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1. INTRODUCTION

The characteristics of an ongoing antigen specific immune response are determined by
specificity, diversity and memory generated by the innate and the adaptive immunity. Dendritic cells
(DCs) represent a relatively rare population of innate immune cells found in peripheral tissues
however, they play a fundamental role in induction and polarization of specific immune responses
against microbial, tumor and other non-self antigens.

After birth, the human body, preferentially large mucosal surfaces and the skin continuously
encounter microbes. Development of pathogen-induced diseases can be prevented by the immune
system and also by mutualistic effects mediated by some beneficial microbes such as Lactobacillus
reuteri which compete with pathogens to adhere to the mucus layer of the mucosa by expressing
mucus-binding proteins (MucBPs). To maintain a stable L. reuteri population in the gut, the
contribution of the immune system involves DCs being crucial for inducing inflammation,
immunological memory and tolerance against beneficial bacteria however, the details of these
mechanisms are not completely understood.

Diet and the gut microbiota also impacts the local and the systemic immune systems at both
health and disease as the gut milieu supplies a rich source of ligands such as retinoids for nuclear
hormone receptors upon food supplementation and due to the presence of the gut microbiota. DCs
act as key actors in the maintenance of the balanced regulation between the microbiota and the host
however, our knowledge about the interplay of molecular interactions during diet involving vitamin
(Vit)-A supplementation, the presence of gut microbiota species in the course of an ongoing human
immune system is still limited in both health and diseases.

To solve a part of these uncovered mechanisms, we dedicated this work to discover the
importance of MucBPs in shaping the immune response to L. reuteri. We also analyzed how the Vit-
A derivate all-trans retinoic-acid (ATRA) enriched milieu may affect the differentiation,
inflammatory properties and immunogenicity of human primary DCs in the presence of normal gut

microbiota members.

1.1 Different dendritic cell subtypes exhibit unique effector and/or regulatory functional
activities

The term of ‘dendritic cell” describes a heterogeneous population of cells involving conventional
(cDC), plasmacytoid (pDC) as well as monocyte-derived (moDC) DCs. All these DCs derive from a
CD34" hematopoietic stem cell (HSC) progenitor in the bone marrow (BM) and can differentiate to

common myeloid progenitor (CMP), which has the potential to differentiate to CD14" monocytes.



To analyze the functional properties of human DCs in depth, several in vitro protocols have been
designed and applied for the characterization of various DC types. Inflammatory and tolerogenic DCs
can be generated in vitro from monocytes, BM-derived cells and embryonic stem cells in the presence
of granulocyte-macrophage colony stimulating factor (GM-CSF), interleukin (IL)-4, tumor necrosis
factor (TNF)-a and IL-10, transforming growth factor-beta (TGF)-8 or Vit-D. MoDCs can act as
potential regulators of both systemic and mucosal immune responses and also drive a wide array of

cell communications at gene, protein expression and cytokine levels.

1.2 Master transcription factors mediate DC differentiation and dictate the outcome of the
provoked immune response

During the differentiation of DCs, the correct regulation of genes is essential to support the
function of master transcription factors such as the nuclear hormone receptor PPARY, retinoic-acid
receptors (RARs), IRF4, IRF8 and Runx3, which also may contribute to the characterization of
various DC subtypes. Nuclear hormone receptors bind to endogenous or exogenous lipophilic ligands
and upon microbial stimuli allow DCs to shape immune responses. These receptors can be divided
into four groups: homodimer steroid hormone receptors, retinoid X receptor (RXR) heterodimers
(PPARs, RXRs, RARs, Liver X Receptors/LXRs, Vit-D Receptor/VDR), dimeric and monomeric
orphan receptors. At steady state, nuclear receptors are present typically in the cytosol in an inactive
form bound to heat-shock proteins or in the nucleus repressed by co-repressor complexes with histon-
deacetylase activity. Upon ligand binding, the cytosolic and DNA-bound receptors release the heat-
shock protein and the repressor complex, respectively.

The primary source of RXR and RAR nuclear receptor ligands is the intestine and the blood, but
it is also produced endogenously. The natural ligand of RARs is ATRA, while RXRs are activated
by 9-cis RA. RARs play a pivotal role in embryogenesis, wound healing, keratinization and the
development of myeloid cells, the skeletal and the nervous systems. RARa isoform regulates the
gene expression of GM-CSF, GM-CSFR and CDI proteins moreover, RARa also up regulates
PPARy through CEBPs.

PPARY is up regulated in the presence of IL-4 and GM-CSF also confirmed by in vivo studies
and collaborates with retinoid receptors acting as a master transcriptional regulator upon human
moDC differentiation and function. In the presence of its ligands, PPARY becomes activated in
moDCs and drives the expression of genes related to endogenous RA synthesis leading to the
activation of RARa by endogenous ATRA. In particular, a set of genes involved in metabolism, lipid
antigen processing and presentation, invariant natural killer T (iNKT) cell activation, RA synthesis

are all regulated by PPARY and overlaps with genes that are regulated by RARa.



1.3 The origin of retinoic-acid

ATRA is a Vit-A (retinol) derivate, which can be supplemented by diet such as carotenoids and
plays role in maintaining the gut homeostasis and in other organs. Vit-A is processed to ATRA by
DCs, M®, mucosal epithelial and stromal cells and in mammals the main source of ATRA synthesis
is retinol derived from the blood circulation complexed with RBP4. Retinol is transported to the
cytoplasm via STR6 and binds to cellular retinoic acid-binding protein (CRBP) 1 and CRBP2 through
a storage mechanism. Retinol oxidation is catalyzed by alcohol-dehydrogenase (ADH) and retinol-
dehydrogenases (RDHs) to generate retinaldehyde which is served as a substrate for retinaldehyde-
dehydrogenases (RALDHs) to generate RA. RALDHs have 3 isoforms encoded by the aldehyde
dehydrogenase 1 family member A (ALDHI1A) 1, ALDHIA2 and ALDH1A3 genes, which are
expressed in DCs and M® differently.

1.4 Dendritic cells acquire signals from CLRs to initiate and polarize T cell responses

DCs express genetically conserved sensor proteins referred to as PRRs, which include AIM2-
like receptors (ALRs), C-type lectin receptors (CRLs), NOD-like receptors (NLRs), RIG-I-like
helicases (RLHs) and Toll-like receptors (TLRs), all having the capacity to sense danger-, microbe-
and pathogen-associated molecular patterns (DAMPs, MAMPs and PAMPs). Different microbes
activate different sets of PRRs depending on their extra- or intracellular localization of the given cell.

CLRs sense microbial and/or host carbohydrates including mannose, fucose, sialic-acid and 63-
glucan. DAMPs also act as potential CLRs targets exemplified by DNGRI playing role in DC-
mediated cross-presentation by recognizing the extracellular F-actin derived from dead cells. CLRs
are expressed by myeloid cells, preferentially by M® and DCs, but Dectin-1 is also expressed by B
cells and keratinocytes. The recognition of CLRs through high affinity and high avidity interactions
provoke phagocytosis and the degradation of microbes and thus modulate cell signaling pathways
induced by other PPRs. Host carbohydrates differ from those of bacteria, fungi and parasites and
CLRs are able to distinguish pathogens and/or tumor cells thus inducing specific adaptive immune
responses by DCs. The CLRs are able to induce Th17 responses against pathogens and maintain

intestinal homeostasis by controlling the resident fungal microbiota.

1.5 Dendritic cells orchestrate mucosal immune responses via targeting the gut microbiota
The mucosal DC network involves a highly heterogeneous population of cells of myeloid and
BM origin, which in the course of balancing regulatory events moDCs act as potent organizers of
adaptive immunity leading to the maintenance of peripheral tolerance against gut resident microbes
and harmless food-derived antigens. Intestinal mononuclear phagocytes including DCs and M®

express mucosa-associated cell surface molecules such as CX;CR1 or CD103 however, the clear
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distinction of DCs from M is still critical. In the lamina propria, both CD103* and CX;CR1* DCs
can sample luminal antigens by projecting dendrites through the epithelial cell (EC) layer. The main
sources of human intestinal CX;CR1* DCs are circulating monocytes, which lose this marker within
24 hours. In contrast to this event, the chemokine receptor CX;CR1 remains expressed on the cell
surface of intestinal mononuclear phagocytes, and acts directly as an inflammatory and migratory
cell population with high phagocytic capacity. In the mucosa, CX;CR1* DCs also act as potent
activators of Th17 cells. CD103*CD11b" DCs can migrate to the draining lymph nodes in a CCR7-
dependent manner and present intestinal antigens to T cells. ATRA-producing CD103* DCs also
induce peripheral regulatory T cell (Treg) differentiation in the presence of commensal bacteria and

thus help to ensure gut integrity.

1.5.1 Mucosal immunity constantly produces and maintains effector and regulatory T-
lymphocyte populations

The special conditions presented by the mucosa leads to stable effector, regulatory and memory
T cell populations specific for the gut microbiota and food-derived antigens. The activation of these
T cells is mediated by the professional antigen presenting cells which collect luminal antigens and
present them to the naive T cells in the Peyer’s patches and mesenteric lymph nodes. Effector T-
lymphocytes such as Thl, Th17 and Tth cells are abundant in the gut mucosa and produce IFNy, IL-
17, 1L-21 and IL-22 cytokines acting on the local innate and adaptive immune cells and also on the
gut epithelia via cytokine receptors. To avoid tissue damage during the activity of effector Th cells
in the presence of luminal antigens, Treg cells are also activated and produce anti-inflammatory IL-
10 and TGF-B.

Mucosal Treg cells are produced in the thymus and in the periphery including mucosal tissues.
Depending on the cytokine milieu and the immunological context, the differentiation of peripheral
Treg cells from naive Th cells can be initiated by the presence of host-derived ATRA and the
commensal-derived SCFAs such as butyrate in the gut. Butyrate facilitates histone H3-acetylation in
the promoter and conserved non-coding sequence regions of the FoxP3 locus playing role in Treg
differentiation. Interestingly, ATRA has dual effects on naive Th cell differentiation. The
differentiation of Treg cells can be induced in the presence of TGF- and ATRA-producing CD103*
lamina propria DCs on a RAR-dependent manner. This mechanism helps in promoting oral
tolerance, a type of peripheral tolerance against gut microbes and food. On the other hand, Vit-A
and IL-6 act in concert on DC mediated Th17 cell differentiation and play essential role in antifungal
immune responses in the mucosa. In summary, we can conclude that the actual environmental
conditions served by the microbial community and diet potentially determine the outcome of luminal

antigen-specific Th cell differentiation on a DC and RAR-dependent manner.
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1.6 The human microbiota

In the human body the skin and the mucosa serve as the first line of defense, which surfaces are
habitat for a complex ecosystem involving various bacteria, Archaea and fungi referred as the normal
‘microbiota’, which is highly specialized due to the special local environment of the mucosa.
Commensals are normally confined to mucosal surfaces, but in contrast to pathogenic bacteria, they
do not express virulence factors to penetrate the mucus layer or the epithelium and thus cannot
disseminate throughout the body. Bacteriophages and eukaryotic viruses, protozoa and helminths are
not considered members of the normal microbiota however, these microbes can also be presented in
healthy human individuals as transient microbiota members.

Upon birth the human gastrointestinal (GI) tract becomes colonized by commensal microbes co-
evolved with humans in a symbiotic or at least mutualistic manner together with the immune system.
The resident, non-pathogenic bacteria occupy the available attachment sites of the skin and the
mucosa, produce antimicrobial factors thus can inhibit the colonization of pathogenic bacteria and
pathobionts leading to ‘colonization resistance’. This type of protection can be further supported by
probiotics containing bacteria and/or fungi and by prebiotics containing nutrients for the normal
microbiota. Commensals also produce nutrients, saccharides and physiologically active SCFAs
playing an important role in the maintenance of gut mucosal integrity. If the normal microbiota
becomes suppressed by trauma, chemicals and drugs, the pathogens may grow out and cause disease.
Moreover, in the absence of gut microbiota, metabolic and immune failures are developed and
increase the risk of obesity, insulin resistance, autoimmunity, chronic inflammatory diseases and
neural — behavior defects.

Enterobacteriaceae, a family of y-Proteobacteria is a large group of facultative anaerobic
bacteria involving Morganella morganii and Escherichia coli which are Gram-negative rods and
presented mainly in the colon. Both have commensal relationships within the intestinal tract of
vertebrates and considered as typical representatives of the normal gut microbiota. E. coli var.
mutabilis (so-called Schaedler’s E. coli) is derived originally from conventional mice and is used as
a strain among of eight others in Schaedler-flora. As it has previously been described, E. coli
Schaedler and M. morganii exert unique stimulatory effects on the developing immune system and
are also able to induce oral tolerance in mice.

In this study two probiotic gut bacteria were tested, namely the strain of Bacillus subtilis 090
and L. reuteri both belonging to Firmicutes. B. subtilis bacteria are an obligate/facultative aerobic
Gram-positive spore-forming rod bacterium from soil and the GI tract of humans and ruminants. B.
subtilis 090 bacterial strain is widely used in veterinary practice due to the active constituents of

probiotic Monosporyn™ developed at the Uzhhorod National University.



The uncontrolled disruption of the gut microbiota can be provoked by dysbiosis due to excessive
hygiene conditions and/or the presence of antibiotics. This microbial perturbation may play role in
the pathogenesis of chronic inflammatory and autoimmune and neurobehavioral diseases. For
example in Crohn’s disease, the ratio of Proteobacteria could be increased, while the diversity and
the fraction of Firmicutes in the gut microbiota is decreased. Colonization with commensal E. coli
083 and L. rhamnosus strains in early life is able to decrease the incidence of allergies and atopic
dermatitis, respectively. The various effects of probiotic gut bacteria also may prevent infection by
pathogens such as the probiotic E. coli Nissle 1917 strain, which is able to inhibit the growth of
enteropathogenic E. coli, which also may serve as a safe strain in inflammatory bowel disease (IBD)

treatment.

1.7 The normal gut microbiota member L. reuteri co-evolved with humans

In vertebrates, L. reuteri bacteria are common inhabitants of the GI tract and display remarkable
host adaptation. L. reuteri has beneficial strain-specific properties relevant to human health by the
exclusion and inhibition of growth of intestinal pathogens, maintenance of gut barrier integrity, and
modulation of the host immune system at both local and systemic levels. L. reuteri strains have a
highly stable genome thus are often used as probiotic bacteria except strain with genes encoding
antibiotic-resistance. L. reuteri strains can produce SCFAs and reuterin, a metabolite which has
antibacterial and antifungal effects. Moreover, the produced lactic-acid also enhances the inhibition
of pathogen invasion.

Specific probiotic strains of L. reuteri have been shown to suppress intestinal inflammation in a
trinitrobenzene sulfonic-acid-induced mouse colitis model through the down regulation of genes
encoding IL-6 and IL-18 cytokines in the colon. L. reuteri 100-23 was found to stimulate Treg
development and also the oral administration of L. reuteri 15007, where immunomodulation was also
reported in piglets resulting in increased TGF-8 and decreased IFNy gene expressions in mesenteric
lymph nodes. In humans, L. reuteri ATCC 55730 was shown to colonize temporarily in the stomach
and the small intestine of healthy subjects inducing increased Th cell numbers in the ileum. However,
modulation of cytokine production by L. reuteri appears to be strain-dependent as demonstrated in
vitro. It was also showed that L. reuteri strains derived from human-associated clades differed in their
ability to modulate human cytokine production by myeloid cells. The bacterial molecule(s)
responsible for down regulating TNF-a in APCs have not been identified so far, but appear to be
strain-specific. Recently, it was suggested that the cell-surface proteins may play a role in regulating

the immunomodulatory properties of lactobacilli.



1.8 Bacterial mucus binding adhesins

The human intestine is covered by a mucus layer which allows the penetration of microbiota
members and live as commensals or symbionts. Adhesion to host tissues is a required first step of
bacterial colonization mediated by multiple factors including bacterial flagella, fimbriae, pili, blood
group antigen adhesin and cell surface adhesion proteins. Typical adhesins, such as pili and fimbriae
as well as other cell surface proteins of enteropathogens have extensively been studied. L. reuteri
expresses surface MucBPs in a strain dependent manner and promotes the evolution of L. reuteri
species primarily as gut organisms. The most well characterized MucBP is the extracellular 353-kDa
MUB protein derived from the L. reuteri ATCC 53608 variant. These adhesion proteins not only
contribute to adhesion and probiotic effects, but also correlate with the expression of host-clade
MucBPs. L. reuteri adhesins include MucBPs such as MUB and CmbA, and serine-rich-repeat
proteins. Upon recognition by LP DCs is still uncovered, therefore our primary aim was to analyze
the means how different MucBPs can modify L. reuteri specific immune responses and the molecular

interaction inducing these effects in DCs.



2. AIMS OF THE STUDY

Aim 1. Analyzing the impact of MucBPs expressed by the common microbiota member
Lactobacillus reuteri on moDC-mediated inflammation and effector Th cell responses

As discussed before, MucBPs allow the penetration of L. reuteri to gut epithelia and also may play
role in regulating the immunomodulatory properties of gut-colonizing L. reuteri. However, the
detailed molecular mechanisms by which L. reuteri may interact with moDCs to modulate immune

responses and promote mucosal homeostasis are not well understood. The goal of this study was to:
®  measure the uptake of wild type and MucBP-mutant L. reuteri strains by moDCs;

®  follow up the inflammatory and Th polarizing potential of L. reuteri strains in moDCs lacking

MucBP as compared to the wild type strains;
® identify the inflammatory potential of purified MucBP in moDCs;

®  characterize the role of C-type lectin receptors in moDC — L. reuteri interactions.

Aim 2. Study the effects of the vitamin-A derivate ATRA on moDC differentiation and T cell
polarizing capacity in response to gut commensal bacterial species

We hypothesized that human monocytes migrating from the blood to the intestinal lamina propria
have access to the special microenvironments conditioned by growth factors, metabolites, exogenous
and endogenous ATRA and thus take part in the coordination of immune responses raised against the
targeted gut commensal species. To characterize moDCs-mediated immune responses against

individual normal and probiotic gut bacteria, we aimed to:

®  characterize the phenotype of moDCs differentiated in the presence of GM-CSF and IL-4 with
or without of the physiologically relevant dose of ATRA;

®  monitor the phagocytic, inflammatory and T cell polarizing capacity of moDCs in the presence

of the commensal E. coli Schaedler, M. morganii and the probiotic B. subtilis;

®  uncovering possible molecular targets of ATRA during moDC differentiation.
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3. MATERIALS AND METHODS

3.1 Bacterial strains

In the first part of this study, L. reuteri ATCC PTA 6475 and L. reuteri ATCC PTA 6475
lar_0958-KO mutant (6475-KO) bacteria and L. reuteri ATCC 53608 and 1063N (MUB-KO) isolates
were used. The L. reuteri strains were kindly provided by Dr. Nathalie Juge (Institute of Food
Research, Norwich, United Kingdom). In the second part of this study, the experiments were
performed with the commensal bacteria as follows: E. coli var. mutabilis (Schaedler)
(083:K24:H31), M. morganii and B. subtilis 090 which strains were provided by Nadiya Boyko
(Uzhhorod National University, Uzhhorod, Ukraine).

3.2 Reagents

Anti-human Dectin-2 1gG was from InvivoGen, 31400 Toulouse, France. The anti-DC-
SIGN/CD209 mAb (clone 120507) was from Abcam, Cambridge, UK. The ATRA, the selective
RARa antagonist BMS-195614 (BMS614) and the anti-h-actin mAb were from Sigma-Aldrich,
Schnelldorf, Germany. The anti-hIRF4 antibody was from Cell Signaling Technology, Inc. (Trask
Lane, Danvers, MA, USA).

3.3 Human moDC cultures

Leukocyte-enriched buffy coats were obtained from healthy blood donors drawn at the Regional
Blood Center of the Hungarian National Blood Transfusion Service (Debrecen, Hungary) in
accordance with the written approval of the Director of the National Blood Transfusion Service of
the University of Debrecen, Faculty of Medicine (Hungary) and from the Regional and Institutional
Research Ethical Committee of the University of Debrecen (DEOEC RKEB/IKEB 3855-2013).
Written, informed consent was obtained from blood donors prior to blood donation followed by
processing and storing according to the directives of the European Union. Peripheral blood
mononuclear cells (PBMCs) were separated by standard density gradient centrifugation with Ficoll-
Paque Plus (Amersham Biosciences, Uppsala, Sweden). Monocytes were purified from PBMCs by
positive selection using immunomagnetic cell separation and anti-CD14 microbeads, according to
the manufacturer’s instruction (Miltenyi Biotec, Bergisch Gladbach, Germany). After separation on
a VarioMACS magnet, 96-99% of the cells were shown to be CD14" monocytes, as measured by
flow cytometry. Isolated monocytes were cultured for 2 days in 12-well tissue culture plates at a
density of 5.0 x 10° cells/ml in serum-free AIM-V Gibco’s medium (Thermo Fischer Scientific,
Waltham, MA, USA), supplemented with 80 ng/ml GM-CSF (Gentaur Molecular Products, Brussels,
Belgium) and 100 ng/ml IL-4 (PeproTech EC, London, UK). The cells were differentiated in the
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presence or absence of 1 nM ATRA followed by a 75 min incubation period with or without 1 M
BMS614-specific RARa-antagonist at 37°C atmosphere containing 5% CO».

3.4 Bacterial growth for moDC activation

Selected gut commensal bacteria were grown in 2% Lysogeny Broth (LB) medium (Serva
Electrophoresis GmbH, Heidelberg, Germany) for overnight at 37°C. L. reuteri strains were grown
in Difco™ de Man, Rogosa & Sharpe (MRS) broth medium for 18 hours (BD BioSiences, Franklin
Lakes, NJ USA). Bacterial suspensions were washed with 25 ml sterile phosphate-buffered saline
(PBS) three times and ODggonm Was measured by spectrophotometry converted to cell/ml following
ODgoonm*2.5%108 colony forming units (CFU)/ml. Human moDC cultures were activated with
lipopolysaccharide (LPS) (250 ng/ml ultrapure LPS, InvivoGen, San Diego, CA, USA) and with live
commensal bacteria at a non-toxic ratio of 1 : 0.4 followed by co-culturing the cells for another 1.5

or 24 hours.

3.5 Phagocytosis assay

Live bacteria were centrifuged at 1000 x g for 5 min and washed three times in 25 ml PBS.
Bacterial cell suspensions were heat inactivated at 65°C by heating for 45 min and were re-suspended
in 0.25 M carbonate-bicarbonate buffer (pH 9.0). The heat-killed bacterial cell suspensions (900 pl)
were stained with 100 pl fluorescein-isothiocyanate (FITC) dissolved in dimethyl-sulfoxide (DMSO)
at 5 mg/ml and were rotated overnight in dark at 4°C. FITC-labeled bacteria were washed three times
with cold PBS and were co-incubated with moDCs for three hours at 37°C or 4°C ata moDC : bacteria

ratio of 1 : 20. MoDCs positive for FITC-labeled bacteria were analyzed by flow cytometry.

3.6 Flow cytometry

Phenotyping of resting and activated moDCs was performed by flow cytometry using anti-
human CDIld-phycoerythrin (PE), CD103-FITC, HLA-DQ-FITC, PD-L1/CD274-PE (BD
Biosciences, Franklin Lakes, NJ, USA), CDla-allophycocyanin (APC), CD40-FITC (BioLegend,
San Diego, CA, USA), CX;CRI1-PE, CD80-FITC, CD83-FITC, CD86-PE, DC-SIGN-FITC, CCR7-
PE, CD14-PE (R&D Systems, Minneapolis, MN, USA), isotype-matched control antibodies and
mouse or goat serum to prevent unspecific bindings. The ratio of Treg cells was measured by flow
cytometry using anti-human CD25-PE (BD Pharmingen), CD4-FITC (BioLegend), FoxP3-APC
(R&D Systems) and anti-IL-10-AlexaFluor488 (BioLegend). The viability of moDCs was
determined by using 2 pg/ml 7-AAD dye (LKT Laboratories Inc., St. Paul, MN, USA) followed by

a 24 h activation period with live bacteria or LPS. Fluorescence intensities were measured by
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FACSCalibur (BD Biosciences), data were analyzed by the FlowJo software (Tree Star, Ashland,
OR, USA).

3.7 RNA isolation, cDNA synthesis and real time quantitative PCR (RT-qPCR)

Briefly, total RN A was isolated by TriReagent (Molecular Research Centr, Inc., Cincinnati, OH,
USA). Total RNA (1 ng) was reverse-transcribed using High-Capacity cDNA Reverse Transcription
Kit (Thermo Fischer Scientific). Gene-specific TagMan assays (Thermo Fischer Scientific) were
used to perform qPCR in a final volume of 12.5 pl in triplicates using DreamTaq DNA polymerase
and ABI StepOnePlus real-time PCR instrument. Amplification of h36B4 was used as normalizing
controls using specific primers and probe (Integrated DNA Technologies, Coralville, 1A, USA).
Cycle threshold values were determined using the StepOne Software, version 2.1 (Thermo Fischer

Scientific).

3.8 Measurement of cytokine concentration

Culture supernatants of moDCs were harvested 24 h after moDC activation, and the
concentration of TNF-a, IL-1B, IL-6, IL-10, IL-12(p70), IL-23(p19) cytokines and chemokine
CXCL-8 was measured using OptEIA kits (BD Biosciences) following the manufacturer’s

instructions.

3.9 Stimulation of moDCs to measure T-lymphocyte polarization

To analyze the polarized effector Th cells, immature and activated moDCs were washed and co-
cultured with peripheral blood lymphocytes (PBL) for four days in AIM-V medium at a moDC : T-
cell ratio of 1 : 20. The T cells were analyzed for IFNy and IL-17 secretion by the avidin-horseradish
peroxidase based enzyme-linked ImmunoSpot (ELISPOT) system (NatuTec GmbH, Frankfurt am
Main, Germany). The co-cultures containing resting moDCs and T cells as well as T cells alone
served as negative controls. To detect IL-17 secretion the plates were coated with 0.5 pg/ml mouse
anti-hCD3 antibody (BD Biosciences). The plates were analyzed by using the ImmunoScan plate
reader (Cell Technology Limited, Shaker Heights, OH, USA). To detect Treg cells, activated and
resting moDCs were washed and co-cultured with PBL or naive CD4" T-lymphocytes for six days in
serum-free AIM-V medium at a moDC : T cell ratio of 1 : 10. On day six, cells were harvested,
permeabilized and fixed with Citofix/Cytoperm intracellular staining kit (BD Biosciences). The ratio
of CD4'CD25"FoxP3* T cells was measured by flow cytometry. To detect the presence of
intracellular IL-10, T cells were treated on day six with Golgi-Stop™ containing monensin (BD

Biosciences) for six hours followed by the surface CD25, CD4 and intracellular FoxP3 and IL-10
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staining of cells. Naive CD4" T-lymphocytes were isolated by the Naive CD4" T Cell Isolation Kit
II, human (Miltenyi Biotec).

3.10 Stimulation of moDCs to measure iNKT cell expansion

Two-day moDCs were co-incubated with live bacteria, LPS or 100 ng/ml a-galactosyl-ceramide
(KRN7000, Funakoshi, Tokyo, Japan) for 24 h in AIM-V medium. Activated and resting moDCs
were washed and co-cultured with PBL for five days in AIM-V medium at a moDC : T cell ratio of
1:10 in 24-well plates in AIM-V medium. On day five, cells were labeled with anti-human CD3-
PECy5, TCR Va24-FITC, TCR VB11-PE monoclonal antibodies (Beckman Coulter, Brea, CA,
USA) and the double-positive iNKT population was monitored by flow cytometry using
FACSC alibur.

3.11 Western blotting

Cells were lysed in Laemmli buffer, and the protein extracts were tested by antibody specific for
IRF4 diluted to 1:1000; secondary antibodies were used at 1:10 000. Anti-rabbit antibody, conjugated
to HRP (GE Healthcare Life Sciences, Little Chalfont Buckinghamshire, UK), was used as a
secondary antibody. The SuperSignal ECL system was used for probing target proteins (Thermo
Fischer Scientific). After the membranes had been probed for the target protein, they were stripped

and re-probed for B-actin.

3.12 In vitro detection of CLR-mediated inflammatory responses

To assess the role of CLRs in the induction of moDC-mediated inflammatory cytokine release,
purified endotoxin-free MUB was coated to sterile high protein-affinity OptEIA ELISA 96-well
plates (BD Biosciences) at 38.5 pg/ml concentration followed by overnight incubation at 4°C. After
repeated washing steps with sterile PBS, the cells were co-incubated with moDCs in the presence or
absence of 5 pg/ml anti-Dectin-2 monoclonal antibody or with an anti-DC-SIGN antibody for 1 h on
ice. After the washing steps with 5 ml fresh AIM-V medium 2x10° moDCs were cultured in
microwell plastic plates for 24 h coated or uncoated with MUB. The concentration of TNF-a and IL-
6 cytokines was measured in the culture supernatants using OptEIA Kkits.

In another set of experiments, moDCs were first co-incubated with blocking antibodies specific
for Dectin-2 or DC-SIGN and after the washing steps with fresh AIM-V medium, the cells were co-
cultured with L. reuteri ATCC 53608 or 1063N strains for 1.5 h at 37°C at a moDC : bacteria ratio
of 1:4. The supernatants were removed by centrifugation at 1000 rpm for 5 min and the cells were
washed repeatedly with 5 ml PBS at 4°C (5 times) followed by centrifugation at 1000 rpm. In a final

step, moDCs were co-cultured with autologous T-lymphocytes in AIMV medium for 4 days at a
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moDC : T-cell ratio of 1 : 20. The secretion of IFNy was analyzed by ELISPOT assay. T-lymphocytes

co-cultured with either resting moDCs, bacteria or culture media served as negative controls.

3.13 Statistical analysis

Student’s unpaired two-tailed 7-test or ANOVA followed by Bonferroni’s multiple comparison
tests were used as indicated in the relevant experiments. In case of significantly different variances
(p<0.05) between the two sets of samples the Welch’s correction was applied in the z-test. The results
were expressed as mean +SD. All analyses were performed by using the GraphPad Prism software,
version 6.0 (GraphPad Software Inc., La Jolla, CA, USA). Differences were considered to be
statistically significant at P < 0.05.

15



4. RESULTS

4.1 The role of Lactobacillus reuteri-derived mucus binding adhesins in the modulation of moDC-

mediated inflammatory immune responses

4.1.1 Mucus adhesins facilitate the phagocytosis of L. reuteri strains in moDCs

The L. reuteri strains ATCC PTA 6475 and ATCC 53608 (1063) express the mucus-binding
proteins CmbA and MUB, respectively on their cell surface. It is well established that the phagocytic
process of bacteria can modulate the outcome of immune responses. To assess the impact of mucus
adhesins on the internalization of L. reuteri strains by moDCs, we used the L. reuteri strains 6475-
KO and 1063N deficient for CmbA and MUB, respectively as compared to the wild-type strains.
When the FITC-labeled strains were incubated with moDCs at 37°C for 1.5 h, the 1063N MUB-
mutant was internalized ten-fold less efficiently than the L. reuteri 1063 wild-type strain, and the
engulfment of PTA 6475 was two-fold more efficient than that of the 6475-KO CmbA mutant strain.
Moreover, there were significant differences between the mutant strains with ten-fold decreased level
of internalized 1063N mutant as compared to the 6475-KO strain. At 4°C, the phagocytic process
was significantly inhibited but the ratio of the adherent bacteria was higher in the wild type strains as
compared to the mutants. Taken together, these results demonstrate that the cell-surface expressed

mucus adhesins have the potential to promote the internalization process by moDCs.

4.1.2 Mucus adhesins modulate moDC-mediated immune responses to L. reuteri strains

The moDC activating potential of L. reuteri ATCC PTA 6475 and ATCC 53608, as well as their
mutant strains, was further analyzed by measuring the cell surface expression of CD83, the co-
stimulatory molecules CD80 and CD86, and the MHCII-protein human leukocyte antigen (HLA)-
DR by flow cytometry. We showed that the cell surface expression of CD83 was induced by all L.
reuteri strains however, in the presence of the 1063N mutant, CD83 expression was reduced
significantly, suggesting a potential role of MUB in moDC activation. Co-culturing moDCs with L.
reuteri strains for 24 h also induced cell surface expression of the co-stimulatory molecules CD80
and CD86 and HLA-DR. However, the co-stimulatory potential was reduced exclusively by 1063N.
The level of moDC-derived pro-inflammatory cytokines and that of the T-lymphocyte polarizing
cytokines was monitored upon incubation with wild-type and mutant L. reuteri strains. L. reuteri
ATCC PTA 6475 induced TNF-a secretion more efficiently than ATCC 53608. The 6475-KO and
1063N mutants induced lower levels of TNF-a production than their wild-type counterparts. The L.
reuteri 1063N mutant was further associated with lower IL-18, IL-6 and anti-inflammatory IL-10

production as compared to the wild-type ATCC 53608 strain. Interestingly, both L. reuteri wild-type

16



ATCC PTA 6475 and mutant 6475-KO cells induced the secretion of immunoregulatory IL-10 in
moDCs to a similar extent, whereas in presence of 6475-KO the production of the inflammatory
cytokines (TNF-o, IL-18, IL-6) was reduced. In addition, all L. reuteri strains tested in these
experiments provoked potent IL-12 and IL-23 cytokine responses as compared to the LPS control.
These results demonstrated that mucus adhesins expressed by L. reuteri strains have the potential to
enhance pro-inflammatory cytokine production in moDCs.

Next, we addressed the question whether moDC-mediated T cell responses targeting L. reuteri
mucus adhesin-expressing strains were able to orchestrate T-lymphocyte polarization. In this context,
moDCs were first exposed to L. reuteri strains or to LPS, followed by co-culturing the cells with
autologous T-lymphocytes for 4 days. The secretion of IFNy and the IL-17 cytokine was monitored
at a single cell level by using ELISPOT assays with IFNy and IL-17 specific monoclonal antibody-
coated plates. MoDCs activated by the ATCC PTA 6475 or ATCC 53608 wild-type strains induced
IFNy secretion by T-lymphocytes and resulted in increased IL-17 production, as compared to the
immature moDC : T cell co-cultures. In contrast to this finding, the L. reuteri 6475-KO and 1063N
mutant strains induced IFNy producing Th1 cell activation, but were unable to trigger IL-17 polarized
immune responses. Taken together, these results demonstrate that in moDCs mucus adhesins are able

to up-regulate immune responses against L. reuteri strains.

4.1.3 The immunomodulatory properties of MUB are mediated by DC-SIGN and Dectin-2
interactions in moDC

To gain further insights into the enhanced inflammatory response induced by bacterial MUB in
moDCs, we analyzed the role of selected CLRs including Dectin-2 and DC-SIGN in MUB — moDC
interaction. We found that immobilized MUB activates the secretion of pro-inflammatory cytokine
TNF-a and IL-6 and this effect could be prevented efficiently in moDCs by neutralizing the signal
transducer function of Dectin-2 and DC-SIGN receptors by blocking antibodies against DC-SIGN or
Dectin-2, while IL-18 and IL-12 cytokine production could not be detected.

Interestingly, we also found that the uptake of L. reuteri was not eliminated in moDCs in the
presence of DC-SIGN or Dectin-2 antibodies. To confirm the involvement of Dectin-2 and DC-SIGN
in the activation of moDC-mediated T-cell differentiation, blocking antibodies targeting these cell
surface CLRs were used in the presence of L. reuteri ATCC 53608 and 1063N. The Thl polarizing
capacity of moDCs induced by the wild-type strain was reduced in the presence of anti- Dectin-2 or
anti-DC-SIGN antibodies as compared to CLR-unblocked moDCs. As expected, the Thl polarizing
capacity of the mutant strain 1063N was not affected by blocking DC-SIGN and Dectin-2 on moDCs.
These results clearly demonstrated that the interaction of Dectin-2 and DC-SIGN with MUB
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presented by L. reuteri ATCC 53608 is crucial to acquire Thl-cell differentiation upon bacterial

stimulation of moDCs.

4.2 Characterization of gut commensal bacteria based on their effects on dendritic cell-induced
immune responses in the presence or absence of retinoids

In this study, we observed that unique microbial features represented by the normal microbiota
member L. reuteri bacteria expressing MucBPs impact the outcome of moDC-mediated
inflammatory and regulatory immune responses. We further characterized how other core members
of the gut microbiota are able to polarize the immune response by moDCs. The primary goal of this
study was to characterize a selected set of the normal gut microbiota including E. coli Schaedler, M.
morganii from Proteobacteria and probiotic B. subtilis 090 from Firmicutes, all with individual
immunogenic and/or modulatory potential during moDC maturation and T-lymphocyte polarization.
Moreover, we also examined the impact of ATRA, a metabolite produced in the intestine upon

commensal-induced immunity, which may act on moDC differentiation and functions.

4.2.1 The expression profile of master transcription factors and the cell surface expression of
CD1 glycoprotein receptors differ in human moDCs

We found that in the presence of 1 nM ATRA monocytes generated in the presence of GM-CSF
and IL-4 induced the differentiation of monocytes to moDCs within 2 days accompanied by the
increasing expression levels of genes encoding the nuclear hormone receptor RXRa as well as its
dimerization partners RARa and PPARy in line with the ALDH1A2 gene playing role in the
regulation of RA production in moDCs. In the absence of ATRA, the CD1d gene was expressed in
moDCs at low levels, but the CD1d gene transcripts and the cell surface expression of the translated
protein was up regulated, while in ATRA-conditioned moDCs the cell surface expression of CDla
decreased. Moreover, on day 2 and 3 the differentiation of moDCs could be re-programmed to induce
CD1d while inhibited CD1a expression, respectively. Importantly, the cell surface expression of the
DC-SIGN remained constant at these conditions, while ATRA maintained the expression level of
CD14 suggesting a decelerated differentiation phase of moDCs.

DCs can also be classified according to the expression levels of the transcription factors guiding
both DC differentiation and re-programming. In this human in vitro model system, we also found
that moDCs express CD11b independent on the presence of ATRA. Interestingly, ATRA was able to
down modulate the gene expression levels of IRF4, while up regulated the cell surface expression of
CD103. Collectively, these results demonstrate that nanomolar concentration of ATRA has the
potential to modify the moDC differentiation program in a coordinated manner leading to increased

mRNA levels of PPARY, retinoid-receptors, ALDH1A2 and CD1d, while the expression of CDla
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and IRF4 remained inhibited. Based on these finding, we were able to identify two separate moDC
subsets exhibiting distinct phenotypic characteristics based on the expression patterns of CD1 and
CD103 proteins and transcription factors. The ATRA-primed CD1a-CD103*CD1d" cells represent
the RARa"[RF4'° subpopulation and in contrast to this combination, the CD1a*-CD103-CD1d- cells
are identified as a resting RARa®IRF4" cell population.

4.2.2 Stimulation of RAR¢"IRF4"moDCs by non-pathogenic commensal bacteria polarize T-
lymphocytes differently as compared to RARa"IRF4" cells

In this experimental setting moDCs were activated by live E. coli Schaedler or M. morganii both
of them being capable to increase the number of IFNy producing T-lymphocytes. In contrast, the
Th17 response could be activated by all of the tested species. In addition, ATRA-conditioned moDCs
exhibited a completely different T-lymphocyte stimulatory potential as compared to moDCs
manipulated in the absence of ATRA. In this case, the number of IFNy secreting T cells was
decreased, while that of the Th17 cells remained undetectable in the moDC — T cell co-cultures.
Taken the individual features of commensal bacteria, the RARa*IRF4" moDCs could be activated
by both E. coli Schaedler and M. morganii leading to the differentiation of CD4*CD25*FoxP3* Treg
cells, while the RARaMIRF4!s reduced this effect. To confirm this unexpected observation, we
validated the existence of the Treg population by detecting the level of the IL-10 cytokine derived
from CD4*CD25'FoxP3* T-lymphocytes co-cultured with moDCs upon the prior activation by
commensal bacteria. Based on these results we were able to identify two moDC populations, which
respond to gut commensal species differently, but in a strain and ATRA dependent manner. To get
further insight how microbiota species guide immune responses of distinct characteristics, we sought
to analyze the impact of selected bacterial strains driving the differentiation and functional activities

of moDCs by using various experimental approaches.

4.2.3 Commensal bacteria modulate the cell surface expression of CD1, CX3CR1 and CD103
proteins in an ATRA-dependent manner

To test how gut microbiota strains may act on human moDC differentiation at in vitro culture
conditions mimicking the intestinal milieu, the cells were exposed to stimulatory signals such as LPS
and selected live commensal bacteria. At this experimental setting, exclusively E. coli Schaedler was
capable to reduce the ratio of CD1a* moDCs indicating the potential of this commensal bacterium to
reduce CDla expression selectively, but it had no effect on CD1d expression, even though the
viability of moDCs remained intact as compared to the immature cells. Interestingly, B. subtilis
exerted an opposing effect on the cell surface expression pattern of CD1 proteins, and LPS reduced

the levels of both CD1d and CD1a in moDCs, while M. morganii had no effect on the cell surface
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expression level of CD1 proteins. These results indicated that lipid antigen presentation by moDCs
via CDla and CD1d proteins is regulated by both ATRA and the gut microbiota in a species-specific
manner. Using the in vitro system, we also established that live commensal bacteria were able to up-
regulate the cell surface expression of CX;CR1 within 24 h, but had no effect on CD103 expression.
Moreover, ATRA-conditioned moDCs down regulated the cell surface expression of CD103, but
stimulation by commensal bacteria upregulated the CX;CR1 receptor. These data altogether
confirmed that in the presence of live commensal bacteria, ATRA drives the differentiation of moDCs
leading to either synergistic or inhibitory directions, thus modulating the cell surface expression

pattern of CD1 and that of the gut-tropic proteins.

4.2.4 The phagocytic capacity of moDCs depends on the individual characteristics of the tested
bacteria and on actual environmental cues

To assess the phagocytic potential of the previously identified moDC populations, we established
an in vitro phagocytosis assay in which the FITC-labeled heat-inactivated bacteria were exposed to
37°C for 3 hours, or were kept at 4°C as control. As expected, the engulfment of commensal bacteria
could be enhanced significantly and was found to be mediated by the RARaMIRF4"° moDC
population. When the moDCs were co-incubated with FITC-labeled bacteria at 4°C, background
fluorescence intensities varied remarkably indicating differences in the individual functional
characteristics of the tested commensal bacteria upon penetrating through the moDC membrane.
These results altogether confirmed that in the presence of gut-derived microbial stimuli ATRA
supports the differentiation of phagocytic CDl1a-CD1d* moDCs, while the expression of the gut-
tropic protein CD103 is partially down modulated.

4.2.5 Activation of RARG"IRF4° moDCs by commensal bacteria provokes exacerbated
inflammation as compared to RARa*IRF4" moDCs

Exposure of moDCs to live commensal bacteria such as E. coli Schaedler, B. subtilis or LPS for
24 h was found to increase the cell surface expression of CD83, while ATRA could down modulate
this response significantly. The cell surface expression of the chemokine receptor CCR7, playing an
essential role in driving DC migration to reach the secondary lymphoid organs, could also be induced
in the presence of LPS or E. coli Schaedler, but the expression level of CCR7 remained inhibited in
ATRA-treated moDC. In line with these results showing the potential of microbial components to
generate mature moDCs, we detected the species-specific production of inflammatory cytokines
including TNF-a, IL-18, IL-6 and CXCL-8 chemokine. Furthermore, B. subtilis was found to induce
negligible pro-inflammatory cytokine production as compared to Gram-negative E. coli Schaedler,

but the effects of B. subtilis could be boosted significantly upon ATRA treatment confirmed by the
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increased secretion of TNF-o, IL-18 and IL-6. We also observed that M. morganii induced the
expression of a similar panel of moDC-derived inflammatory cytokines as compared to that of E. coli
Schaedler. These results collectively indicate that E. coli Schaedler and B. subtilis harbor individual
moDC-provoking potential, while ATRA can boost the production of pro-inflammatory mediators.
In contrast to this finding, the expression level of CCR7 becomes down modulated presumably
associated with its decreased migratory potential guided by the RARoMIRF4" moDC population.
Based on these results we conclude that E. coli Schaedler acts as a potent inducer of inflammatory
responses in moDCs accompanied by the production of TNF-a, IL-16 and IL-6, while B. subtilis is
less efficient to trigger TNF-o and/or IL-18 secretion.

4.2.6 E. coli Schaedler and B. subtilis increase the T-lymphocyte stimulatory and polarizing
capacity of moDCs but ATRA interferes with this effect

When moDCs were exposed to LPS or to commensal bacteria, the cell surface expression of the
MHCII and the co-stimulatory molecules was increased. In such an experimental system, the
secretion of IL-10 was independent on ATRA in case of moDC activation by bacteria. More
importantly, the secretion level of the Thl polarizing cytokine IL-12 was decreased, while that of the
IL-23 cytokine was enhanced significantly in the RARaMIRF4'° moDC population. Interestingly, B.
subtilis was unable to induce IL-23 secretion and the level of IL-12 also remained lower than the
effect provoked by moDCs in the presence of the Gram-negative commensal bacterium E. coli
Schaedler. Considering that the differentiation of T-lymphocytes is regulated by both co-stimulatory
and inhibitory signals, the cell surface expression of known co-stimulators of T-lymphocytes were
also monitored. These data altogether suggest that both LPS and gut associated commensal bacteria
can induce the cell surface expression of T cell co-stimulatory and inhibitory molecules on the moDC
cell surface in a strain-dependent manner, while ATRA-activated moDCs exhibit impaired cell

surface expression of MHCII, co-stimulatory and inhibitory cell surface proteins.

4.2.7 Limited microbe-specific effector responses induced by RARa"IRF4° moDCs are
associated with augmented inflammation that can be rescued by selective inhibition of RARa
Taken the fact that the differentiation of moDCs can be modified in the presence of | nM ATRA,
we also confirmed that the blockade of RARa signaling by a specific antagonist resulted in the
prevention of CD1d and CD103 expression, while in the presence of ATRA the cell surface
expression of CD1a remained similar as control cells. The chemical antagonist of RARa i.e. BMS614
was unable to increase the cell surface expression level of CD1a on the cell surface showing that a
minimal concentration of endogenous ATRA is presented by moDCs. The specific inhibition of

RXRa did not show any differences between the phenotype of moDC populations.
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In a further step, we also demonstrated that the enhanced secretion of the pro-inflammatory
cytokines and IL-23 induced by commensal bacteria could be ameliorated by the prior blockade of
RARa. Moreover, the reduced antigen presenting capacity of the ATRA-conditioned moDCs could
be restored by the inhibition of RARa.

Considering that the IRF4 transcription factor plays a pivotal role in setting the degree of DC-
mediated antigen presentation, in a final experimental setting we described for the first time in human
moDCs that the protein level of IRF4 could be up regulated by live commensal bacteria and this
effect could be decreased in a RARa-dependent manner. As we expected, the decreased effector T-
lymphocyte polarizing capacity of moDCs could be recovered by the selective blockade of RARa
leading to strong Thl and Thl7 responses against the selected microbiota strains. Based on these
results we propose that the differentiation program of moDC initiated by GM-CSF and IL-4 can
readily be modulated by ATRA, and this effect is associated specifically to the RARa nuclear
receptor. In line with the results showing that ATRA is able to down modulate the gene expression
of IRF4 in both resting and ATRA-conditioned activated moDCs in the presence of commensal

bacteria, the cell surface expression of MHCII molecules is decreased in a RARa dependent manner.
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5. DISCUSSION

In this study, we focused to the underlying mechanisms involved in the recognition and
processing of different species of normal gut commensal bacteria and to their ability to activate and
polarize Th cells. Considering that the human commensal microbiota is personalized and exhibits
high heterogeneity, it also contributes to the development of protective immune responses against
pathogens that modulate the type and composition of gut resident effector Th and Treg cells. It is also
well established that pathogenic microbes and pathobionts, including fungal and bacterial species,
are able to induce different types of immune responses, which are modulated by both external and
internal signals. However, the means how non-pathogenic gut commensal microbial species
contribute to the coordination and fine tuning of immune responses in moDCs are not completely
uncovered. In line with this, the primary goal of this study was to characterize a selected set of the
normal gut microbiota including L. reuteri, E. coli Schaedler, M. morganii and B. subtilis all with
individual immunogenic and/or modulatory potential during moDC maturation and T-lymphocyte
polarization.

Probiotic lactobacilli, as part of the healthy microbiota, have been reported to exhibit several
beneficial features that involve protective effects against pathogenic microbes in the gut and regulate
mammalian cytokine production together with intestinal inflammation in various experimental model
systems. However, it is also obvious that the immunomodulatory effects of probiotic strains such as
L. reuteri are strain-dependent and at in vitro conditions support the development of unique DC
activation patterns. For example, the L. reuteri strains ATCC PTA 6475 and ATCC PTA 5289 were
reported to suppress the production of TNF-o in LPS-activated monocytic cells, whereas the L.
reuteri strains ATCC 55730 and CF48-3A were shown to support immunostimulatory effects.
Accordingly, the down regulation of pro-inflammatory cytokines such as TNF-o by L. reuteri ATCC
PTA 6475 was also observed in primary monocyte-derived M® derived from children with Crohn's
disease. It has been also showed that the L. reuteri DSM 12246 strain was a poor inducer of IL-12,
TNF-a, and IL-6 in BM-derived murine DCs. It is likely that the total bacterial cell surface, soluble
factors and/or exo-polysaccharides also contribute to the development of different types of immune
responses induced by the L. reuteri strains. However, the specific mechanisms by which bacterial
molecules could modulate cytokine expression in APCs remains to be identified.

The results altogether indicate that host-strain specific adhesins contribute to the
immunomodulatory effects of the L. reuteri PTA 6475 and ATCC 53608 strains via mediating i)
increased adherence and phagocytic activity in moDCs, ii) enhanced CD83 expression, iii) induced
secretion of pro-inflammatory cytokines and that of the T-lymphocyte polarizing cytokines and iv)

Thl-polarized immune responses characterized by IFNy secretion and increased IL-17 cytokine
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production. Both wild-type PTA 6475 and ATCC 53608 strains showed increased bacterial
internalization by moDCs and elevated expression of the moDC activation markers as compared to
the mucus adhesin mutant strains. However, strain-specific differences were also observed in terms
of cytokine production; TNF-a was induced preferentially by moDCs activated in the CmbA
expressing strain PTA 6475, while the MUB-expressing ATCC 53608 strain induced the secretion
of IL-1B and IL-6. Collectively, some strains exhibit anti- or pro-inflammatory effects, which is
relevant to the fact that different microbial stimuli may affect the functional output of the cells
differently. These results showed that, the immunogenicity of the L. reuteri strain could be increased
by the MucBPs, and the mutant were characterized with a more tolerogenic immune response
represented by decreased Thl and Th17 immune responses, which in moDCs also involves the
activation of the CLR-induced signaling pathways.

CLRs represent a subset of PRRs expressed by a broad spectrum of cells and recognize a diverse
range of endogenous and exogenous ligands including fungi, bacteria, parasites and DAMPs driving
both innate and adaptive immunity. We demonstrated that purified MUB, either in solution or
immobilized, induced the secretion of inflammatory cytokines in moDCs. Furthermore, secretion of
TNF-a and IL-6, but not IL-1B or IL-12, was reduced upon the neutralization of Dectin-2 and DC-
SIGN-mediated inflammatory signaling pathways. These results suggest that the enhanced level of
Thl mediated immune response provoked by the wild-type L. reuteri ATCC 53680 strain depends
on the intimate interaction between MUB and cell surface CLRs in moDCs.

DC-SIGN signaling in DCs can induce tolerance acting as an important mechanism in the
maintenance of homeostasis, which can be elicited by certain Lactobacillus strains including L.
rhamnosus, L. acidophilus, L. reuteri and L. casei. Interestingly, Lactobacillus cell surface proteins,
such as L. rhamnosus proteinaceous pili and L. acidophilus S-layer proteins have recently been
implicated in the interplay of Lactobacillus sp. with DC-SIGN. The purified SpaCBA pili of L.
rhamnosus GG was shown to interact directly with DC-SIGN in a carbohydrate-dependent manner,
which and induces the expression of IL-6, IL-10 and IL-12 in DCs. The induction of these cytokines
was partially dependent on DC-SIGN, and in agreement with the reported impact of pili on TLR-2
signaling, might also be modulated by DC-SIGN, as well as the ability of L. rhamnosus GG wild-
type and mutant strains to modulate some pro- and anti-inflammatory cytokines. Our results also
indicated that upon ligation to MUB, only TNF-a and IL-6 were dependent on both Dectin-2 and
DC-SIGN indicating that other PRRs are also involved in this process.

As far as we know, Dectin-2 has not been implicated so far in Lactobacillus immunomodulation.
However, previous studies on fungal pathogens showed that the activation of Dectin-2, but not
Dectin-1 led to the secretion of IL-23 and IL-18 supporting the induced polarization of Th17 cells.

The L. reuteri 1063N mutant was less effective in inducing IL-18 secretion, but no difference was
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detected between the secretion levels of IL-23 induced by the wild-type and the mutant L. reuteri
strains. Importantly, the prevention of molecular interactions between Dectin-2 and immobilized
MUB reduced the production of IL-6, but not IL-18 levels in moDCs indicating that IL-6 may serve
as a pivotal factor in guiding L. reuteri ATCC 53608 induced Th17 polarization.

It has also been established that both the L. reuteri ATCC PTA 6475 and the ATCC 53608 strains
were able to induce the secretion of cytokines and the up regulation of co-stimulatory molecules in
moDCs, which in turn results in Thl and Th17 polarization of T cells. In this context, we propose
two interpretations of these data relevant to the in vivo situation. 1) It is possible that under
homeostatic conditions, limited level of inflammation is sufficient to develop immunological
memory and tolerance induction against non-pathogenic/commensal gut bacteria, which could be
mediated by the limited number of bacteria and/or mucus adhesins and are able to get through the
mucus layer to ensure CLR-mediated interaction with DCs as shown here. 2) Another possibility
might be that at homeostatic conditions live bacteria in the mucus are kept away from the epithelial
surface, and remain unable to trigger any pro-inflammatory response due to limited contact with DCs.
In case the barrier function and the equilibrium of the intestinal mucosa becomes damaged and the
bacteria have access to DC via interacting adhesins and CLRs, thus triggering pro-inflammatory
responses. This would mediate a signal to the host indicating a defective barrier function.

Taken together, these data provide novel insights into the ongoing interactive mechanisms by
which L. reuteri strains exhibit immunomodulatory properties via the direct interaction of L. reuteri
host-specific adhesins and CLRs on the DC cell surface. The MucBPs expressed on L. reuteri bacteria
may contribute to the maintenance of symbiotic relationships with the host by acting as a natural
adjuvant, thus provoking antigen-specific adaptive immune responses in moDCs through the
development of effector and memory T-lymphocytes with sufficient stimulatory potential.

It was also demonstrated that during the very early phase of moDC differentiation, the cells
remain programmable at physiologically relevant doses of environmental cues such as in the presence
of ATRA. Importantly, these events can be prevented by the selective ligation of RARa acting
through its natural antagonist resulting in a moDC phenotype similar to that of the ‘gold standard’ of
moDCs, differentiated by GM-CSF and IL-4. In a retinoid rich milieu moDCs shift the cell surface
expression pattern of CD1 proteins, while in resting moDCs the expression level of CD103 remains
inducible supporting the development of a mucosa-related phenotype.

We first characterized and compared the expression levels of the contributing transcription
factors including IRF4, PPARy and RARa in moDCs. Our results revealed that IRF4" moDCs act as
immunogenic cells able to provoke commensal bacterium-specific Thl and Th17 polarized immune
responses. However, this pattern could be changed in case the T cells were primed with microbiota-

stimulated RARa"IRF4'> moDCs supporting the notion that these cells remain highly inflammatory,
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lose their potential to activate autologous Th cells and also lack molecular interactions, which may
play role in preventing effector T cell responses induced by commensal bacteria. This observation is
further supported by previous studies showing that the increased expression level and activity of
PPARY is associated with CD1d expression and the development of tolerogenic moDCs. These data
suggest that the immunogenic, tolerogenic and inflammatory capacity of DCs are critically dependent
on the actual microenvironment of DC differentiation and can be linked to the activation level of
IRF4. It was found in BM-DCs the Irf4-deficiency leads to impaired Treg generation moreover, the
relative mRNA level of genes encoding PD-L2, RALDH2 and MHCII molecules were down
modulated upon LPS stimuli while the expression level of TNF-0 and IL12 genes were up regulated.

In the presence of heat-killed E. coli Schaedler and B. subtilis bacteria, the phagocytic capacity
of moDCs could be facilitated by ATRA, similar to a previous work showing increased PPARy
activity in moDCs upon internalizing corpuscular antigens more efficiently than moDCs with low
PPARy activity. In line with this we also demonstrated that the stimulation of moDC with selected
commensal bacteria resulted in moDCs expressing CX3CR1 supported by ATRA and exhibiting a
phenotype similar to that of the CD11b"CX3CR17CD103- mononuclear mucosal phagocytes of
myeloid origin. Considering that the up regulated level of inflammatory cytokines play central role
in the maintenance and/or disruption of mucosal integrity, exemplified by secreted IL-23 of both DC
and M® origin. The increased level of secreted IL-23 could directly be associated with chronic
inflammatory diseases including IBD. However, in the lamina propria the presence of microbiota
provides signals for both CX;3CR1" inflammatory cells and CD11b*CD103* DCs to produce IL-23
and induce IL-22 secretion by ILCs thus playing a critical role in promoting mucosal healing in
colitis. Pro-inflammatory lamina propria-derived TNF-o can also exacerbate colitis through
CX;CR1* DCs indicating that this DC subset also plays role in the maintenance of balanced
inflammatory and/or standby conditions upon gut homeostasis.

In the presence of live bacteria ATRA boosts the secretion of Thl7 polarizing cytokines
however, the polarizing capacity of these moDCs is reduced. This observation is also supported by
our previous results showing that moDCs ‘educated’ by the supernatant of ATRA-primed colonic
epithelial cells could reduce CCR7-dependent cell migration as well as their Th17 polarizing capacity
when compared to control moDCs. Interestingly, a murine Th17 differentiation model revealed that
this effect was IRF4 and IL-6 cytokine dependent mediated by CD11b"CD103* DCs derived from
mesenteric lymph nodes. The same group also showed that the human equivalent of these DCs could
be identified as intestinal IRF4 protein expressing CD103*SIRPa™ DCs.

Our results clearly demonstrated that in resting moDCs ATRA is able to up regulate the relative
mRNA levels of RARa previously confirmed also by others. In addition, we can exclude the effects

of other RAR isoforms such as RARB, as it is not expressed and the expression of RARB could not
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be induced in moDCs in the presence of ATRA. It has also been established that the effects of ATRA
on the differentiation and the microbiota-induced stimulation of moDCs could be prevented by the
selective inhibition of RARa, a transcription factor playing role in regulating moDC differentiation
and guiding mucosal immune responses. It has also been found that the gut microbiota has an impact
on retinoid signaling-mediated immune homeostasis transmitted by microbial metabolites such as
SCFAs. Furthermore, retinoid supplementation through diet also acts on the composition of the gut
microbiota and on energy metabolism of the host. For example, Vit-A deficiency causes perturbations
in the gut microbiota by reducing the ratio of Firmicutes and Proteobacteria on a Myd88 and TRIF-
dependent manner. It has previously been demonstrated that RA is associated to inflammatory M®,
as patients with Crohn’s disease exhibit an increased capacity to generate RALDH-derived RA,
which is associated with CD14* M® derived from the intestinal mucosa, thus maintaining an
inflammatory phenotype mediated by RARa. This group also showed that clinical samples derived
from Crohn’s disease patients involve both CD103* and CD103-DCs with elevated expression levels
ofthe ALDH1A2 gene, which is undetectable in RA producing M®. Retinoids involving ATRA also
improves the antitumor immunity in microbiota-induced colorectal cancer, as it increases the efficacy
of tumor-specific Tc cells by increasing RARa-mediated MHCI expression in tumor cells.
Collectively, we offer a sensitive in vitro assay system appropriate for the comparative analysis
of selected individual microbes in the course of collaboration with human phagocytic cells such as
primary moDCs playing essential roles in orchestrating the outcome of ongoing immune responses.
We also confirmed that the Vit-A derivative ATRA has the potential to drive the differentiation
program of moDCs in a RARa-dependent manner, and thus confers suppressive signals during gut
commensal bacteria-induced effector T-lymphocyte responses in line with enhancing their local

inflammatory potential.
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6. SUMMARY

Enormous diversity of commensal bacteria determines individual functions acting on the
development and functional activities of the immune system. These involve specialized DC subsets
including moDCs, expression of unique PRR combinations coupled to evolutionally conserved
signaling pathways, transcriptional regulation, induction of co-stimulatory molecules, secretion of
cytokines and chemokines. These mechanisms can be followed up by measuring the functional
activities of moDCs, which are strongly dependent on the cell cycle and the inflammatory signaling
pathways during the recognition of microbial ligands. The aim of this study was to set up a sensitive
in vitro model system to analyze the role of microbial and host factors playing role in moDC-
mediated immune responses to normal gut microbiota members such as commensal bacteria.

Lactobacillus reuteri strains are considered as beneficial members of the gut microbiota, which
were adapted evolutionally to the vertebrate gut by expressing mucus-binding proteins (MucBPs). It
was an unexpected finding that intact L. reuteri lactic-acid bacteria were able to provoke potent
inflammatory T cell responses, which could be enhanced by MucBPs such as CmbA and MUB
proteins. Another important aspect of these results was that the inhibition of interactions between C-
type lectin receptors and MUB results in decreased pro-inflammatory cytokine secretion and Thl
polarization. MucBPs expressed on L. reuteri bacteria may be implicated to contribute in the
maintenance of a symbiotic relationship with the host by acting as a natural adjuvant, which is able
to provoke antigen-specific immune responses in moDCs through the development of effector and
memory T-lymphocytes with sufficient stimulatory potential.

It was also observed that the physiologically relevant dose of the vitamin-A derivative ATRA
drives the differentiation of CD1a-CD1d+CD103+/RARahilRF4lo moDCs on a RARa-dependent
manner, while in the absence of ATRA monocytes differentiate to CDlamedCD1d-CD103-
/RARaloIRF4hi moDCs. In the presence of gut commensals, namely E. coli Schaedler, M. morganii
and the probiotic B. subtilis, inflammatory responses can be induced showing that immunogenic
RARaloIRF4hi moDCs polarize Thl and Th17 cells effectively on a strain dependent manner, while
RARahiIRF4lo moDCs display a non-migratory, but tolerogenic and inflammatory subtype of DCs.
Collectively, moDC-mediated adaptive immune responses targeting the gut commensal bacteria can
be enhanced by natural adjuvants such as MucBPs, but in a retinoid-rich milieu it is associated with

the inhibition of RARa.
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