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The prevalence of in ammatory bowel disease (IBD) has incased in Western countries
during the course of the twentieth century, and is evolvingitbe a global disease. Recently
we showed that a bacterial meal of a non-commensal, non-patbgenic methanotrophic
soil bacterium,Methylococcus capsulatusBath prevents experimentally induced colitis in
a murine model of IBD. The mechanism behind the effect has thifar not been identi ed.
Here, for the rsttime we show thatM. capsulatus, a soil bacterium adheres speci cally to
human dendritic cells, in uencing DC maturation, cytokingoroduction, and subsequent
T cell activation, proliferation and differentiation. Weharacterize the immune modulatory
properties of M. capsulatusand compare its immunological properties to those of anothe
Gram-negative gammaproteobacterium, the commensaEscherichia coliK12, and the
immune modulatory Gram-positive probiotic bacterium,Lactobacillus rhamnosus GG
in vitro. M. capsulatus induces intermediate phenotypic and functional DC matur&n.
In a mixed lymphocyte reactionM. capsulatus-primed monocyte-derived dendritic cells
(MoDCs) enhance T cell expression of CD25, thg-chain of the high af nity IL-2 receptor,
supports cell proliferation, and induce a T cell cytokine prle different from both E. coli
K12 and Lactobacillus rhamnosusGG. M. capsulatus Bath thus interacts speci cally with
MoDC, affecting MoDC maturation, cytokine pro le, and subgquent MoDC directed T
cell polarization.

Keywords: dendritic cells (DC), old friends hypothesis, immun
T cell polarization, immunobiotics, soil bacteria

e modulation, environmental bacteria, DC activation,

IMPORTANCE

There has been a growing interest in probiotics for treatioghdlBD, allergies, and autoimmune
diseases, and considerable e ort has been invested in fgergi novel probiotics aimed for
treating immune pathologies. Typically, candidate probibticteria has been of human or animal
origin, and a host-associated lifestyle is assumed to be r@quisite for developing immune-
regulatory functions. Here we describe immune modulatomciions of a non-commensal soil
bacterium previously shown to exhibit anti-in ammatory e exin a murine colitis model pointing
to environmental bacteria as a new and untapped source of bad@ modulating immune
responsiveness.
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INTRODUCTION non-commensal environmental bacteria in protecting agiins
experimental colitis in mammals, but the mechanisms behind
A|th0Ugh microbes are associated with all eplthe'lal swsacf these e ects have not been identied. Both live and heat-
animal hosts, the highest number, and most diverse mictobiailled probiotic bacteria have previously been shown to protec
pOpUlationS are found in the intestines. Some 10-100 tri”iorhgainst experimentai CoiitisWieti et ai_, 2009; Sang et ai_,
microbes colonizes the human gastrointestinal tract, wiie  2014: Toumi et al., 2014: Souza et al., }0Pgoposed modes
highest numbers present in the colomurnbaugh et al., 2007  of action include competitive pathogen exclusion, production
The physiology of these microbes and their hosts is closebf antimicrobial substances, gut ora modulation, moduat
connected and mutually regulateBiown et al., 2013 The host e ects on epithelial barrier integrity, regulatory e ects anriate,
shapes the composition of the intestinal microbiota at speciegnd adaptive immunity and e ects on epithelial development
and community levels by supplying nutrients and by producingand survival Bermudez-Brito et al., 20)2However, direct
antimicrobial peptides. The human microbiota in return, addse ects on dendritic cells (DCs) with subsequent e ects on
to the metabolic, and biochemical activities of the host an(tytokine production and T cell deveiopment is expected to
play essential roles in the development and di erentiation ofhe a common mode of action for those probiotic strains
the host intestinal epithelium, the immune SyStem, and in th%bie to modulate adaptive immunity B(enenstock et ai_i
maintenance of mucosal homeostasigicholson et al., 2012; 2013,
Sommer and Backhed, 2013 DCs are professional antigen presenting cells that play
Only a single layer of epithelial cells separates the luming| key role in both innate and adaptive immune responses
contents and microbial community from underlying tissuesd  (Steinman, 2012 Intestinal DCs expresses pattern recognizing
the epithelial barrier therefore provides a possible entry pfint  receptors (PRRs) to recognize various microbial structures an
opportunistic pathogens into the body. The host must maintaincan distinguish between microbe-associated moleculaepat
a mutualistic re'ationShip with the commensal minObiome,(MAMps) of even Cioseiy related Organisms to initiate Speci c
while retaining protective responsiveness against pathegenand appropriate response. The capacity of DCs to activate naive
bacteria. To achieve this it must preserve epithelial intggmd T cells inducing T cell expansion and polarization, position DCs

regulate pro- and anti-in ammatory signaling, in an approp®at as critical mediators of hostimmune tolerance, and in antory
manner. Homeostasis is maintained through continuous angesponses\(ann et al., 2013

dynamic interactions and communication between the iritest The dietary inclusion ofVl capsulatusBath in DSS-colitis
microbiota, the epithelium, and immune cells in the intestin  model a ected the intestinal epithelium through increased ce
mucosa. proliferation and mucin production, suggesting bene cial etec

The regulatory interactions that exist between multiceltul on gut barrier function. However, direct e ects on cells of

organisms and the microbial world are not necessarily Edit the immune system was not evaluated in that study. Here,
to those between commensals and their hosts. The increasifgr the rst time, we show thatM. capsulatusBath, a non-

prevalence of inammatory bowel disease and autoimmuneommensal environmental bacterium, speci cally and stigng
diseases in the western world has been associated Withe‘ddu(‘adheres to murine and human DCs, an immune cell type
exposure to helminths and environmental microorganismscentral in regulating both innate and adaptive immunity. We
from soil, water, and fermenting vegetablésopk, 200). The  compare the immune modulatory e ects &. capsulatus3ath
“hygiene hypothesis” was forwarded as a result of studigg those of the Gram-negative commeng&aicherichia cok12,
coherent with the idea that postnatal infections may bey non-pathogenicE. colistrain originally isolated from stool
protective against allergy later in life, and that such protec  of a diphtheria patient Agency USEP, 19)7and the well
may be lost in the presence of modern hygierigrgchan, characterized Gram-positive probiotic bacteriubnactobacillus
1989, 200D The related “old-friend hypothesis” explains the thamnosusG. The interaction between DC and. capsulatus
striking increase in chronic in ammatory disorders as lalg |eads to functional activation of the DCs, a ects DC cytokine

being due to reduced contact with microorganisms that Weyro le, improves T cell activation, and proliferation and devi
have coevolved with, and therefore depend on, for propeg ector cell polarizatiorin vitro.

immune development and regulationRfok, 2010 In this

context both pathogenic bacteria, the commensal microbiotai\/iATERiALS AND METHODS

pseudo-commensals, and even the environmental microbiota

may be essential regulatory components of the mammaliaBacterial Strains and Culture Conditions

immune system. An increased mechanistic understanding a¥l. capsulatustrain (Bath) (NCIMB 11132, Aberdeen, UK) were

how such microbes and microbial products aect immune grown in nitrate mineral salts mediumy(hittenbury et al., 1970

homeostasis may form a basis for developing novel tool@ith a head-space of 75% air, 23.75%,Chind 1.25% C@at

for modulating immune responses in chronic in ammatory 45 C and 200 rpm.E. colistrain K12 was kindly provided by

disorders. Department of Bacteriology, the Norwegian Veterinary Inggtu
Recently we demonstrated that a bacterial meal of th&lorway. E. coliK12 @Blattner et al., 1997was grown in LB

Gram-negative soil bacteriuniethylococcus capsulatBsith, medium (Oxoid Ltd., Basingstoke, United Kingdom) at 87and

ameliorates dextran sulfate sodium (DSS) induced cofitraice 200 rpm.L. rhamnosu&G was grown in MRS medium (Oxoid

(Kleiveland et al., 20)3The study points to a potential for Ltd.) anaerobically at 3T without shaking.
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Cells and Culture Conditions T Cell Proliferation Assay

Human erythrocyte- and plasma depleted blood wereMoDCs were primed for 24 h with UV-inactivated. capsulatus
obtained from healthy volunteers from Ostfold Hospital Ttus 1:100 (DC:bacteria) in Nu¥ UpCel™ plates (Thermo Fisher).
Fredrikstad, Norway in accordance with institutional ethi  After 24 of stimulation the MoDCs were harvested, washed and
guidelines and with approval from the Regional Committeeco-incubated with allogenic human T cells in 96-well plates in
of Medical and Health Research Ethics with written informeda ratio of 1:10 (DC:T cells). Next day recombinant human IL-
consent from all subjects. All subjects gave written infedn 2 was added to each well to a nal concentration of 10 U/ml.
consent in accordance with the Declaration of HelsinkiAfter 96 h of co-culture cells were pulsed ByHJ-thymidine (1
Peripheral blood mononuclear cells (PBMCs) were isolatechCi, Perkin Elmer) for 18.5h. Cells were harvested onto glass-
by density gradient centrifugation on a Lymphoprep gradientber lters and incorporated thymidine determined by liquid
(Fresenius Kabi). Human T cells were isolated from PBMCscintillation counting using a TopCount NX¥ Luminometer

by negative selection using Dynabeads Untouched Huma(Packard BioScience Company).

T Cells Kit (Thermo Fisher). CDf4 cells were isolated by

positive selection using human CD14 MicroBeads (MiltenyiScanning Electron Microscopy (SEM)

Biotech). To develop immature monocyte-derived dendriticlmmature MoDCs were co-cultivated witM. capsulatuBath
cells (MoDCs) CD1% cells were cultivated for 6 days in RPMI in 1:100 ratio (cells:bacteria) in medium free of antibisti
1640 medium supplemented with 10% heat inactivated fetdbr 2—4h in a humi ed atmosphere with 5% CGOCells were
calf serum and 25mg/ml gentamicin sulfate (Lonza), 1 mM washed twice by phosphate bu ered saline (PAA Laboratories),
sodium pyruvate and 1060 non-essential amino acids (both xed with 4% PFA and 2.5% glutaraldehyde (1:1) for 20 min
from PAA Laboratories), 25 ng/ml interleukin 4 and 50 ng/ml at room temperature. Cells were washed again, dehydrated in a
granulocyte macrophage colony stimulating factor (bothnfro graded ethanol series and dried using a critical point dehtgira

ImmunoTools). (CPD030 BalTec). Samples were coated with00 A Pt in

a sputter coater (Polaron SC7640, Quorum technologies) and
Bacterial Stimulation, Cytokine Analysis analyzed using an EVO-50 Zeiss microscope (Carl Zeiss AG).
and Immune Phenotyping of MoDCs Confocal Imaging

For immune phenotyping and DC cytokine analysis MoDCS) a1 re MoDCs were generated from COfl4nonocytes as
were primed for 24h by bacteria in a ratio of 1:10 (MoDC: jeqcrihed above. 1 168/ml M. capsulatusBath were stained

bacteria) or by a maturation cocktail of 15ng/ml TNF- 19 13 CFSE in PBS. CFSE-stained bacteria were co-
(ImmunoTools), 100 ng/ml LPS and &g/ml PGE2 (Sigma- incubated with immature MoDCs in a ratio of 1. 100 cells-

Aldrich). Culture supernatants were harvested and stored acteria. Cells were washed, xated in PBS with 1% formalin

_ 20 C then analyzed for cytokines by ProcartaPlex MultipleXyen, \ashed twice before coverslip was mounted on objeet sli
|mmunogssay (eBlpsmence). TGFand IL-6 was mgasured by with ProLong Diamond Antifade Mountant with DAPI (Thermo
ELISA kits (eBiosciences and PeproTech respectively). MODG@§spher scient c). Samples were scanned under a Zeiss LSM510

were also harvested and stained using PE-conjugated matise a ;= confocal microscope (Carl Zeiss). Confocal stacks were
human CD80 antibodies, PE-Cy5 conjugated mouse ant"humagcquired with z-spacing of Oram.

CD83, and PE-Cy5 conjugated mouse anti-human CD40 (all
from BD Biosciences). For viability testing cells werengdiby  Statistical Analysis

1mg/ml Pl and analyzed by ow cytometry. Data were sampled in hierarchical structure, with multiple
measurements per individual. This violates the assumption

DC-T Cell Co-cultures for Cytokine of independent measurements underlying ANOVA and

Analysis and Immunophenotyping conventional linear regression. This issue was remedied by

To induce antigen specic T cell responses a modi ed mixed@nalyzing the data using a mixed e ects linear model, in which
leukocyte culture system (MLC) were used with MoDC a<ach individual acted as a random e ect. Box-Cox analyses wer
stimulator cells and puri ed peripheral blood T cells as respend Used for nding suitable normalizing transformations. Datere
cells. MoDCs, either unprimed or primed by UV-inactivated analyzed on the log-scale and subsequently back-transtbrme
bacteria in a ratio of 1:100 (MoDC:bacteria) for 24 h, were cofor interpretation. All analyses were controlled by residpiaits
incubated with allogeneic T cells from two di erent donors{0  and Shapiro-Wilks test for normality.

ratio between MoDCs and T cells). For cytokine analysis cells

were grown in 48 well plates. After 5 days culture supernatanRESULTS

were harvested and T cells phenotyped by ow cytometry i

using FITC-conjugated anti-human CD4 and APC-conjugatedVl- Capsulatus Bath Adheres Speci cally to
anti-CD25 (both from Miltenyi Biotech). Fluorescence wasMoDC

detected by a MACSQuant owcytometer and analyzed usind\ bacterial protein preparation oM. capsulatusBath was
the MACSQuantify software (both from Miltenyi Biotech). previously found to have anti-in ammatory e ects in a murine
Cytokine concentrations in culture supernatant were meadur model of colitis Kleiveland et al., 20)3 When studying
by ProcartaPlex Multiplex immunoassay (eBioscience). possible immune modulatory e ects on immune cells, we
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observed that bacteria clustered around a small subsetlisf ceMODCs Respond to Bacterial Stimulation
in peripheral blood mononuclear cell preparatiorfaqure 1A). by Eliciting Distinct Cytokine Pro les
The appearance and low frequency of the target cells wef§epending on the nature of the stimuli, functionally mature
consistent with the size and expected frequency of DCs amongcs release cytokines promoting di erentiation of naive T sell
PBMCs. To determine whether the target cells were in faghto specic e ector cell subsets. Sindd. capsulatusand E.
DCs we incubated. capsulatusath with CD14 monocytes  ¢olj induced phenotypic maturation of MoDCs we wanted to
or MoDCs generated from CDf4monocytes in the presence see whether the bacteria also resulted in functional maiomat
of IL-4 and GM-CSFM. capsulatuglid not bind to CD14  characterized by cytokine release. Multiplex immunoassay and
monocytes Kigure 1B), but quickly associated with dendritic enzyme-linked immunosorbent assay (ELISA) was used to
cells Figure 1Q. The interaction betweeM. capsulatuBath  measure select cytokines in culture supernatants of MoDCs co-
and MoDCs was further visualized by scanning electronyytivated with bacteria for 24 hFjgure 4). In general, and in
microscopy (SEM) showinlyl. capsulatusath in large clusters accordance with the observed phenotypic activation of MoDC,
on MoDCs after 3 h of co-incubation, even after several washgs ¢olik12 was the most potent inducer of cytokine production,
with PBS Figure 1D). and resulted in increased release of -1L-12p70, IL-10,
To study binding kinetics we co-incubated CFSE-stainedNF-a, IL-2, IL-23, IFNg, and IL-6 compared to unprimed
bacteria with MoDCs. Cells were counterstained with DAPlcontrol. L. rhamnosussG in comparison was the least potent
and confocal microscopy was used to visualize interactio®s o jnducer of cytokine production in MoDCs of the three tested
time (Figure 2. M. capsulatusBath were found in scattered pacteria Eigure 4). Incubation withM. capsulatugath resulted
association with cells after just 30min of co-incubatiomda i intermediate levels of cytokines. Similar & coliprimed
after 2h a large number of bacteria associated with moss.cell\jopCs, incubation withvI. capsulatugnhanced the production
Strikingly, after around 3 h of co-incubatiod. capsulatusvere  of |L-12p70, IL-10, TNFa, IL-2, and IL-23 compared to
typically found to cluster around the nucleus of the MoDCs. Aunprimed MoDCs. Howevel. capsulatusreatment in general

large number of bacteria could be seen associated withugetls  resulted in lower cytokine levels th@h coliK12.M. capsulatus
20 h after co-incubation. At 48 h bacteria were cleared froost  primed cells produced substantially less Ih-1L-6, IL-10, IL-

cells although a few intact bacteria was found associatixcbeils 12570, 1L-23, and TNR than E. coliprimed cells, but the two

up to 72 h after co-incubationRjgure 2). bacteria induced similar levels of IL-2 from the MoDCs. TGF-
b could not be detected in any of the co-cultures (data not

M. capsulatus Bath Induces Phenotvpic shown). Thus, the interaction betwedh. capsulatuBath and
- cap yp MoDCs resulted in both quantitative and qualitative di eress

and Functional Maturation of MoDCs in cytokine production compared t&. coliK12.
Upon microbial stimulation, DCs undergo a program of

maturation that endows them with capacity to activate naive TV, capsulatus Bath Increases DC-Induced

cells, induce T cell expansion, and to polarize T cells towarei— Cell Activation and Proliferation
e ector subpopulations appropriate to the stimulus encounteredAntigen recognition and a co-stimulatory signal through GD2

Mature DCs are characterized by expression of co-stimulatorgn T cells is required to induce functional T cell activatiomda

molecules required for e cient T cell activation. We compdre . - . .
. o clonal expansion. As the bacteria di erently induced expr@ssi
the ability of M. capsulatusBath, Gram-positive, and Gram- . . -
of DC co-stimulatory molecules, we examined the ability of

negative control bacteria to induce MoDC activation as asesks . - : . - .
. ) ) acteria-primed MoDCs to activate and induce proliferation
by expression of costimulatory molecules like CD40, CD8 . ; . .
. - - ... Ih peripheral blood T cells. We co-incubated bacteria-primed
and CD83. MoDCs, either left unprimed or co-incubated with . . .
. . MoDCs with allogenic T cells and measured expression of CD25
bacteria M. capsulatusBath, L. rhamnosusGG, or E. coli . .
: . ) by ow cytometry. T cells co-cultivated wittM. capsulatus
K12) were stained for co-stimulatory molecules and matorat . .
primed MoDCs expressed increased levels of CD25 compared

;ncatlir\';;f d inda ?nnaatluyé;%nbgocﬁg”iﬁggﬁ{f'gﬁﬂ);g& to T cells cultivated with unprimed MoDCs or MoDCs primed
y 9 ! ’ by any of the control bacteria F{gure 5A). To test the

PGE were used as a positive control. The maturation cockail, ability of bacteria-treated MoDCs to induce proliferation in

coliK12, andM. capsulatu8ath induced upregulation of CD40, . . -
CD83, and CD8O in immature MoDCE. colik12 was found  2109eneic T cells we measured DNA synthesiShly frymidine
incorporation. MoDCs activated byl. capsulatusvere stronger

to represent the most potent bacterial stlmulus for mducmgsupporters of T cell proliferation than MoDCs primed by any of
a mature DC phenotype compared to unprimed control cells o
the control bacteriaKigure 5B).

and induced expression of all activation markevk.capsulatus
Bath showed intermediate ability to induce MoDC maturat|c_)r_1\MoDCS Primed by Different Bacteria Have
control, but a lower expression of CD83 comparedtacoliand D!fferent_Al_Jlllty to Drive T Cell

the maturation cocktailfigure 3). L. rhamnosu§&G was a weak Differentiation

inducer of MoDC maturation, and produced a phenotype similarCytokines produced by mature DCs contribute to drive T
to unprimed cells. Cell viability, determined by PI stainjngas  cell di erentiation into specic e ector cell subsets. In order
similar between treatments suggesting that none of tharstra to evaluate functional e ects of bacteria-treated MoDCs on
asserted toxic e ects on MoDCs (Data not shown). T cell polarization, activated MoDCs were co-incubated with
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FIGURE 1 | M. capsulatus Bath interacts speci cally with human MoDCs. (A-C) Light microscopy image ofM. capsulatus Bath co-incubated (1:100
cells:bacteria) with human PBMC, cD1% monocytes, or monocyte-derived dendritic cells without wahing. M. capsulatus Bath clusters around low frequency-cells
in PBMC (C) (arrow), but not cD1£ monocytes (B). In co-culture with MoDCs bacteria cluster around a majoritpf cells (C). (D) SEM electrograph showing

M. capsulatus Bath adhering to human MoDCs after 3 h co-incubation.

allogeneic T cells. Culture medium was collected and andlyze Conversely, only the Gram-negative bacteia capsulatus
for cytokines associated with dierent e ector T cell subsetsBath and E. coli K12 gave signi cantly higher levels of the
(Figure 6). MoDCs primed by any of the bacteria resulted in proin ammatory cytokines IL-6, TNFa, IL-1b, and IL-1a. Both
markedly reduced levels of typical Th2 cytokines like IL-8l an bacteria also increased IL-23, a cytokine linked to the geiomn
IL-13. All bacteria further resulted in increased relealhe Thl  and maintenance of Th17 cells, Th17 cytokines (IL-17A, IL-21,
cytokine IFN-gamma and IL-10, an anti-in ammatory cytolén 1L-22), Th22 cytokines (IL-22, TNR), and Th9 cytokines (IL-9
produced by several e ector T cell lineages, compared to thand IL-21).
basal level produced by T cells co-incubated with unprimed Not all dierences could be attributed to dissimilarities
MoDCs. between Gram-positive vs. Gram-negative bacteria, however
Although all bacteria shifted T cells toward a Th1 ratherttha No signi cant di erence was found betweek. coliand M.
a Th2 phenotype, a major di erence was found between Grameapsulatusn their ability to induce Thl, Th22, or Th9 cells,
negativeM. capsulatuBath andE. coliK12 on the one hand as evaluated by IFNg; TNF-a, IL-9, and IL-21, but compared
and Gram-positive.. rhamnosu$G on the other. Compared to to E. colj M. capsulatusresulted in signi cantly less IL-23,
T cells co-cultivated with unprimed MoDCs only. rhamnosus- Th17- associated cytokines IL-17A, and IL-22 as well as pro-
treated MoDCs resulted in signi cantly reduced release e18, in ammatory cytokines IL1a, IL-1b, and IL-6 and the anti-
a proin ammatory cytokine that enhances innate immunity asin ammatory cytokine IL-10. Furthermore, reduction in Th2
well as Thl- and Th2-driven immune responses depending onytokines IL-5 and IL-13 was lowest fovl. capsulatusBath
cytokine milieu. primed co-cultures ance. coliand L. rhamnosusbut not M.
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knowledge, this is the rst report of an environmental badten
to target mammalian DCs to modulate immune function.

The realization that a soil bacterium interacts speci calih
human DCs raises some important questions. The signi carice o
the commensal microbiome in health and disease is increbsing
recognized, and there is a growing interest in probiotics
within the scienti ¢ and public community. However, the role
of environmental bacteria in immune regulation has been
underappreciated for understandable reasons. Itis not dit¢o
imagine that commensals living in close connection with hmsa
are also closely connected to human physiolo§grimer and
Backhed, 200)3Similarly, there is a long history of probiotics in
fermented food associated with longevity and health. In @era
world of reduced microbial diversity it may be less intuitive
to connect environmental bacteria to regulation of human
health. However, as emphasized by the “old friends” hyposhesi
mammals are evolutionary linked not only to commensals and
probiotics, but also to ambient microbes in both soil and wate
(Rook, 201p

Not only have mammals evolved from environmental
bacteria, but the mammalian immune system has developed in
the presence of such microbes. Throughout evolution some of
these microbes may have taken on functions for us, some may
relay signals necessary for immune development, while gthers
because of our long evolutionary association, are recegnizy
the immune system as harmless and have taken on regulatory
roles Rook et al., 2004 For example, chronic exposure to
environmental LPS and other bacterial components present in
farm dust may protect against asthmatic disea3eh(iijs et al.,
2015 possibly by reducing the overall reactivity of the immune

system.
M. capsulatusBath is an environmental bacterium that
FIGURE 2 | Methylococcus capsulatus— DC interaction kinetics.  Figure has been isolated from 50”, water, sewage, mud, and lake
shows CFSE labeledM. capsulatus Bath (green) co-incubated with human di ts. It does not require a host to survive and ma:
MoDCs for 30 min to 72 h. MoDC nuclei were counterstained wittDAPI (blue) Sediments. . q . . Yy
to aid visualization and interactions were visualized by cdocal microscopy. therefore face no obvious selection pressure to express iremun

modulatory molecules. Nevertheless, as discussétbbydevall
and Pirofski (2007) soil is an extreme environment with
rapidly changing conditions, and bacteria living in soilsllwi
capsulatusBath, reduced IL-1RA and lymphotoxia-levels in  encounter an enormous number of predators of di erent types:
the cultures.M. capsulatusthus induces a T cells responseynicellular amoebas, slime molds, protists, nematodes, sasils
functionally distinct from bothE. coliK12 andL. rhamnosu§G.  well as larger animals. As they are likely to meet ever-cinangi

conditions as well as predatory hosts with dierent types of
DISCUSSION receptors and antimicrobial defenses, soil dwellers havarty ¢

a diverse array of characteristics including host cell attisesnd
Previous studies have described protective properties of pticbi immune modulatory molecules as defense mechanisms against
bacteria, commensals, and their metabolites against erpetal  predators. It was beyond the scope of our study to identify the
colitis in animal models Rils et al., 2011; Qiu et al., 2013;bacterial factors involved in adhesion. However, a compoitai
Toumi et al., 2014; Souza et al., 2p1Although a connection and experimental analysis of thd. capsulatusecretome has
between chronic intestinal in ammation and a reduced expesu previously identi ed M. capsulatusBath protein homologs of
to bacteria from soils and water has been magedk, 200y, adhesion proteins that are involved in microbe adhesion tetho
few studies have focused on immune modulatory e ects of noneells in other bacterial specigésrelid et al., 201)} showing that
commensal environmental bacteria. Here we show that a sotlandidate host interaction proteins are presentMncapsulatus
bacterium previously shown to reduce symptoms of chemicallBath and may facilitate adhesion to DC.
induced colitis in mice Kleiveland et al., 20)3speci cally The maturation state and cytokine prole of DCs is
targets human dendritic celis vitro, a ecting DC maturation, functionally important. Although DCs represent a heterogene
T cell activation, proliferation, and di erentiatiorM. capsulatus group of antigen-presenting cells, they have traditionally
Bath was found to adhere speci cally to human DCs. To oumeen divided into immature and mature di erentiation stages
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FIGURE 3 | M. capsulatus Bath and E. coli K12 induce maturation of MoDCs. Human MoDCs were either activated by a maturation cocktail foTNF-a, PGE2,
and LPS or co-incubated with bacteria 1. capsulatus Bath, E. coliK12, or L. rhamnosus GG) for 24 h. Cells were stained for CD80, CD83, and CD40 and aiyzed
by ow cytometry in this gure. Median uorescence intensity (MFI) is reported. Error bars indicate standard error on mediamorescence intensity values from 6
different donors.

(Reis e Sousa, 2006lmmature DCs are characterized by to be stronger inducers of DC maturation and cytokine reéeas
low surface expression of major histocompatibility complexcompared to the Gram-positivd. rhamnosus It has been
(MHC) class Il molecules and co-stimulatory molecules (e.gsuggested that probiotic bacteria modulate immune respogse b
CD80, CD86, and CD40). However, when DCs encountecontrolling the maturation of DCs and thereby the release of
microbes, pattern-recognition receptors (PRRs) are triggereproin ammatory cytokines Eoligne et al., 2007Both the Gram-

by microbe-associated molecular patterns resulting in majonegative bacteria tested in our study induced phenotypicdl an
changes in gene expression and acquisition of a numbdunctional maturation. HoweveiM. capsulatuBath produced

of functional properties: antigen processing and presentatiora less mature phenotype and substantially lower cytokine
migration, and T-cell co-stimulationfalod et al., 201¢ levels thanE. coliK12. The fact that the Gram-negativd.

It has been proposed that pathogen, probiotic, and commensabpsulatusBath results in a less mature phenotype and low
bacteria can be divided into three distinct classes based davels of proin ammatory cytokines, suggests that simylarl
the extent of host response by DCs and other PRR expressitmy probiotic bacteriaM. capsulatusmay modulate immunity
cells. MAMPs of pathogenic microorganisms tend to induce ahrough directing the maturation of DCs.
strong host response, probiotics induce an intermediate nes@o Interestingly, although priming withM. capsulatugesulted
whereas commensal bacteria exhibit homeostatic control dfi a less mature MoDC phenotype thda. coliK12, it was
the response Lebeer et al., 20)0In the present study the found more e cient than both E. coliK12 andL. rhamnosus
non-commensal, non-pathogenM. capsulatuBath induced a GG bacteria in inducing T cell activation and proliferationtime
DC response intermediate between the Gram-positive probiotipresence of interleukin 2, a growth factor necessary for gelec
Lactobacillus rhamnos@G and the commensal Gram-negative progression and clonal expansioirGith, 198% M. capsulatus
E. coli K12. Substantial di erences were found betwekh primed MoDCs enhanced T cell expression of CD25 ak&hain
capsulatusBath, L. rhamnosusGG and theE. coli K12 in  ofthe trimeric high a nity IL-2 receptor explaining the incrased
their ability to induce phenotypical and functional maturati  proliferative T cell response compared to the other bacteria.
of monocyte-derived DCs. Toll like receptor 4 is expressed Whereas, co-stimulatory molecules on DCs and T cells are
on MoDCs and recognize lipopolysaccharide (LPS), the majarecessary for T cell activation and proliferation, DC cytmws
component of the outer membrane of Gram-negative bacteriare central in polarizing e ector T cell development. In additio
(Schreibelt et al., 20)JOLPS represents a strong stimulatoryto antigen presentation and signaling through co-stimulgtor
signal for inducing expression of co-stimulatory moleculesnolecules, cytokines provide a third signal for activatiorda
and cytokine production in DCs \(erhasselt et al., 1997 dierentiation of naive T cells to e ector cells. The nature of
Concordantly,E. coliK12 andM. capsulatuBath were found signal 3 depends on the triggering of particular PRRs by MAMPs
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FIGURE 4 | MoDCs produce distinct cytokine pro les in respon se to different bacteria. MoDCs were incubated with bacteria(M. capsulatusBath, E. coli
K12, L. rhamnosus GG) for 24 h in a ration of 1:10 (DC: bacteria). Culture supeatants were collected and analyzed for cytokines by multipk immunoassay or ELISA.
Cytokine concentrations are given in picogram/milliliteBars represents 95% con dence intervals on cytokine concemnations from 4 different donors.

speci ¢ to the microbe encounteredépsenberg, 2003Several anti-in ammatory cytokine [IL-10. IL-10 plays important
DC-derived cytokines are important for T cell polarizatiorton roles both in preventing in ammatory responses to intestinal
specic T cell subsets, e.g., IgNand 1L-12p70 are known to microbiota under steady state conditions, and in limiting T
be important for Thl polarization, IL-4 is essential for the2Z'h cell-driven in ammation in pathogen clearancé/@ynard and
di erentiation process, and TGB-to TH17 and Tregs. Although Weaver, 2008 Notably, MoDC-priming with all three bacteria
M. capsulatudehaved more similar t&. colithanL. rhamnosus signi cantly increased concentration of the Thl signature
in its ability to induce cytokine production from MoDCs, both cytokine IFNg and reduced the levels of typical Th2 cytokines
the magnitude and cytokine pro les of the two strains werelL-13 and IL-5. Th2 development has previously been suggested
di erent. Both strains for example induced similar levels bf2, to be a “default pathway” in the absence of IL-12oGer
but E. coliinduced considerably higher levels of IL-23, a cytokineand Murphy, 2000 In agreement with that, in our experiments
linked to the generation and maintenance of Th17 functionsunprimed MoDCs tended to induce Th2 cell responses compared
M. capsulatusnduced negligible IL-th, and compared td. coli to MoDCs primed by bacteria. The observation that even the
substantially less of Th1 polarizing factors IL12p70 and -&  Gram-positiveL. rhamnosudrives Thl development suggest
well as reduced IL-6 levels. IL-6 is a cytokine that plays@irol that LPS is not a critical factor in bacteria driven DC-medih
proliferation and survival of both Th1l and Th2 cells,isimpamt  Th1l development, in support of previous reportsn(its et al.,
for the commitment of CD# cells to the Th17 and Th22 lineages 200J.
and has an inhibitory role in Treg developmerttinter and Coherent with results from DC cytokine analysis, the cytbaki
Jones, 2015 pro le of T cells co-incubated with MoDCs primed by Gram-
Bacteria-induced di erences in MoDC cytokine production negative bacteria was markedly dierent from that of T
were also functionally re ected in dierent T cell polarizing cells activated by MoDCs treated with the Gram-positlve
ability in MoDC-T cell co-cultures. In response to bacteria-rhamnosusAgainL. rhamnosusesulted in lower levels of most
primed MoDCs, T cells produced increased levels of thefthe cytokines measured, a reduction in the pro-in ammator
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FIGURE 5 | M. capsulatus primed MoDCs ef ciently induce T cell activation and prolifer ation. (A) Immature MoDCs were primed by UV inactivated bacteria
for 24 h in a ratio of 1:100 (DC: bacteria). Primed MoDCs wereazincubated with allogenic T cells in the presence of IL-2. Adr 5 days of co-culture cells were
harvested, stained for CD4 and CD25 surface protein and angted by ow cytometry. Cells were gated on CD4-FITC expressiomand the percentage of CD# cells
expressing CD25 are shown. Plots represent results from 4 fferent MoDC/T cell donor combinations.(B) MoDCs primed by either UV-inactivatedVl. capsulatus
Bath, E. coliK12, or Lactobacillus rhamnosusGG for 24 h were co-incubated with allogenic T cells from two ifferent donors. After 96 h cells were pulsed by InCi

[3 H] thymidine. Thymidine incorporation was determined byduid scintillation counting 18.5 h after pulsing. The amourof incorporated thymidine is reported as
counts per minute (cpm). Bars indicate 95% con dence intervhon values from 5 different donor combinations.

IL-18 and no increase of IL4l, IL1-b, IL-6 compared to negative of the Th17 subset (IL-23, IL-17A, IL-21, IL-22), Th22 cyitws
control. Neither did it induce cytokines typically assoe@tith ~ (IL-22, TNF-a) and Th9 cytokines (IL-9 and IL-21). Howevé,
Th17/Th9/Th22 cells (IL-23, IL-17A, IL-21, IL-22, IL-9, TNa)  capsulatusnduced signi cantly less pro-in ammatory cytokines
compared to a control of T cells stimulated by unprimed DC. ThelL1-a, IL-1b, and IL-6 and anti-in ammatory IL-10. There was
low T cell-levels of cytokines in responseliorhamnosuss in  no signi cant di erence in the Thl signature cytokine IFN-
agreement with a previous report showing tHatrhamnosus- or Th9 cytokines IL-9 and IL-21. However, signi cantly less
primed MoDCs induce hyporesponsive T cells in DC-T celllL-23, IL-17A, and IL-22 was produced in response lth
co-cultures Braat et al., 2004 capsulatushan toE. coli The cytokine pro le thus indicated that
In contrast toL. rhamnosus M. capsulatiath, andE. coli  di erent e ector cells dominate in response to the two Gram-
K12 induced proin ammatory cytokines IL-6, ILH, and IL-l]a  negative bacterid. coliis a stronger inducer of the Th17 subset
as well as cytokines associated with generation and mantsn whereasM. capsulatusnduce Th1/T9 e ector cells over Th17

Frontiers in Microbiology | www.frontiersin.org 9 February 2017 | Volume 8 | Article 320



Indrelid et al. Immune Modulatory Properties oMethylococcus capsulatusBath

FIGURE 6 | Bacterial stimulation results in different effector T cell pro les.  Unprimed MoDCs or MoDCs primed byM. capsulatus or control bacteria were
co-incubated with allogenic T cells for 5 days. Growth medim was collected and analyzed for cytokines by multiplex immmoassay. Bars represent 95% con dence
intervals on cytokine concentrations from 4 donor combinaons.
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cellsin vitro. Some probiotics have been reported to inducelregs, Th9 and Th17 e ector cells, but it also suppresses Thl
Foxp3 regulatory T cells Kwon et al., 2010 It has been and Th2 cell di erentiation Zheng, 2018 TGF-b is produced
suggested that peripherally-induced Treg develop from naivey CD10§ DC (Coombes et al., 20)a DC subset common
CDAC cells exposed to antigens under tolerogenic conditionin the intestines and is expected to play a prominent role in
(e.g., by immature DCs with low levels of co-stimulation)wit regulating mucosal immunity§uane and Lavelle, 2011 TThe

an essential requirement for TAFsignaling (Varie et al., 2005; results of bacterial primingn vitro may thus be expected to have
Johnston et al., 20).6We did not nd detectable levels of TGF- di erent outcomes in arin vivosituation. The impact of immune

b released from MoDC stimulated by. capsulatusNeither modulatory e ects of M. capsulatuson DC in maintaining

did we nd signi cantly increased expression of Foxp3 in T cellintestinal homeostasis thus remains to be determined (siad

co-cultures with bacteria stimulated MoDC (data not shown).
E. coliand L. rhamnosus but not M. capsulatusBath,

reduced lymphotoxima and IL-1RA in culture supernatants.

Lymphotoxina is important for lymphoid organ development,

regulates T cell homing and IgA production in the gut and Environmental

contributes to shaping the gut microbiom&ddle, 201yt The

balance between IL-1 and IL-1RA in local tissues plays aimmunomodulatory properties.

preparation).

CONCLUDING REMARKS

bacteria, although immensely numerous
and diverse, have remained largely unexplored for their
Our results demonstrate

important role in the susceptibility and severity of a numbér o the direct binding and functional e ects of a soil bacterium

diseases, including IBDA(end, 200). For example, signi cant
decrease in the intestinal mucosal IL-1RA/IL-1 ratio hasrbe
found in freshly isolated intestinal mucosal cells, and inaosal
biopsies obtained from both Crohn's disease and ulceratligs
patients as compared to control subjectSagini-Raggi et al.,
1999. The observation that IL-dand IL-1b is reduced, while IL-
1RA is kept high inM. capsulatugprimed DC-T cell co-cultures
is interesting in the light ofM. capsulatusanti-in ammatory
e ects in a murine enteritis modelKleiveland et al., 20)3
Screening for cytokine pro les associated with speci c T eact

on human monocyte-derived dendritic cells. The same
bacterium has recently been shown to possess anti-in amnyator
properties in a murine colitis model. The identi cation of
anti-in ammatory and immunomodulatory properties of this
bacterium was serendipitous. In fact, such properties may not
be a rare trait of this particular soil bacterium, but rather a
common feature of many environmental bacteria. Our study
thus emphasizes the need to scrutinize, identify, and undeds
possible physiological consequences of environmental méerob
host interactions, and we suggests that bacteria from suall a

cell populations may be a useful rst step to identify strainswater should receive increased attention for their potdtéalth
with potential pro- or anti-in ammatory properties e.g., for bene ts.

further mechanistic investigatiorP@padimitriou et al., 20)5It

is important however to notice the limitations of vitro systems AUTHOR CONTRIBUTIONS

on making in vivo predictions. Although the bacteria tested
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