) 13:705.
doi: 10.1038/nrneurol.2017.142

Felix KM, Tahsin S, Wu HJ. Host-microbiota interplay in mediating immune
disorders. Annals of the New York Academy of Sciences. (2018) 1417:57-70.
doi: 10.1111/nyas.13508

Yan D, Issa N, Afifi L, Jeon C, Chang HW, Liao W. The role of the skin and
gut microbiome in psoriatic disease. Curr Dermatol Rep. (2017) 6:94-103.
doi: 10.1007/s13671-017-0178-5

Dickerson E Severance E, Yolken R. The microbiome, immunity, and
schizophrenia and bipolar disorder. Brain Behav Immun. (2017) 62:46-52.
doi: 10.1016/j.bbi.2016.12.010

breakdown
474:298-306.

and its

(2011)

homeostasis
Nature.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

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

Cox LM, Weiner HL. Microbiota signaling pathways that
influence neurologic disease. Neurotherapeutics. (2018) 15:135-45.
doi: 10.1007/513311-017-0598-8

Yang Y, Tian ], Yang B. Targeting gut microbiome: a novel and potential
therapy for autism. Life Sci. (2018) 194:111-9. doi: 10.1016/j.1f5.2017.12.027
Thoene-Reineke C, Fischer A, Friese C, Briesemeister D, Gobel UB,
Kammertoens T, et al. Composition of intestinal microbiota in immune-
deficient mice kept in three different housing conditions. PLoS ONE. (2014)
9:¢113406. doi: 10.1371/journal.pone.0113406

Sokol H, Mahlaoui N, Aguilar C, Bach P, Join-Lambert O, Garraffo A,
et al. Intestinal dysbiosis in inflammatory bowel disease associated with
primary immunodeficiency. 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 disease. Nat Rev Genet. (2017) 18:690-9.
doi: 10.1038/nrg.2017.63

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

Chow J, Tang H, Mazmanian SK. Pathobionts of the gastrointestinal
microbiota and inflammatory disease. Curr Opin Immunol. (2011) 23:473-
80. doi: 10.1016/j.c0i.2011.07.010

Velupillai P, Harn DA. Oligosaccharide-specific induction of interleukin 10
production by B220" cells from schistosome-infected mice: a mechanism for
regulation of CD4" T-cell subsets. Proc Natl Acad Sci USA. (1994) 91:18-22.
doi: 10.1073/pnas.91.1.18

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

Blum JS, Wearsch PA, Cresswell P. Pathways of antigen processing. Annu Rev
Immunol. (2013) 31:443-73. doi: 10.1146/annurev-immunol-032712-095910
van der Vlugt LE, Haeberlein S, de Graaf W, Martha TE, Smits HH. Toll-like
receptor ligation for the induction of regulatory B cells. Methods 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 factor. J Immunol. (2010) 184:4662-72.
doi: 10.4049/jimmunol.0903253

Bekeredjian-Ding I,  Jego ~ G.  Toll-like
in the B-cell response. Immunology.
doi: 10.1111/j.1365-2567.2009.03173.x

Kusumoto S, Fukase K, Shiba T. Key structures of bacterial peptidoglycan
and lipopolysaccharide triggering the innate immune system of higher
animals: chemical synthesis and functional studies. Proc 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, Eddaoudi A, Isenberg
DA, et al. Selective targeting of B cells with agonistic anti-CD40 is an
efficacious strategy for the generation of induced regulatory T2-like B cells
and for the suppression of lupus in MRL/lpr mice. J 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 function of B
cell-activating factor in the induction of IL-10-producing regulatory B cells.
J Immunol. (2010) 184:3321-5. doi: 10.4049/jimmunol.0902551
Lampropoulou V, Calderon-Gomez E, Roch T, Neves P, Shen P, Stervbo
U, et al. Suppressive functions of activated B cells in autoimmune diseases
reveal the dual roles of Toll-like receptors in immunity. Immunol Rev. (2010)
233:146-61. doi: 10.1111/j.0105-2896.2009.00855.x

Minguet S, Dopfer EP, Pollmer C, Freudenberg MA, Galanos C, Reth M,
et al. Enhanced B-cell activation mediated by TLR4 and BCR crosstalk. Eur ]
Immunol. (2008) 38:2475-87. doi: 10.1002/¢ji.200738094

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

Scheller J, Chalaris A, Schmidt-Arras D, Rose-John S. The pro- and anti-
inflammatory properties of the cytokine interleukin-6. Biochim Biophys Acta.
(2011) 1813:878-88. doi: 10.1016/j.bbamcr.2011.01.034

receptors—sentries
(2009) 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.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Batista FD, Harwood NE. The who, how and where of antigen presentation
to B cells. Nat Rev Immunol. (2009) 9:15-27. doi: 10.1038/nri2454

Hudak JE, Alvarez D, Skelly A, von Andrian UH, Kasper DL. Illuminating
vital surface molecules of symbionts in health and disease. Nat Microbiol.
(2017) 2:17099. doi: 10.1038/nmicrobiol.2017.99

Wykes M, MacPherson G. Dendritic cell-B-cell interaction: dendritic
cells provide B cells with CD40-independent proliferation signals
and CD40-dependent survival signals. Immunology. (2000) 100:1-3.
doi: 10.1046/j.1365-2567.2000.00044.x

Clark EA. Regulation of B lymphocytes by dendritic cells. ] Exp Med. (1997)
185:801-3. doi: 10.1084/jem.185.5.801

Ouyang FZ, Wu RQ, Wei Y, Liu RX, Yang D, Xiao X, et al
Dendritic cell-elicited B-cell activation fosters immune privilege via IL-
10 signals in hepatocellular carcinoma. Nat Commun. (2016) 7:13453.
doi: 10.1038/ncomms13453

Geisel ], Kahl E, Muller M, Wagner H, Kirschning CJ, Autenrieth IB, et al. IL-
6 and maturation govern TLR2 and TLR4 induced TLR agonist tolerance
and cross-tolerance in dendritic cells. J immunology. (2007) 179:5811-8.
doi: 10.4049/jimmunol.179.9.5811

Garcia-Marquez M, Shimabukuro-Vornhagen A, von Bergwelt-Baildon M.
Complex interactions between B cells and dendritic cells. Blood. (2013)
121:2367-8. doi: 10.1182/blood-2012-12-468017

Komai T, Inoue M, Okamura T, Morita K, Iwasaki Y, Sumitomo S, et al.
Transforming growth factor-beta and interleukin-10 synergistically regulate
humoral immunity via modulating metabolic signals. Front Immunol. (2018)
9:1364. doi: 10.3389/fimmu.2018.01364

Couper KN, Blount DG, Riley EM. IL-10: the master regulator
of immunity to infection. ] Immunol.  (2008) 180:5771-7.
doi: 10.4049/jimmunol.180.9.5771

Menon M, Blair PA, Isenberg DA, Mauri C. A regulatory feedback
between plasmacytoid dendritic cells and regulatory B cells is aberrant
in systemic lupus erythematosus. Immunity. (2016) 44:683-97.
doi: 10.1016/j.immuni.2016.02.012

Sindhava VJ, Tuna H, Gachuki BW, DilLillo DJ, Avdiushko MG, Onami
TM, et al. Bone marrow dendritic cell-mediated regulation of TLR and
B cell receptor signaling in B cells. J Immunol. (2012) 189:3355-67.
doi: 10.4049/jimmunol.1101352

Schmidt EG, Kristensen NN, Claesson MH, Pedersen AE. Enteroantigen-
presenting B cells efficiently stimulate CD4(+) T cells in vitro. Inflamm Bowel
Dis. (2011) 17:308-18. doi: 10.1002/ibd.21429

Saze Z, Schuler PJ, Hong CS, Cheng D, Jackson EK, Whiteside TL.
Adenosine production by human B cells and B cell-mediated suppression
of activated T cells. Blood. (2013) 122:9-18. doi: 10.1182/blood-2013-02-4
82406

Yang F, Wang D, Li Y, Sang L, Zhu ], Wang J, et al. Th1/Th2 balance
and Th17/Treg-mediated immunity in relation to murine resistance to
dextran sulfate-induced colitis. J Immunol Res. (2017) 2017:7047201.
doi: 10.1155/2017/7047201

Lee GR. The balance of Th17 versus treg cells in autoimmunity. Int ] Mol Sci.
(2018) 19:E730. doi: 10.3390/ijms19030730

Diller ML, Kudchadkar RR, Delman KA, Lawson DH, Ford ML. Balancing
inflammation: the link between Th17 and regulatory T cells. Mediat Inflamm.
(2016) 2016:6309219. doi: 10.1155/2016/6309219

Giles JR, Kashgarian M, Koni PA, Shlomchik M]J. B cell-specific
MHC class II deletion reveals multiple nonredundant roles for B cell
antigen presentation in murine lupus. J Immunol. (2015) 195:2571-9.
doi: 10.4049/jimmunol.1500792

Chien CH, Chiang BL. Regulatory T cells induced by B cells: a
novel subpopulation of regulatory T cells. J Biomed Sci. (2017) 24:86.
doi: 10.1186/512929-017-0391-3

Gabrysova L, Nicolson KS, Streeter HB, Verhagen ], Sabatos-Peyton CA,
Morgan DJ, et al. Negative feedback control of the autoimmune response
through antigen-induced differentiation of IL-10-secreting Th1 cells. J Exp
Med. (2009) 206:1755-67. doi: 10.1084/jem.20082118

Yang M, Deng J, Liu Y, Ko KH, Wang X, Jiao Z, et al. IL-10-
producing regulatory B10 cells ameliorate collagen-induced arthritis via
suppressing Th17 cell generation. Am ] Pathol. (2012) 180:2375-85.
doi: 10.1016/j.ajpath.2012.03.010

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Pennati A, Ng S, Wu Y, Murphy JR, Deng J, Rangaraju S, et al.
Regulatory B cells induce formation of IL-10-expressing T cells in mice
with autoimmune neuroinflammation. | Neurosci. (2016) 36:12598-610.
doi: 10.1523/JNEUROSCI.1994-16.2016

Ray A, Basu S. Regulatory B cells in experimental autoimmune
encephalomyelitis (EAE). Methods Mol Biol. (2014) 1190:243-55.
doi: 10.1007/978-1-4939-1161-5_17

Tian J, Zekzer D, Hanssen L, Lu Y, Olcott A, Kaufman DL.
Lipopolysaccharide-activated B cells down-regulate Thl immunity and
prevent autoimmune diabetes in nonobese diabetic mice. J Immunol. (2001)
167:1081-9. doi: 10.4049/jimmunol.167.2.1081

Mauri C, Bosma A. Immune regulatory function of B cells. Annu Rev
Immunol. (2012) 30:221-41. doi: 10.1146/annurev-immunol-020711-074934
Liu T, Ren J, Wang W, Wei XW, Shen GB, Liu YT, et al. Treatment of
dextran sodium sulfate-induced experimental colitis by adoptive transfer of
peritoneal cells. Sci Rep. (2015) 5:16760. doi: 10.1038/srep16760

Steimle A, Frick JS. Molecular mechanisms of induction of tolerant
and tolerogenic intestinal dendritic cells in mice. J Immunol Res. (2016)
2016:1958650. doi: 10.1155/2016/1958650

Muller M, Fink K, Geisel J, Kahl F, Jilge B, Reimann J, et al. Intestinal
colonization of IL-2 deficient mice with non-colitogenic B. vulgatus
prevents DC maturation and T-cell polarization. PLoS ONE. (2008) 3:e2376.
doi: 10.1371/journal.pone.0002376

Kiesler P, Fuss IJ, Strober W. Experimental models of inflammatory
bowel diseases. Cell Mol Gastroenterol Hepatol. (2015) 1:154-70.
doi: 10.1016/j.,jcmgh.2015.01.006

Mandell L, Moran AP, Cocchiarella A, Houghton J, Taylor N, Fox ]G,
et al. Intact gram-negative Helicobacter pylori, Helicobacter felis, and
Helicobacter hepaticus bacteria activate innate immunity via toll-like
receptor 2 but not toll-like receptor 4. Infect Immun. (2004) 72:6446-54.
doi: 10.1128/IA1.72.11.6446-6454.2004

Danne C, Powrie F. Helicobacter hepaticus polysaccharide induces an anti-
inflammatory response in intestinal macrophages. Microb Cell. (2018) 5:208-
11. doi: 10.15698/mic2018.04.626

Kullberg MC, Ward JM, Gorelick PL, Caspar P, Hieny S, Cheever
A, et al. Helicobacter hepaticus triggers colitis in specific-pathogen-free
interleukin-10 (IL-10)-deficient mice through an IL-12- and gamma
interferon-dependent mechanism. Infect Immun. (1998) 66:5157-66.
doi: 10.1128/IA1.66.11.5157-5166.1998

Erdman SE, Rao VP, Poutahidis T, Rogers AB, Taylor CL, Jackson EA, et al.
Nitric oxide and TNF-alpha trigger colonic inflammation and carcinogenesis
in Helicobacter hepaticus-infected, Rag2-deficient mice. Proc Natl Acad Sci
USA. (2009) 106:1027-32. doi: 10.1073/pnas.0812347106

Matharu KS, Mizoguchi E, Cotoner CA, Nguyen DD, Mingle B, Iweala OI,
et al. Toll-like receptor 4-mediated regulation of spontaneous Helicobacter-
dependent colitis in IL-10-deficient mice. Gastroenterology. (2009) 137:1380-
90 e1-3. doi: 10.1053/j.gastro.2009.07.004

Vatanen T, Kostic AD, d'Hennezel E, Siljander H, Franzosa EA,
Yassour M, et al. Variation in microbiome LPS immunogenicity
contributes to autoimmunity Cell. (2016) 165:1551.
doi: 10.1016/j.cell.2016.05.056

Lu J, Dong B, Chen A, He E Peng B, Wu Z, et al. Escherichia coli
promotes DSSinduced murine colitis recovery through activation of the
TLR4/NFkappaB signaling pathway. Mol Med Rep. (2019) 19:2021-8.
doi: 10.3892/mmr.2019.9848

Zhang H, Dai Y, Liu Y, Wu T, Li J, Wang X, et al. Helicobacter
pylori colonization protects against chronic experimental colitis by
regulating Th17/treg balance. Inflamm Bowel Dis. (2018) 24:1481-92.
doi: 10.1093/ibd/izy107

Hayes CL, Dong J, Galipeau HJ, Jury ], McCarville J, Huang X,
et al. Commensal microbiota induces colonic barrier structure and
functions that contribute to homeostasis. Sci Rep. (2018) 8:14184.
doi: 10.1038/s41598-018-32366-6

Grover M, Kashyap PC. Germ-free mice as a model to study effect of gut
microbiota on host physiology. Neurogastroenterol Motil. (2014) 26:745-8.
doi: 10.1111/nmo.12366

Mishima Y, Ishihara S, Oka A, Fukuba N, Oshima N, Sonoyama
H, et al. Decreased frequency of intestinal regulatory CD5' B

in  humans.

Frontiers in Immunology | www.frontiersin.org

January 2020 | Volume 10 | Article 3093



Maerz et al. Breg-Induction by Commensal Bacteria

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

doi: 10.1371/journal.pone.0146191 absence of any commercial or financial relationships that could be construed as a
147. Wang X, Zhu Y, Zhang M, Wang H, Jiang Y, Gao P. Ulcerative colitis is potential conflict of interest.

characterized by a decrease in regulatory B cells. J Crohns Colitis. (2016)

10:1212-23. doi: 10.1093/ecco-jcc/jjw074 Copyright © 2020 Maerz, Trostel, Lange, Parusel, Michaelis, Schifer, Yao,
148. Mishima Y, Ishihara S, Amano Y, Oshima N, Kadota C, Otani A, et al. Low and Frick. This is an open-access article distributed under the terms

Alterations of peripheral blood CD5" B cells in inflammatory bowel disease. of the Creative Commons Attribution License (CC BY). The use, distribution

Scand ] Gastroenterol. (2009) 44:172-9. doi: 10.1080/00365520802433223 or reproduction in other forums is permitted, provided the original author(s)

149. Engman C, Garciafigueroa Y, Phillips BE, Trucco M, Giannoukakis N. Co- and the copyright owner(s) are credited and that the original publication in
stimulation-impaired bone marrow-derived dendritic cells prevent dextran this journal is cited, in accordance with accepted academic practice. No use,
sodium sulfate-induced colitis in mice. Front Immunol. (2018) 9:894. distribution or reproduction is permitted which does not comply with these
doi: 10.3389/fimmu.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

	Bacterial Immunogenicity Is Critical for the Induction of Regulatory B Cells in Suppressing Inflammatory Immune Responses
	Introduction
	Materials and Methods
	Bacteria Cultivation
	Mice
	Purification and Cultivation of Naïve B Cells and Naïve T Cells
	Cultivation of Bone Marrow-Derived Dendritic Cells (BMDCs)
	Stimulation of Naïve B Cells and Bone Marrow-Derived Dendritic Cells
	Co-culture Experiments
	DSS-Induced Colitis
	Flow Cytometrical Analysis (FCM)
	Cytokine Analysis by ELISA
	Statistics

	Results
	B Cell Activation and Maturation via Strong Immunogenic E. coli Are TLR-Dependent
	Strong Immunogenic E. coli Induces Differentiation of Regulatory B Cell Phenotypes
	E. coli-Stimulated B Cells Inhibit DC Activation and Maturation
	E. coli-Primed B Cells Inhibit T Cell Activation and Induce Treg Differentiation
	Induction of Begs by Strong Immunogenic E. coli Contributes to the Counter-Regulation of DSS-Induced Inflammation

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


