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Abstract (250/250 words)

Background Chronic immune diseases (CIDs), such as asthme, haghly prevalent.
Currently available pharmaceuticals improve symgoivut cannot cure the disease. This
prompted demands for alternatives to pharmaceatisath as probiotics for prevention of
allergic disease. However, clinical trials haveegivnconsistent results. This is at least partly
explained by the highly complex crosstalk amongbjwtic bacteria, the host’s microbiota,
and immune cells. The identification of a bioactaugstance from probiotic bacteria could
circumvent this difficulty.

Objective. To identify and characterize a bioactive, probiofieetabolite for potential
prevention of allergic airway disease.

Methods. Probiotic supernatants were screened for theiityba concordantly lower the
constitutive CCL17 secretion of a human Hodgkinpynoma cell line and prevent
upregulation of costimulatory molecules of LPS-stiated human dendritic cells.
Results.Supernatants from 13 of 37 tested probiotic stralfaved immunoactivity.
Bioassay-guided chromatographic fractionation af smpernatants according to polarity,
followed by total ion chromatograms and mass spewtry, yielded GH1:N.O, as

molecular formula of a bioactive substance. Protaciear magnetic resonance and
enantiomeric separation identified D-Tryptophancaémtrast, L-Tryptophan and eleven other
D-amino acids were inactive.

Feeding D-Tryptophan to mice prior to experimeatthma induction, increased numbers of
lung and gut regulatory T cells, lowered lung Th&ponses, and ameliorated allergic airway
inflammation and hyperresponsiveness. Allergic ainwmflammation reduced the gut
microbial diversity, which was increased by D-Tiyphan.

Conclusions.D-Tryptophan is a newly identified product from pratic bacteria. Our

findings support the concept that defined bact@mnatucts might be exploited in novel

preventative strategies for CIDs.
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Key messages

* D-Tryptophan is a newly identified immune modulgtprobiotic substance

* When fed to mice, D-Tryptophan increased the gatohial diversity and ameliorates

allergic airway disease

* While the biology of live probiotic bacteria is yetomplex, D-Tryptophan has a

provable mode of action that might be exploiteddi@vention or treatment of allergic

diseases.

Capsule summary

The complexity of the host-bacterial crosstalk dgioas therapeutic approaches with live

bacteria. By showing that the probiotic substan€gryptophan improves airway

inflammation, we provide proof-of-principle thatfoleed microbial products might be

exploited for therapeutic purposes.

Keywords: D-Tryptophan, probiotic bacteria, bacterial subs& screening, immune

modulation, allergic airway disease, gut microbiota

List of abbreviations

AAl

BALF

CBA

CCL17

FT-ICR

LGG

MS

PFP

Allergic airway disease

Bronchoalveolar lavage fluid

Cytometric Bead Array

Chemokine ligand 17 (TARC: thymus and activatiogutated chemokine)
Fourier transform ion cyclotron resonance

Lactobacillus rhamnosus GG

Mass spectrometry

Pentafluorophenyl
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99 TIC Total lon Chromatograms
100 UPLC Ultra Performance Liquid Chromatography
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Introduction

Chronic immune diseases such as allergies, inflawmnaowel disease or diabetes are highly
prevalent in industrialized countries and a furtinerease of burden due to non-
communicable diseases is expected for the nextldsdqd). Currently available
pharmaceuticals improve symptoms, but cannot ¢weelisease. Accordingly, there is an
increasing demand for proven alternatives to pheeuigcal products from both healthcare
professionals and consumers (2).

Probiotic bacteria have been shown to modify imm@sponsem vitro (3-5)and in animals
(6,7), and are defined as “live microorganisms Wwhithen administered in adequate amounts
confer a health benefit on the host”. Accordinghgy have been proposed as an alternative to
classical therapies for the treatment of immunesaliss (8). However, apart from acute
infectious diarrhoea (9), clinical trials for diffmt indications such as primary prevention of
allergic diseases (e.g. (10-22)) or treatment obrak inflammatory bowel disease (23) were
highly inconsistent. Accordingly, a consensus paf22) and the European Food Safety
Authority (25) stated that a role for probiotic microbes for praiw@n of allergic
manifestations is not established.

One important reason for the conflicting resultmsst likely the complexity of the reciprocal
crosstalk between probiotic bacteria and the hositsobiota and immune cells.

Even in healthy individuals, the gut microbiomefeli$ remarkably among individuals
(26,27). In addition, the microbiome as well as itmenunity can be substantially altered in
disease conditions (28). Thus, it is hard to preltiie precise functionality of a probiotic strain
in individual patients. In addition, there is aKaof mechanistic understanding which is
important to establish biological plausibility fany claimed health effect.

To overcome these problems, the utilization of d@et substances derived from probiotic
microbes could provide an attractive alternativthedthan living bacteria with complex fates

and response patterns in the host, they should thefieable properties with provable mode
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of action. So far, only very few candidate struetuor substances have been demonstrated as
bioactive agents and even less with preclinicallence for therapeutic effects (29).

Therefore, the aim of the present study was 1)talbdish a screening tool for the detection of
Th2-lowering immune activity in probiotic supernats, 2) to identify a soluble bacterial
molecule that mediates this activity, 3) to test fhutative substance in a mouse model of

allergic airway disease (AAl) and 4) to obtain gidiinto potential underlying mechanisms.
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Materials and Methods

For detailed information on reagents, culture ctbods of bacteria and human cells,
generation of human monocyte derived dendriticsc@llCs), structural elucidation of D-
Tryptophan, cyto/chemokine quantification, murinecdll differentiation, flow cytometry,
gRT-PCR, microbiota analysis, isolation of inteatinamina propria cells and animal
experiments (induction of experimental asthma, lfungetion analyses) see Methods section

in this article's Online Repository at www.jacigrdiorg.

Bacterial strains

Bifidobacteriae, Lactobacilli, Lactococci, E. Coli Nissle 1917, Enterococcus faecium, and
Streptococcus thermophilus were obtained from different providers (Table EAl) strains
were grown until stationary phase and a minimun eember of 18 CFU/ml. Cell free
supernatants were obtained by cgngation (6000 rpm; 5 min; 20° C) followed by filtration
through 0.22 um pore size surface-modified polyethersulfone memér (Millipore,
Darmstadt, Germany). No bacterial growth was olexbmwhen aliquots from supernatants
were cultured in bacterial growth medium. Otherwsgpernatants were stored immediately

after collection in aliquots at -80 °C until furthese.

Bioassays for screening for immune modulatory actity in probiotic supernatants

Two biological assays based on down-modulatiorostimulatory molecules on human DCs,
and of CCL17-secretion by a human Hodgkin lymphdmeell line (KM-H2) were set up.
Human immature DCs were matured with 0.1pg/mL Iglggaccharide (LPS) frori&. coli
(Sigma-Aldrich, St. Louis, USA) in the presence avsence of 200 pL bacteria free
supernatants for 24 h followed by flow cytometnmabysis of costimulatory molecules.
Similarly, 200 pL supernatants were added to 3#3%M-H2 cells for 24 h. Supernatants
were collected from KM-H2 by centrifugation and refb at -80 °C until quantification of

CCL17. To control for the dilution of KM-H2 culturenedia with different volumes of
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bacterial supernatants, the corresponding amoubtanikk MRS medium was added. Blank
bacterial growth medium and supernatants ft@ttobacillus rhamnosus DSM 20021, which

has no probiotic activity, were used as negativerots in both screening assays.

Animals and oral supplementation with D-Tryptophan

All animal experiments were conducted under theeFadsuidelines for the Use and Care of
Laboratory Animals (Az 55.2-1-54-2532-137-13) anasvapproved by the Government of the
District of Upper Bavaria and Schleswig-Holsteir2@4-13313/2016 (7-1/10). Female Balb/c
mice from 6-8 weeks old were obtained from ChaReger (Sulzfeld, Germany) and housed
in individually ventilated cages with two mice eachspecific pathogen free conditions. A
standard extruded pellet diet and sterile filtedleidking water were providead libitum. For
guantification of D-Tryptophan in mouse sera, Dgiophan (Sigma-Aldrich, St. Louis,
USA) was dissolved in the drinking water at concatins of 1.8 mg/dL or 18 mg/dI
(approximately 0.09 and 0.9 mg/day per mouse). ©bahimals received pure water (n=8
per group). No changes in behavior or body weigatennoted in the supplemented animals
compared to controls. Animals were sacrificed aftedays and sera were immediately stored
at -80 °C until analysis.

For testing prevention of AAI, mice received 50 ntMTryptophan starting at least three days
before the first sensitization until sacrificing day 25. For microbiome analyses, the caecum

was cut off and immediately stored at -80 °C untither processing.

Statistical analyses

Bioassays and animal experiments

Results of bioassays and animal experiments aen@s means with standard deviation.
Student’s t test with Dunn’s Multiple Comparisosti@a Two-way ANOVA with Bonferroni

post test were used where appropriate. Tests apmieegiven in the respective figure legends.
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P values < 0.05 were considered significant. (GPaghPrism Software version 5.0, Inc. La

Jolla, CA 92037 USA).

Microbial diversity

Bacterial diversity was assessed by molecular lolmgoof 16S rRNA genes in caecum
samples of six animals per group. To this end, D& directly extracted from the caecum
using a kit based protocol (PowerSoil DNA Isolatiéi, MO BIO Laboratories, Carlsbad,
CA, USA). 315 bp fragments were amplified withir thariable region V5 and V6 of the 16S
rRNA gene using S-D-Bact-0785-a-S-18[5-GGMTTAGATBCBDGTA-3] and S-*-Univ-
1100-a-A-15 [5-GGGTYKCGCTCGTTR-3] as primers (3@equencing of amplicons was
performed on the lllumina MiSeq platform (lllumingdan Diego, CA, USA) using paired end
technology (see Supplementary Information, pager3étails). Sequences are deposited in
NCBI accession number PRINA3041009.

Reads were analyzed with the software package QIii{ifp://giime.org). Operational
taxonomic units (OTUs) were picked within the 13vé8sion of the Greengenes reference
database (31) at a similarity level of 95% sequadeatity. Sequences were subsampled to
15000 reads per sample, which reflects the numbezaals obtained in the sample with the
lowest number of reads after quality control. Thismber was still sufficient to reach a
plateau when collectors™ curves were calculatedthen basis of OTL. The taxonomy
assignment was done using the RDP classifier 2P.(Brincipal coordinate analysis (PCoA)
was generated on the unweighted UniFrac distantexwsing the ape-package within the R
software environment (http://www.r-project.org) asigtistical significance was determined
with the Student’s test. Alpha-diversity of each sample was measusaty the Chaol metric
(Chao A, 1984) and compared between treatmentohparametric two-sampletest (i.e.,
using Monte Carlo permutations for significancditey. Beta-diversity was calculated using

the phylogenetic method UniFrac (33). The nonpatamanalysis of similarity (ANOSIM)
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213 was performed to examine the beta-diversity diganaatrix for significant differences

214 between groups of samples; differences in OTU abundance between groups were tested for

215 significance by nonparametric ANOVA.
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Results

l. Identification and characterization of a bioactive probiotic substance

Screening of crude probiotic supernatants for downegulation of CCL17

To develop a high-throughput screening system lar detection of Th2-downregulatory
activity in supernatants from probiotic bacteri@ made use of the high constitutive secretion
of the Th2-associated CCL17 by the human Hodgkimplyoma T cell line KM-H2.

To identify the threshold for downregulation of CI1, KM-H2 cells were incubated with
increasing volumes of supernatants fraactobacilus rhamnosus GG (L. rhamnosus GG),
Bifidobacterium BB-420 andLactobacillus casei W56. Supernatants from all three probiotic
strains led to a significant dose- and time depehdeduction of CCL17 concentrations to
~30% relative to supernatant from the non-probitgctobacillus rhamnosus DSM-20021
(Fig 1A). The minimum volume (200ul) leading to that retlut was used in all subsequent
experiments.

As the numerous ingredients of the bacterial caltmedium interfered with the detection of
specific signals in mass spectrometry, the bactedee cultivated in less complex medium
(CDM1). The potency of supernatants from probidicins cultivated in CDM1 versus
standard medium to lower CCL17 concentrations veasparable Fig E1A, B). Subsequent
testing of supernatants from 37 probiotic strairevealed that 7 of 2L1actobacillus sp.
strains, 5 of 1®ifidobacterium sp. strains, and 1 ofl3actococcus sp. strains lowered CCL17
secretion without affecting cell viabilityF{g E2). In contrast, none of th&reptococcus
thermophilus, Enterococcus faecium or E. coli Nissle 1917 strains influenced CCL17 levels

(Fig 2; Table EJ).

Verification of results from CCL17-based screeningssays
To confirm the observed immune modulatory activitye evaluated the efficacy of the

probiotic supernatants to lower the expression ofstanulatory molecules on human
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242 monocyte derived dendritic cells (DC). Upon rectigni of antigen, naive DCs undergo a
243 complex maturation process (34). While fully actedh DCs induce adaptive immune
244 responses, incomplete activation leads to toleréBse Therefore, we screened for reduced
245 expression of co-stimulatory molecules in the pmeseof probiotic supernatants. All 13
246 supernatants that had already been pre-identifeetiramune modulatory” in the CCL17-
247 based screen also significantly decreased the mages of LPS-induced CD83, CD80, CD86
248 and CD40 expressing mature DCs, whereas the remgasnipernatants were inactive on DCs
249 (Fig 1B). None of the supernatants affected the viabilftpC (Fig E2). Thus, both bioassays
250 gave 100% concordant results. For a complete oswraf the bioactivity of all strains see
251 table E1.

252

253 Fractionation of selected probiotic supernatants glds three bioactive fractions of

254 different polarity

255 L. rhamnosus GG has been most frequently used in clinical stud&®). Therefore, we
256 selected supernatants from rhamnosus GG and further ofL. casei W56 for further
257 enrichment and stepwise chemical characterizatioth® putative metabolite. During this
258 procedure, each sub-fraction was retested for bwegcin both the KMH2 and DC bioassays.
259 Bacterial supernatants were subjected to semi-pagpa chromatography yielding 11
260 MeOH/H0 extracts. The highest immune modulatory activitysi@und in the 20% fraction
261 along with slightly lower activities in the 40% aB0% MeOH fractionsKig 3). Therefore,
262 we chose this fraction for further purification.

263

264 Isolation and identification of the bioactive subsince in 20% MeOH/H0 extracts

265 Chromatographic sub-fractionation of the 20% MeOJd/ftaction yielded ten sub-fractions
266 (Fig E3A, B), three of which showed activity in the bioassajsese sub-fractions and their

267 closest neighbours were re-evaluated via revereadgpUPLC-High Resolution TOF MS to
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generate Total lon Chromatograms. By identifyingikrities in the chromatograms, we
identified a substance that, according to peakntiete time and molecular mass information,
was only present in the bioactive sub-fractionsndpdighest in sub-fraction 7 froln casel
W56 and sub-fraction 6 frorh. rhamnosus GG (Fig E4A). The extracted mass spectrum
strongly suggested that this substance was compokdte Tryptophan ions [2M+H]
[M+H] " and its fragment [M+H-Nk|* (Fig E4B).

After careful enrichment of the bioactive substabgerepeated chromatography runs, the
isolated candidate substance of both strains shtweadtivity in both screening assays. High
resolution mass spectrometry analyses by FT-ICR-b®firmed G;Hi:N.O, as the
molecular formula of these ion&ig E4C, D). Further analyses by proton NMR provided
detailed information on the functional group distiion and molecular structure: The
doublets and triplet37.8-7.0) showed the occurrence of an idole ringsdRance signals at
the region 0f63.9-3.8 ands3.2-3.1 could also be assigned feCH and a-CH protons,
respectively Fig E5). Thus, there was a close agreement between sthidgptophan and
our bioactive sub-fraction.

Since L-Tryptophan is a standard component of tletdsial growth medium, we
hypothesized that the bioactivity is related to teform of this amino acid. Indeed,
enantiomeric separation of the purified sub-fractaonfirmed the presence of D- and L-
Tryptophan Fig E6A), while the corresponding sub-fraction of blankdmen contained

solely the L-form Fig EEB).

The immune modulatory activity in probiotic supernatants is restricted to the D-form of
Tryptophan
To verify if the bioactivity was indeed restrictéol the D-isomer of Tryptophan, we tested

different concentrations of synthetic L- and D-Tugphan in the CCL17 bioassay. Only D-
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Tryptophan showed a dose dependent immune acii¥ity 4). Moreover, none of twelve

other polar and non-polar neutral D-amino acidgeteshowed any bioactivityfgble I).

Bacterial supernatants and D-Tryptophan modulate ctokine profiles of enriched

human DC

To obtain a first insight into mechanisms undeuyithis bioactivity, we quantified the
cytokines secreted by highly enriched DCs (FigDEafter treatment with the bacterial
supernatants or synthetic D-Tryptophan. All proiciosupernatants and D-Tryptophan
strongly induced IL-10 and lowered LPS-induced H5NE-12 and IL-5 in these cultures. In
contrast, cytokine patterns were unaffected by dbetrol supernatants, and amino acids
(Table 11). Overall this resulted in increased IL-10/IL-1&ios and — with the exception of

BB-46 - in decreased IL-5/IFN-ratios.

Il. Preclinical effects of oral D-Tryptophan supplementation

D-Tryptophan influences allergic airway inflammation and Th2 immune responses

If it is to be used as an oral intervention in i@ie diseases, D-Tryptophan needs to be
absorbed from the gut. Oral supplementation of math 0.9 mg/day D-Tryptophan
increased D-Tryptophan serum levels significanfiyg(5A) indicating enteric uptake and
systemic distribution. Pre-treatment of mice withiTEyptophan for 3 days and throughout
experimental “asthma” induction lowered total BAELEIls, which was mainly caused by a
reduction of eosinophilsF{g 5B, C). Furthermore, the supplementation improved airway
hyperreactivity to methacholin€if 5D). As this suggested an involvement of Th2 respgnse
we analysed lung T cells: D-Tryptophan reduced f+déducing T cells and 114 levels in
BALF (trend, Fig 5E, F and E7 for splenic cells)tbuot Ifny-producing Thl cells.
Furthermore, D-Trp treatment significantly increcdéelios Treg while total Foxp3cells

remained unchanged (Figh
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To further substantiate these vivo findings we performed T cell differentiation assay
vitro. In line with thein vivo observations, D-Trp reduced Th2 cell differentiatiwhereas
Th1 differentiation remained unaffected (Fid\, @ and Fig E&). Consequentiyi|4, Gata3
expression andl13 secretion was reduced, wherd&sy expression remained unaffected.
Treg, however, showed increadeakp3 expression on mMRNA and protein level (Fig. énd

Fig ESB).

D-Tryptophan induces gut Tregs and increases inteisial microbial diversity in allergic
airway inflammation

In addition to the observed pulmonary immune resppthe frequency of FoxpJ cells was
locally increased in the colon of supplemented Alde compared to non-supplemented AAl
mice Fig 7A). Altered gut immunity might be driven directly Hy-Tryptophan and/or
indirectly via altered gut microbiota.

A diversity analysis of bacteria by 16S rRNA badmatcoding demonstrated a strongly
reduced community richness and diversity at thell®ef OTWs in AAlI mice (Fig. 7B).
Supplementation with D-Tryptophan increased thebacterial diversity of AAI mice,
resulting in comparable alpha-diversity patternsypgared to healthy animals. Although the
original diversity was not completely restored afdeTrp application, its impact on microbial
community composition was significant (Fig E9A).

Independent of the health status of the animalsiyptdphan supplementation all samples
were dominated by the phyla Bacteroidetes and Eutes (19.4 - 27.7% and 65.9 - 78.4% of
the total sequences). As expected, the phylum Eutas mainly consisted of members of the
order Clostridiales. Other phyla including Actingberia and Proteobacteria were also present
but at significantly lower abundance. At the famdyel, Lachnospiraceae, Odoribacteraceae,
Rikenellaceae, Ruminococcaceae, S24Ad an unclassified bacterial family belonging to

Clostridiales (Fig E9B) dominated. The latter waaimty present in AAI mice, forming
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58.6% of the total community. Lachnospiracdamyever, were less abundant in AAI animals
(5.5%), compared to controls (13.7%), to D-Tryptaphreated AAI mice (20.6%), or to D-
Tryptophan treated mice without AAI (27.5 %). Odacteraceawere strongly affected by
D-Tryptophan, as their relative abundance tripledoth groups of supplemented animals
(3.9 % vs ~1.1%). In contrast, Rikenellacedmwed a decreased abundance in the D-Trp
groups (1.1-2.0%) compared to to the control grou@s6-7.7%). Interestingly,
Ruminococcaceae, which were strongly reduced in ciwtrol mice affected with AAI
(3.7%), recovered by the application of D-Trp (8)9%is was comparable to the abundance
in control group of mice without AAI. Members ofetls24-7 family were neither affected by
AAl nor by the application of D-Tryptophan. OveralD-Tryptophan supplementation
increased intestinal bacterial diversity in AAl, Toyptophan treated mice, such that the
bacterial diversity pattern was more comparabléhéalthy’ control mice (PBS/PBS)Fig
7B). Thus, our results suggested that D-Tryptopha&attnent reestablishes a “healthy”

microbial community genotype in AAI mice.
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Discussion

In the present work we identified for the first @r-Tryptophan as bacterial substance that is
produced by the probiotic straihsrhamnosus GG andL. casei W56. We demonstrate that D-
Tryptophan lowers the production of Th2 cyto- areraokines in human peripheral and
murine immune cells and more importantly prevents development of AAl when fed to
mice. Beneath immune modulation, this may occuw #isough maintenance of a diverse gut
microbiota, which was otherwise lost in animalshwakperimental asthma.

Probiotic bacteria have been shown to modify immresponsesn vitro (e.g.(3,4))and in
animal studies (e.g. (5,6)), but clear evidencednical efficacy in treatment of chronic
inflammatory disorders is largely lacking. As tlexiprocal interaction of probiotic bacteria
with the host’s microbiota and immune system isemély complex, utilization of defined
small substances with predictable mode of actioghiprovide an interesting alternative for
prevention of allergic disease in individuals akri

D-amino acids are non-proteinogenic enantiomerk-amino acids. Until the discovery of
free D-aspartate and D-serine in mammalian braineasotransmitters in the late 1980s, D-
amino acids were considered to play no role indrgirganisms. So far, research on D-amino
acids in mammals has been mainly restricted tond®ous system, due to the relative
abundance of D-aspartate and D-serine in the [B&@nand the difficulty to detect D-amino
acids at trace levels (38). Thus, very little isolum on D-Tryptophan uptake (39) and
metabolism in humans (40) and it has been assumttkipast that higher organisms utilize
D-Tryptophan poorly (41). By developing highly s#we assays, we demonstrated systemic
distribution of D-Tryptophan in mice after oral agé.

In contrast to higher organisms, numerous bactedklding probiotic bacteria produce D-
amino acids, such as D-glutamate and D-alaninegusiem mainly for cross-linking glycan

chains in the peptidoglycan wall (42,43).
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The regulation of bacterial L-Tryptophan biosynikemnd degradation is well known (44). A
role for D-Tryptophan in bacterial communication svanly recently discovered, by
demonstrating its requirement for disassembly ofillbns in B. subtilis (45). Other soluble
substances produced by probiotic bacteria arangsstigated so far (4,46).

Humans are potentially exposed to microbial-geeerad-amino acids (47) since body
surfaces and the environment harbor an abundantighdliversity of microbes (48). Similar
to what has already been shown for acyl-homosddaamnes from gram-negative bacteria
(e.0.(49-52)), means to recognize and interact Wwébterial D-amino acids including D-
Tryptophan could have evolved.

This hypothesis is supported by several observstifinst, human cells used in our bioassays
responded to D-Tryptophan, but neither to L-Trypiamp or any other tested ddaino acid;
second, at least two surface receptors for D-Tpipo exist in humans: The G protein-
coupled receptor GPR109B (53) is expressed on mphages, monocytes, adipose tissue and
lung (54), and mediates attraction of neutrophipru binding of D-Tryptophan or its
metabolite D-kynurenine. Of note, when we extra@ed analysed published transcriptomic
data (55), GPR109B was significantly decreasedirinagy epithelial cells and T cells from
patients with asthma as opposed to controls, itidigaa potential role for this receptor in
allergic disease. (Table E2).

The second receptor, SLC6A14 (solute carrier far@ilgmino acid transporter member 14,
alias ATE™) transports D-Tryptophan and four other D-amin@s@cross epithelial cells
(56). As the receptor is expressed in the intes8h€6A14 is exposed to high microbial load
and diversity. SLC6A14 is further expressed at ptoaally high levels in the fetal lung
(own data Fig E10 and (57). The physiological mieSLC6A14 in fetal life is unknown so
far. But it is tempting to speculate a mechaniitik for prenatal intervention trials using

probiotic bacteria.
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409 Three enzymes, TDO, indoleamine 2,3-dioxygenas®{)Dand the more recently discovered
410 IDO2 can metabolize Tryptophan. While TDO is spedibr L-Tryptophan, IDO1 channels
411 both D- and L-Tryptophan into the kynurenine pathwB®O activation leads to Tryptophan
412 depletion and thereby promotes peripheral tolergreagewed in (58)), which contrasts our
413 findings. However, IDO1 seems not to be importantthe induction of immune tolerance in
414 the airways, but instead promotes Th2 responsesfiegts on lung DC (59), which we
415 suggest could be counter-acted by D-Trp. In additl®O2 which is also expressed on DC
416 (60) and has a slightly different substrate speityficould further modulate D-Tryptophan
417 metabolism (61).

418 So far, we concentrated on the 20% MeOH fractiondentification of the putative substance
419 as this was the sub-fraction with the highest imenumodulatory activity and polarity.
420 Bioactivity was further detected in the 40% and SPBAOH fractions holding the potential
421 for the discovery of further small immuno-activebstances. Our bioassays were designed to
422 detect substances that induce a tolerogenic profilBCs and decrease the allergy-related
423 chemokine CCL17. Therefore, it is possible thather immune regulatory substances not
424 related to allergic disease were overlooked.

425 D-Tryptophan could influence immune homeostasiseeitlirectly as shown in our screening
426 assays or indirectly by shifting the structure loé tmicrobiome of the host. Apart from the
427 observed immune modulatory properties of D-Tryptplwe do not have direct mechanistic
428 links explaining the altered gut microbiota or firetection from AAI. However, in line with
429 our own findings, Trompette and colleagues demateddrthat a change in the gut microbiota
430 due to dietary fermentable fibers induces the pcbdn of metabolites involved in protection
431 from AAI (62). These metabolites have further bassociated with increased frequencies of
432 Foxp3 regulatory T cells (63). The lung microbiota andogulation of Foxp3regulatory T

433 cells have further been shown to protect neonataé rfrom exaggerated type 2 immune
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responses in a murine model of house dust micecetldAl (64) which supports a role of
both immune parameters also in adult mice.

In summary, we identified for the first time thatTdyptophan acts as immune modulatory
substance that is produced by probiotic straing. i@sults suggest that D-Tryptophan can
potentially influence both immune responses ancttmstituents of intestinal microbiota, and
can conceivably reduce the degree of hyperactsatyerity of AAl In addition to immune
modulation, this may occur through the maintenasfce diverse gut microbiota, which was
otherwise lost in animals with AAL.

We conclude that bacteria-derived D-Tryptophan piay a wider role in human health than
previously thought. Overall, our findings suppdré tconcept that defined bacterial products
might provide the basis for future development akventive strategies of chronic

inflammatory disorders.
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649 Table I. Percentage of surface marker expressing mare DCs treated with synthetic D-

650 amino acids*

D-Ala D-His D-lsoleu D-Leu D-Met D-Phe

CD83 97.7+2.3 103.1+0.3 100.5x1.1 97.1+2.4 102.4+2.2 996+2.

CD86 99.2+2.1 102.5+0.4  99.8+1.2 101.9+1.3 102.2+2.5 992+3.

CD80 98.3+x2.6 102.0+0.9 98.2+1.5 100.3+1.6 100.4+0.2  92.4+3.5

CD40 102.3+3.4 101.4+3.2 100.4+2.4 100.4+1.7 102.7+0.6 10D.A+

HLA-DR 98.1+1.1  99.9+0.9 100.1+0.3 98.0+10.0 98.9+2.0 98.0+3.2

D-Pro D-Ser D-Thr D-Trp D-Tyr D-Val

CD83 100.9+0.4 100.8+0.3 102.6+0.5 7.6+3.3 101.6+0.6 102.1+1.2

CD86 101.2+1.9 101.1+2.8 102.1+0.7 24.1+2.7 102.2+0.9 101.8+0.9

CD80 100.3+0.1 100.1+2.8 100.8+0.4 12.1+1.7 101.6+0.4 99.6 +2.0

CD40 99.2+1.3 100.8+1.1 100.6+1.5 15.2+6.5 100.4+1.3 101.4+2.4

HLA-DR 98.4+2.6 98.6+0.6 97.1+3.9 88.9+3.0 98.4+2.4 100.0+1.0

651 *DCs were stimulated with LPS (0.1pg/ml) in theg@ece of the indicated D-amino acids
652 (10puM). Percentages of CD83, CD86, CD80 or CD4Gesging DCs were assessed.

653 Three independent experiments (mean percentagBs eefative to LPS-induced expression).
654

655

656

657
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658 Table II: Cytokine regulation by probiotic supernatants or D/L-Tryptophan in human

659 LPS treated DCs*

660
IL-10 IL-5 IFN- y IL-12 Ratios  ppq
[pg/ml] [pg/ml] [pg/ml] [pg/ml] IL-10/IL-12 | IL-5/IFN- y
- LPS | - |LPS| - LPS - LPS | - | LPS| . |Lps

Medium 3.20 | 2.90 | 14.70 68.30| 112.50| 2238.801 102.10| 2092.80 0.031| 0.001 | 0.131 0.031
DSM-20021| 6.80 | 4.80 | 33.6d55.90| 330.00] 2520.50 447.80| 2217.30 0 015 0.002 | 0.104 0.022
LGG 432.90| 787.90| 9.10| 5.40 | 372.7q 105.70| 79.20| 106.90 |5 466| 7.370 | 0.024 0.051
LA-2  |107.30 591.70| 8.00|10.30| 111.60| 437.70| 89.30 238.00| 1 202| 2 486 | 0074 0.024
LA-5 | 81.30( 305.70| 7.60| 8.00 | 113.3q 531.80| 87.50| 331.10| ¢ 929| 0.923| 0067 0.015
LC-01 452.40| 924.50| 7.90| 2.40 | 109.3q 211.30| 76.90| 67.80 |5.883| 13.636/ 0.072| 0.011
BB-12 |234.90| 735.70| 11.0410.90| 75.40 | 437.00| 91.50 228.20| 2 567| 3.224| 0.144 0.025
BB-46 |813.50] 1230.70 14.00] 13.60| 13.50 | 637.90| 95.10] 202.30 | g 554| 6084 | 1.031 0.021
BB-420 |450.40| 915.40| 8.80| 8.40| 81.50| 783.70| 102.5( 356.90| 4 394| 2565 | 0.10d 0.011

L-Trp 5.70 4.90 | 12.0Q 61.40| 45.00 | 2031.50 88.30|1993.00 0.065| 0.002 | 0.267 0.030
D-Trp 56.90 | 202.50| 10.3¢ 20.60| 21.90 | 1129.50| 82.50 | 871.90| 0.690| 0.232 | 0.47d 0.018
L-Pro *x 6.00 | 14.8(0 57.70| 88.90 | 2133.90 99.80 | 1938.00 = 0.003 | 0.166/ 0.027

D-Pro | 590 | 4.00 | 15.8069.10| 92.60 | 2295.40 90.60 | 1911.90| g 065 0.002 | 0.171 0.030

670 *DCs were stimulated in the prescence or absencB$f(0.1pg/ml) with supernatants from
671 200ul bacterial cell free supernatants or Tryptophaangiomers (10uM) for 14h. Non-

672 probiotic DSM-20021 and blank medium (CDM1) weredigs negative control. D/L-prolin
673 and L-Tryptophan were used as controls for D-Trgphtm. ** below detection limit

674

675

676

677
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FIGURE LEGENDS

Figure 1. Screening of supernatants from different of probioic strains for immune
activity on human cells

A, Dose-dependent capacity of bacterial supernatantsLactobacillus rhamnosus GG
(-e-), Bifidobacterium BB-420(—) andLactobacillus casei W56 (-=-) to lower CCL17
secretion of human Hodgkin lymphoma KM-H2 cellsgistve control: non-probiotic
Lactobacillus DSM-2002%& ).Three independent expenits in duplicates (mean
percentages + SD, relative to CCL17 secretion trfieated KMH2 cells). Student’s t test;
**p < 0.005, **p < 0.0005.B, Capacity of supernatants frdoactobacillus rhamnosus GG,
Bifidobacterium BB-420, Lactobacillus casei W56 or non-probioti¢.actobacillus DSM-
20021 to prevent full upregulation of costimulatomglecules and HLA-DR on LPS
stimulated human monocyte derived dendritic cellswith/without bacterial supernatant.
Five independent experiments (mean percentagesrel&five to LPS alone). Dunn’s

Multiple Comparison Test; **p < 0.01, ***p <0.001.

Figure 2. Overview on the ability of bacterial supenatants from all 37 strains to lower
CCL17 secretion of KM-H2 cells.

Shaded bars: non-probiotiactobacillus DSM-20021 (negative control); L. rhamnosus GG
was included as positive control in all experimenith strains other than Lactobacilli. White
bars: untreated KMH2 and medium controls

Three independent experiments in duplicdtesan percentages + SD, relative to CCL17

secretion of untreated KM-H2). Student’s t;té§p < 0.005 and ***p < 0.0005.

Figure 3. Capacity of subfractions of probiotic sugrnatants to lower CCL17 secretion in

KM-H2 cells.
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Subfractions with different polarity (MeOH/H20O gradt chromatography) from
supernatants dfactobacillus rhamnosus GG (top),Lactobacillus casei W56 (middle),
Negative controls: Non-probiotic DSM-20021 and BI&DM1 medium (bottom). Three
independent experiments in duplicate (mean pergesta SD, relative to constitutive
CCL17 secretion of untreated KM2 cells). Student’s t test; *p<0.05, **p<0.005,
***p<0.0005.

Figure 4. Effect of Tryptophan L- and D-isomers onCCL17 secretion by KM-H2 cells.
KM-H2 cells were stimulated with different conceattons of synthetic L-and D-isomers of
Tryptophan followed by CCL17 quantification in KM2Hulture media after 24he) D-
Tryptophan, ¢) L-Tryptophan. Three independent experiments jlidates (mean
percentages + SD, relative to constitutive CCLEGration of untreated KM-H2 cells).

Student’s t test; *p < 0.05, **p < 0.005, ***p < 0.0005.

Figure 5. Oral D-Tryptophan reduces allergic airway inflammation

A, Serum D-Tryptophan in mice receiving D-Tryptopt§&a@ mM) in drinking water or water
only (UPLC-MS peak areas). Note the different scéde D-Tryptophan (black bars) and L-
Tryptophan (grey bars). Welch Test, mean + SD,*'0p006, ***p= 0.004 B, Total number
of cells in BALF.C, Differential cell count, D, Measurement of airway resistance to
increasing doses of methacholine. Two-way ANOVAwWBIDNferroni post-tesk, Geometric
mean (fold change) of lfnand 114 in lung-derived CDED4" lymphocytesF, 114 levels in
BALF of mice, assessed by CB&, Helios+ Tregs of lung-derived CD3D4" Foxp3'
lymphocytes.(B,C, F) n=8 mice per group, Mann-Whitney D) G) n=6-12 mice per

group, Student’s T-Test, *p < 0.05, *p<0.01, **0.001

Figure 6. D-Trp influencesin vitro primary T cell differentiation
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Primary, murine splenocytes were differentiatedaxs, Th1(A), Th2(B), and TredC) with
respective cytokine mixes under the presence b0 @r 50 uM D-Trp (dissolved in water).
Differentiation was assessed by flow cytometry, /RIR and CBA for 1113 and II5 protein
levels from culture supernatants. Graphs depidt éblanges to differentiated cells not treated

with D-Trp. n=3-4 independent experiments, Mann-iMey U, *p<0.05

Figure 7. Oral D-Tryptophan supplementation increagd gut Treg and the intestinal
bacterial community in mice with AAI

A, Percentage of Foxp&ells within CD3CD4" T cells in lamina propria of the colon. n=6-
12 mice per group, Student'sest.***P<0.0001 B, Alpha diversity of bacterial communities.
Shannon diversity index was used to estimate battiversity for each treatment. Wilcoxon

rank-sum test.
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D-Tryptophan from probiotic bacteria influences the gut microbiome and allergic

airway disease

Inge Kepert PhE) Juliano Fonseca PRPConstanze Miiller PHDKatrin Milger MD',
Kerstin Hochwind PhB) Matea Kostric MSt Maria Fedoseeva M&dCaspar Ohnmacht
PhD’, Stefan Dehmel PhDPetra Nathan PHDSabine Bartel Pht¥, Oliver Eickelberg
MD™®, Michael Schloter Pht) Anton Hartmann Pht) Philippe Schmitt-Kopplin Phty

and Susanne Krauss-Etschmann\p®

Materialsand Methods

Reagents

L-Tryptophan and D-amino acids (A, F, H, I, L, M T, V, W, Y) were purchased from
Carl Roth GmbH, Karlsruhe, Germany.

Growth conditions of bacteria and collection of super natants

For the primary screen of bioactivity, probioticashs were grown in complex de Man-
Rogosa-Sharpe (MRS) medium (Applichem, Darmstadtp@ny) at 37C under
microaerobic conditions in an Incubator (ThermdErsScientific, Waltham, USA). For
metabolite analyses, the strains were grown in freatidefined medium CDM1 (1)
which contains L-Tryptophan among 19 other L-amaoals, at 37 °C. In contrast to the
original medium, we omitted Tween 80, as it is kndw interfere with mass
spectrometric analyses (8. Coli Nissle 1917 was grown aerobically in Luria-Bertani
(LB)-Medium on a rotary shaker (New Brunswick St¢iery Enfield, USA) (200 rpm) at
37 °C.

Generation of human monocyte-derived dendritic cells
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Peripheral venous blood was obtained from healtilynteers aged between 20 and 50
years after informed consent. Individuals with rafie disease, acute infection or taking
any medication 20 days prior to blood sampling oy &istory of smoking -smekers
(personal interview) were excluded prior to blocainmgling. All experiments were
conducted according to the principles expressedarDeclaration of Helsinki.

Peripheral blood mononuclear cells (PBMC) wereatad from heparinized whole blood
by density gradient centrifugation (2000 rpm, 22 20 min) (Biocoll, Biochrom AG,
Berlin, Germany). Adherent monocytes were obtaiinech PBMC via plastic adherence
in 12-well plates (Nunc, Wiesbaden, Germamy)L.5 mL very low endotoxin (VLE)
RPMI 1640 medium (Biochrom AG, Berlin, Germany) plgmented with 5% human
serum type AB (CELLe€ MP Biomedicals™, Eschwege, Germany) and 1% glistam
(Gibcd® Invitrogen, Karlsruhe, Germany) for 1 h. Granulecynacrophage colony-
stimulating factor (GM-CSF) and Interleukin (IL)CellGenix, Freiburg, Germany)
were added on days 1, 3, and 6 at 100 ng/mL anthZaL, respectively, yielding 2-3 x
10° immature DCs per well. Purity and viability of D@&s assessed by flow cytometry

(Fig E2A-C).

Human T cell lineKM-H2

The human Hodgkin lymphoma T cell line (KM-H2) wparchased from the Leibniz
Institute DSMZ-German Collection of Microorganisansd Cell Cultures, Braunschweig,
Germany. 3-5 x 10KM-H2 cells were grown in 4 mL RPMI 1640 per weil 6-well-
plates (Nunc, Wiesbaden, Germany). All eukaryogtiscwere cultured in 5% Cftat

37 °C (HeraCell 240 and Heraeus BDD 6220, Thernsbdti Scientific, Waltham, USA).
Viability of cells after treatment with bacterialgernatants was assessed by trypan blue,

7-AAD and CellTiter-Blue® staining. (Fig B2C)



52
53
54

55

56

57

58

59

60

61

62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

Online Repository, Kepert et al., 3

I solation of intestinal lamina propria cells

Total colons were excised from mice, removed froesemteries, opened longitudinally
and cut into 2 cm long pieces that were incubabe®® min in 30 mM EDTA in PBS on
ice and then shaken vigorously with PBS to remaquithelial cells. After further cutting
into small pieces with sharp scissors these wegestied at 37 °C in RMPI supplemented
with 1 mg/mL collagenase D (Roche Diagnostics, Meim, Germany) and 10 mg/mli
DNAse | (Sigma-Aldrich, St. Louis, USA). Cells weseparated by a 40/80% (w/v)
Percoll (GE Healthcare, Chalfont St. Giles, UK) signcentrifugation step and washed

prior to staining for flow cytometry analysis.

Differentiation of murineprimary T cells

Murine spleens from female Balb/c mice were filteterough a 40 um filter to generate
single cell suspensions. These were then subjéctest] blood cell lysis by using RBC
lysis buffer (Biolegend, San Diego, USA) according the manufacturer’s
recommendations. Afterwards, naive CO4cells were isolated via magnetic-activated
cell sorting (MACS) using the naive CDZ% cell isolation kit (Miltenyi Biotec, Bergisch-
Gladbach, Germany). The resulting naive CD4ells were cultured in 96 wells plates
(1x1C cells/ml Medium) in TexMACS medium supplementedhwii0% FCS, 0.01 mM
2-Mercaptoethanol, rIL-2 (10 ng/ml) as well as MAB&ad particles with anti-CD3 and
anti-CD28 (1x18 beads per 1xfccells) (all Miltenyi Biotec). Cells were differdated
over a period of 6 days towards Th1l (10 ng/ml llab?i 10 pg/ml anti-IL4, derived from
Cytobox Th1), Th2 (10 ng/ml 114 and 10 pg/ml aritiyl, derived from Cytobox Th2) and
Treg (5 ng/ml) (all Miltenyi Biotec). Differentiain of cells was assessed by flow
cytometry (see Fig E8 for gating strategy), enhdrmgometric bead array (CBA) from

cell culture supernatants and qRT-PCR. Prior to GBA flow cytometry, cells were
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stimulated with monensin (0.7 uL/mL, BD Golgi StdpD Bioscience, Heidelberg,
Germany) for 4 h at 37 °C in the prescence of loywm (500 ng/ml, Sigma Aldrich,
Missouri, USA) and PMA (5ng/ml, Sigma Aldrich, M@si, USA).

Flow cytometry

Costimulatory molecules on human DCs

The following primary monoclonal antibodies were edis CD83 fluorescein
isothiocyanate (FITC); CDla phycoerythrin (PE); CD86-FITC; CDS80-PE; CD14
allophycocyanine (APC); CD40-APC; CD3-peridinin chlorophyll protein (PerCP); HLA-
DR-PerCP; mouse immunoglobulins G; (IgG;) mouse immunoglobulins 1G(1gG;) «
were used as isotype controls using the correspgrftliorochromes (all purchased from
BD Biosciences, Heidelberg, Germany). To accountdfanor dependent variability of
DC surface markers, all data were normalized toettfression induced by LPS which
was set to 100% after subtraction of backgroundiesml(FACS Canto, FACS DIVA

software, Version 5.0.3, BD Biosciences, Heidelb&egrmany).

Murine DC subsets and CD4" T cells

Single cell suspensions of splenocytes were olddiydiltering spleens through a 70 pum
strainer. Samples were stained with CD3-PB (1:Bdflegend, San Diego, USA), CD4-
APC-H7 (BD, 1:400), CD11c- APC-Cy7 (1:100), MhcRercp-Cy5 (1:100), CD11b-
FITC (1:100), CD80-AF647, CD40-APC (1:100). Foragellular cytokines, total spleen
cells were stimulated with anti-CD3 (4 pg/mL, BDoBcience, Heidelberg, Germany)
and anti-CD28 (30 ng/mL, BD Bioscience, Heidelb&grmany) for 16 h. 1xfmf total
lung cells were stimulated for 16h with MACSiBeaatles coated with anti-CD3 and
anti-CD28 using the T cell activation/expansion(Kiltenyi Biotec, Bergisch Gladbach,

Germany) in TexMACS medium (Miltenyi Biotec) accorg to the manufactures

4



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118
119

120

121

122

123

124

125

126

127

Online Repository, Kepert et al., 5

recommendations. Prior to staining, cells wereatg@ with monensin (0.7 pL/mL, BD

Golgi Stop, BD Bioscience, Heidelberg, Germany) @oh at 37 °C and intracellularly

stained for 1I-4-PE (1:100, eBioscience, Viennastia according to the manufacturer’s
protocols. Intracellular staining for Foxp3 was fpemed by using the Foxp3/

Transcription Factor Staining buffer set (eBiosces) Vienna, Austria) according to the
manufacturer’s recommendations.

The analysis was performed on an LSRII, with DIV Boftware v8.0 (BD Bioscience,

Heidelberg, Germany), kindly provided by the coret dluorescence cytometry of the

Research Center Borstel

Assessment of cytokines by cytometric bead array
Levels of 14, 115 and 1113 were analysed in BALRdacell culture supernatants using an
enhanced cytometric bead array (eCBA, Fex Set Bis,Biosciences, Franklin Lakes,

New Jersey, USA) according to the manufactureridejines.

Murineregulatory T cells

Cells were preincubated with Fc-Block (BD Bioscienkleidelberg, Germany) for 5 min
and stained for 20 min with the following antibagli€ITC-conjugated anti-CD3, Alexa-
Fluor700-conjugated anti-CD4 and APC-eFluor780-cgajed CD45.2. For intracellular
staining, cells were fixed and permeabilized with c@mmercially available
fixation/permeabilization buffer (eBioscience, My Austria). LIVE/DEAD fixable
Aqua dead stain kit (Invitrogen, Carlsbad, USA) wasd prior to fixation. Intracellular
staining was performed with PerCP-Cy5.5-conjugatetitFoxp3 and Helios. Gates were

set on live CD45CD3'CD4" T cells. All antibodies were from eBioscience (\ian

5
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Austria). Cells were analyzed with a flow cytomet@fortessa and LSRIl, BD
Bioscience, Heidelberg, Germany) and analyzed Wwithwjo software (Flowjo LLC,

Ashland, USA).

Quantification of CCL 17 and cytokinesin eukaryotic cell culture super natants

CCL17 was quantified in cell culture supernatarit&-H2 cells using ELISA reagent
Quantikine CCL17/TARC, (R&D Systems, Minneapolis,<SA) according to the
manufacturer’s instructions (ELISA reader MRXII, &mo Fisher Scientifc, Waltham,
USA).

For cytokine analyses, cell-free culture superrtatarere collected from DCs after 24 h
incubation with either probiotic supernatants orTiyptophan, and were stored in
aliquots at —80 °C before analysis. For probiotipeynatants, blank CDM1 was used as
medium control. For D-Tryptophan we used L-TryptaphD- and L-Prolin as control.
IL-5, IFN-gamma, IL-12, and IL-10, were quantifiey a multiplex assay (Milliplex
Human Cytokine Immunoassay, Millipore GMbH SchatlyaGermany) as described by
the manufacturer.

Bioassay-guided fractionation of probiotic supernatants and structural elucidation

of D-Tryptophan

Each fractionation step was controlled and drivethie results from the bioassays.
Fractionation according to polarity

Bioactive cell-free supernatants were first fracéited using stepwise gradient elution in
solid phase extraction cartridges. We applied 6 ohlbacteria free supernatants from
Lactobacillus casel W56 andLactobacillus rhamnosus GG and CDM1 medium (control)
into SPE-Gg cartridges (1 g, Mega Bond Elut, Varian, Agileetchinologies, Santa Clara,

6
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USA). We eluted in 10 steps using 2 mL of methamaiér solutions from 0% to 100%
MeOH. Each resulting eluate was divided in two égqodumes and dried in a SpeedVac
(SpeedVac Concentrator, Savant SPD 121P, Therntei=Bcientific, Waltham, USA)
for further bioassay experiments and chemical aesly MeOH/water extracts that
showed bioactivity were resolved in 500 pL of 10%®H/water solution and further
subjected to a second fractionation using a perdedphenyl chromatographic column
(Kinetex PFP 1.4um, 2.1 x 150 mm, Phenomenex, Torrance, USA) in rordénave a
complementary selectivity toigphase. A nonlinear gradient in 10 min from 5 to 25%
B, 14 min to 100% B at 40 °C with 0.180 mL/min floate (Mobile phase A: 10%
MeOH/H,0; B: 100% MeOH) was applied.

To this end, we coupled an Ultra Performance LigDidomatography system (UPLC-
PDA, Waters, UK) to an automatic fraction collect@riVersa NanoMate, Advion
BioSciences, Ithaca, USA) to originate new subtioms, which were retested in our
bioassays. UPLC and collection methods were defifi@d the bioactive 20%
MeOH/water extract according to its chromatograrm=00nm in an attempt to collect
single peaks or at least, reduce the complexitggmein each collected sub-fraction.To
obtain a large volume of each sub-fraction, theassdon and collection process was
repeated 15 times. The results from the bioassayxedhe chemical characterization of

the newly obtained bioactive sub-fractions.

Structural elucidation of the bioactive compound present in 20% MeOH extracts
The bioactive sub-fractions and their nearest rmgh collected from the second step

fractionation in PFP columns were reevaluated Wwa.O (Acquity, Waters, Elstree, UK)
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coupled to high resolution TOF Mass SpectrometeXis1 URH-TOF, Bruker Daltonics,
Bremen, Germany) to identify a candidate compoup@ddmparing peak retention time
and m/z values between chromatograms. Here, we resetdsed phase chromatography
(BEH-Cyg1.7um, 2.1 x 150 mm, Waters) and gradient elution fto 100% B in 8 min
at 40 °C (A: 10% MeOH / 0.1% formic acid / water; B: 0.1% formic acid / MeOH; flow
rate: 0.4 mL/min). Total lon Chromatograms wereaote#d in electrospray ionization
(ESI) positive mode. We isolated the candidate cmmg by repeated chromatographic
runs followed by peak collection until 1 ml of vahe was obtained to purify the
bioactive sub-fraction for further molecular forrauhssignment by high resolution FT-
ICR-MS in positive and negative ESI mode (APEX-Q& Tesla, Bruker Daltonics,
Bremen, Germany) and for structural elucidationpbgton NMR (UltraShield Plus 800

MHz, Bruker Biospin, Billerica, USA).

Chiral separation of amino acid enantiomersin fractionated super natants

After chemical characterization of the bioactivd-4raction, it was important to know
whether both isomers of Tryptophan were presettiersolution. Therefore, we applied a
derivation technique using o-phthaldialdehyde (OP#&)d N-isobutyryl-L-cysteine
(IBLC) (Sigma-Aldrich, St. Louis, USA) according sopreviously described method(3)
(). Standard solutions containing D- and L-Tryptaphand our bioactive sub-fraction
were then analyzed by reversed phase chromatogragihng a small diameter UPLC
column (BEH-Gg 1.7 um, 1.0 x 150 mm, Waters, Elstree, UK) with isoaraiution at
45% B for 3 min at 60 °C (A: 20 mM sodium acetate; B: 7% acetonitrile in MeOH; flow
rate: 0.1 mL/min) coupled to a fluorescence dete@tea300 nm for the excitation; A=

445 nm for the emission).
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Enantiomeric separation of D-Tryptophan in murine sera

The investigator (C.M.) was blinded to the murimeefvention groupsDue to the
abundance of interfering proteins a protein préaijmn was done. For this purpose the
sera were thawed on ice and 20 pL of each sample wgorously shaken with 80 pL
4 ° C methanol (Chromasolve, Fluka, St. Louis, USAYJ centrifuged (15,000 x g at
4 °C for 15 min). The supernatants were taken, edpd and resolved in water before
injection. The derivation was performed as desdriloe bacterial supernatants with some
modifications as recently published (2). For quadtion human serum was spiked with
different concentrations (0.005-0.15 pug/mL) of BDgdtophan and randomly analyzed.
The enantiomeric ratio (peak area D-Tryptophan/peaka L-Tryptophan) was

calculated, and was observed to follow a lineareggjon (y=0.0406x+0.0102, R2>0.98).

Induction of allergic airway inflammation

Female 6-8 week old Balb/c mice (Charles River lratmyies, Wilmington, USA) were
sensitized 1.p. using 10 pg of ovalbumin (grade VI; Sigma Aldrich, St. Louis, USA) or
PBS (controls) in alum (Pierce Chemical Co, RodkflSA) at day 0, 7 and 14 and
challenged intranasally under isoflurane narcosih W0 g of ovalbumin in 20 ul PBS

or PBS only (controls).

Lung Function

Animals were anesthetized i.p. with ketamine (14@/kg) and xylazine (7 mg/kg),
tracheostomized, intubated (18G tube), placed warmning plate and ventilated with a
tidal volume of 10 mL/kg at a frequency of 150 bhs&minute and a positive end-
expiratory pressure of 2 cm,8 on a Buxco R/C system (Buxco Reseach Systems,

Wilmington, USA). To assess airway hyperreactivitye mice were challenged with

9
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metacholine in physiological saline generated \aithin-line nebulizer and administered
directly with increasing concentrations (0, 12.5, 80 mg/mL) by the ventilator for 20
seconds. Resistance (R) and Compliance (C) wersuregh continuously for 2 min and

the average was calculated and plotted againseotration.

Gene expression analysisin murine fetal lungs

Fetal lungs were collected from animals deliveredoesarean section at embryonic day
18.5 (Balb/c). Total RNA was isolated employing théRNeasy Mini (Qiagen, Venlo,
Netherlands) including digestion of remaining gefmnDNA. The Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, Y8As used to assess RNA quality
and only high quality RNA (RIN> 8.7) was used for microarray analysis. For mRNA
profiling, 30 ng total RNA was amplified using tleation PicoSL WTA System V2 in
combination with the Encore Biotin Module (NugeanSCarlos, USA). Amplified cDNA
was hybridized on an Affymetrix Mouse Gene ST Zrhwplate. Staining and scanning
was done according to the Affymetrix expressiortguol including minor modifications

as suggested in the Encore® Biotin protocol (NuGam Carlos, USA).

Bacterial 16SrRNA gene amplification and diversity analysis

Diversity analysis of 16S rRNA genes was perforiag@dmplicon sequencing. In the
first PCR reaction, bacterial genomic DNA was saotgd to 16S rRNA gene
amplifications using the primer S-D-Bact-0785-a&5-GGMTTAGATACCCBDGTA-
37 and S-*-Univ-1100-a-A-15 [5-GGGTYKCGCTCGTTR}3's already mentioned.
The reaction mixture of 25 pL in total was compos€fl ng x pL-1 template DNA, 10

UM of each primer, 10 mM dNTPs (Fermentas, Vilnlithuania), 5% of dimethyl

10
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sulfoxide (Sigma-Aldrich, St. Louis, USA), 5 U x plLof FastStart High Fidelity
Polymerase (Roche Diagnostics, Mannheim, Germd®y FastStart Buffer, and
nuclease-free water (Life Technologies, Carlsbail, (TSA). The PCR started with an
initialization at 95°C for 5 min, followed by 28 clgs of denaturation at 94°C for 45 sec,
annealing at 44°C for 45 sec, and elongation a€#@f 45 sec. A final elongation step at
72°C for 5 min completed the PCR reaction. To min@rcontamination with primer
dimers, generated fragments were cut out of thafyel standard agarose gel
electrophoresis and purified with the NucleoSpih &®l PCR Clean-up Kit (Macherey-
Nagel, Duren, Germany).

During the second PCR, lllumina sequencing adajptersell as dual indices were
attached to the purified amplicons using the Nex¥F Index Kit (Illumina, San Diego,
CA, USA). The reaction volume was 50 pL in totatl @ontained 5 pL of genomic DNA,
5 pL of each Nextera XT Index Primer, 25 pl 2x KARAI HotStart ReadyMix (Kapa
Biosystems, Wilmington, MA, USA), and 10 pL of neate-free water (Life
Technologies, Carlsbad, CA, USA). The PCR reactias performed according to the
following thermal profile: 95°C for 3 min, followeldy 8 cycles of 95°C for 30 sec, 55°C
for 30 sec, 72°C for 30 sec, and finalized by 785 min. The PCR products were
cleaned up with the Agencourt AMPure XP system KBen Coulter, Brea, CA, USA),
DNA was quantified and the DNA quality was contedllusing the 2100 Bioanalyzer
Instrument (Agilent Technologies, Santa Clara, O8A), and sequenced with the
MiSeq instrument (lllumina, San Diego, CA, USA).

Gene expression analysis

Total RNA was isolated from homogenized lung tisswe cell culture using the

11
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miRNeasy Micro Kit according to manufacturer's iostions (Qiagen, Venlo,
Netherlands). Concentrations were determined wsiNgnoDrof§ ND-1000 (NanoDrop
Technologies, Erlangen, Germany) spectrophotometBNA was transcribed to cDNA
with the QuantiTect Rev. Transcription kit (Qiag&fenlo, Netherlands) and PCR for
specific genes was performed on a LightCycler 4&Qfgrm with Light Cycler 480
SYBR Green | Mastermix (Roche, Mannheim, Germargtailed gPCR primer

sequences are listed in table E3.

12
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Figure legends

Figure E1. Kinetic and volumes of supernatants from probiotic bacteria able to
lower CCL 17 secretion from KM-H2 cdlls.

A, Capacity of supernatants from bacteria culturedcim MRS medium to lower

CCL17 secretion of KM-H2 cells

B, Capacity of supernatants from bacteria culturegstricted CDM1 medium to

lower CCL17 secretion of KM-H2 cells

(M2h; @ 6t A 12h; ¢24h; ¥48 h). Data are shown each from three independent
experiments in duplicate (mean percentages = 3&tjwe to constitutive CCL17

secretion of untreated KM-H2).

Figure E2. Viability of KM-H2 cells and primary DCs

Viability analysis of KM-H2cells (upper panel) apdmary DCs (lower panel) after
treatment with probiotic supernatants with trypaeb@), 7-AAD staining B) and
photometric analysis after treatment with CellFistue® reagent@). D, Purity
assessment of primary DCs via flow cytometry beftet panel) and after LPS

stimulation (right panel) (representative imagel{r panel)

Figure E3. UPLC-PDA chromatogram of 20% MeOH/H20 extract from L.
casel W56 super natant

A, Sub-fractions and their time of collection werecided based on the peaks
observed in the chromatogra®, Immune modulatory activity was observed for
sub-fractions 7, 8 and 9. Chromatographic conditidtinetex PFP column Iuvh
particle size, 2.1 x 150mm. Nonlinear gradient b rhin from 5 to 25% B, 14
min to 100% B at 40 °C with 0.180 mL/min flow ragelobile phase A: 10%
MeOH/H20; B: 100% MeOH).

14
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Figure E4. UPLC-URH-TOF M S analyses of L. casei W56 and L GG

bioactive sub-fractions and their nearest neighbors.

A, Total ion chromatograms in ESI+ using reversedsplahromatography (C18
column: 1.7um, 2.1 x 150 mm) showing a peak @#t2 min for all bioactive sub-
fractions.B, Extracted mass spectra corresponding to the chiognagphic time range of
4.1-4.3 min. The same signal profile was observedll bioactive sub-fractions, where
m/z 409.1875, 205.0971 and 188.0702, strongly agrdethe Tryptophan ions
[2M+H]+, [M+H]+ and its fragment [M+H-NH3]+ (httpiMvww.massbank.jp/).

C, andD, FT-ICR-MS spectra of the purified bioactive suefion 7 of LGG in ESI
negative mode and ESI positive mode respectiveig dssigned molecular formula is

C11H12N20, with an error <0.01 ppm.

Figure ES5: Proton'NMR spectra of probiotic bacterial supernatant and L-

Tryptophan.

The upper panel of both figures shows an enlargenfahe shaded areas in the lower
panel.

A, 800 MHz "H NMR spectrum of probiotic bacterial supernatant; note the low sample
concentration (asterisk’C satellites at 0.5% intensity of HCD20D with 9983H).
Aromatic spin systems can be recognized, includieguplings, whereas aliphatic nuclei
show partial splitting due to low signal to noi§&#N) ratio.

B, 800 Hz'H NMR spectrum of L-Tryptophan in CD30D with aroisatyellow) and
aliphatic (green) spin systems indicated (note:abd L-Tryptophan produce identical

NMR spectra in achiral solvents).

Figure E6. Comparative UPL C-FL D chromatogram from the purified bioactive
sub-fraction.

15
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Comparative UPLC-FLD chromatogram from the purifimdactive sub-fraction.
Panel a: Subfraction 7 from LGG; Panel b: corresponding sub-fraction of blank
CDM1 medium. Enantiomer separation of Tryptopharivdézed with OPA-IBLC

shows the presence of D-Tryptophan only in thediiva sub-fraction.

Figure E7: Oral D-Tryptophan supplementation ameliorates allergic airway

inflammation
A, Treatment scheme for induction of allergic airviaijammation, D-Trp was supplied

in drinking water from day -3 in respective grous. Measurement of airway resistance
to increasing doses of methacholir@. Percent Il-4 and 11-13 cells within spleen
CD3'CD4" T cells. D, CD40" and CD80 on spleen CD11%"DCs, Box and whisker
plots: Maximum and minimum values (whiskers), tipper and lower quartiles (boxes)
and median (horizontal linefA) 7-8 mice/group, mean + SD, Two-way ANOVA with

Bonferroni post-test. *p<0.05, ***p<0.001.

Figure E8. In vitro differentiation of primary T cells
Murine naive CD4cells were differentiated in vitro for 6 days wittspective cytokines.

Gating strategy for analysis ok Th1 & Th2 cells as assessed by CE#y" or
CD4'1l4™, respectively, and induced Tregs as Q025 Foxp3 cells B).

Representative images of n=4 independent experanent

Figure E9. Influences of D-Tryptophan supplementation on the intestinal bacterial
composition in healthy and diseased mice.

A, An unweighted UniFrac distance matrix based on @&bunts was used to perform
Principal Coordinate Analysis (PCoA). The generateatterplot indicates dissimilarities

between individual samples. Statistical significamas determined with Student’test,

16
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P=0.001. All results are based on 95%-similarity GTOTU, operational taxonomic
unit. PC, principal coordinate. Ova, ovalbumin. PBHBosphate buffered saling,

Proportion of dominant bacteria (>0.05% abundancté#&)e intestinal tract of healthy and
diseased mice. Pie charts were generated to Asudle relative distribution of the most

abundant bacteria at the family level.

Figure E10. Expression of Sic6a family members in lungs of neonatal mice.
Sketch-quantile normalized linear intensity (measR). Background levels (dashed

line). Male and female neonates (n=4 each).

17



381
382
383

TABLES

Table E1: Bacterial strains used in this study

Online Repository, Kepert et al., 18

Bacterial strain Provider Bioactivity on*
KM-H2 DC

Lactobacillus rhamnosus DSM-2002: Leibniz Institute DSM. - -
Lactobacillus rhamnosus GG Valio Ltd, Helsinki, Finlan + +
Lactobacillus acidophilus W22 Winclove Bioindustries B' + +
Lactobacillus acidophilus W37 Winclove Bioindustries B' - -
Lactobacillus acidophilus W5C Winclove Bioindustries B' - -
Lactobacillus acidophilus W74 Winclove Bioindustries B' - -
Lactobacillus acidophilus DSM-2007¢ Leibniz Institute DSM. - -
Lactobacillus acidophilus LA -2 Chr.Hansel + +
Lactobacillus acidophilus LA -5 Chr. Hanse + +
Lactobacillus casei W56 Winclove Bioindustries B' + +
Lactobacillus casei W79 Winclove Bioindustries B' + +
Lactobacillus paracasei DSM-2031: Leibniz Institute DSM. - -
Lactobacillus paracasei subspparacasei LC-  Chr. Hanse + +
01

Lactobacillus gasseri W44 Winclove Bioindustries B' - -
Lactobacillus gasseri DSM-2007" Leibniz Institute DSM. - -
Lactobacillus hel veticus W60 Winclove Bioindustries B' - -
Lactobacillus plantarum W21 Winclove Bioindustries B\ - -
Lactobacillus plantarum W62 Winclove Bioindustries B' - -
Lactobacillus plantarum DSM-2017¢ Leibniz Institute DSM. - -
Lactobacillus rhamnosus W10z Winclove Bioindustries B' - -
Lactobacillus salivarius W24 Winclove BioindustrieBV - -
Lactobacillus salivarius W57 Winclove Bioindustries B' - -
Bifidobacterium animalis subsplactis BB-12 Chr.  Hansen, Horsholr + +

Denmark

Bifidobacterium breve W25

Winclove Bioindustries B\

Amsterdam, Netherlands

18
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Bacterial strain Provider Bioactivity on*
KM-H2 DC
Bifidobacterium breve DSM-2009: Leibniz Institute DSM.- - -
German Collection of
Microorganisms and Cell
Cultures, Braunschweig,
Germany
Bifidobacterium bifidum DSM-2045¢ Leibniz Institute DSM. - -
Bifidobacterium lactis BB-42C Danisco, Niebdll, Germai + +
Bifidobacterium lactis W51 Winclove Bioindustries B' - -
Bifidobacterium lactis W52 Winclove Bioindustries B' + +
Bifidobacterium longum BB-4€ Chr. Hanse + +
Bifidobacterium longum W10¢ Winclove Bioindustries B' + +
Bifidobacterium longum subsp. infantis DSM- Leibniz Institute DSM. - -
20088
Enterococcus faecium W54 Winclove Bioindustries B' - -
Lactococcus lactis W18 Winclove Bioindustries B' - -
Lactococcus lactis W32 Winclove Bioindustries B' - -
Lactococcus lactis W58 Winclove Bioindustries B' + +

Streptococcus thermophilus W6E
Escherichia coli Nissle 191

Winclove Bioindustries B'
Ardeypharm GMbH
Herdecke, Germany

TAbility of bacterial cell free supernatants to lovCL17 secretion by KMH2 cells (left) and to

reduce LPS-induced up-regulation of costimulatopfanules on human monocyte derived den-

dritic cells (DC, left)

19
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393 TableE2:

Table E2. Regulation of GPR109B (NIACR?2) in asthmatic or atopy subjects compared to controls’

Experimental conditions GEO Acc. p value fold
change

Airway epithelial cells from children with atopisthma vs. healthy

. GSE18965 0.0447 -2.95
chidren

Airway epithelial cells 4hr after saline exposui@epy and asthma

. GSE8190 0.0042 -1.53
subjects vs. control

CD4+ T celss isolated from blood of patients wiinrsevere asthma

Vs
el e GSE31773 1.8E-5 -2.29

CD8+ T ce!ls isolated from blood of patients wiinrsevere asthma VSGSE31773 0.0002 -1.91
healthy subjects

* Data for GPR109B association with asthma wasaexéd from the Disease Atlas Database (www.negtiig).
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Table E3: primer sequences used for gRT-PCR

Name fwd 5'->3' rev5'->3'
Gata 3 CTTATCAAGCCCAAGCGAAG CATTAGCGTTCCTCCTCCAG
L4 GGATGCGACAAAAATCACTTG TTGGAAGCCCTACAGACGAG
L3 Mm_I113_1_SG QuantiTect Primer Assay (Qiagen)
Ifny AGGTCAACAACCCACAGGTC GAATCAGCAGCGACTCCTTT
Foxp3 TCAAGTACCACAATATGCGACC TAGGCGAACATGCGAGTAAAC

21
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Figure E7
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