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4Department of Immunobiology, Yale University School of Medicine, New Haven, CT, USA
5Howard Hughes Medical Institute, Yale University, New Haven, CT, USA
6Lead Contact

*Correspondence: till.strowig@helmholtz-hzi.de
https://doi.org/10.1016/j.celrep.2017.09.097

SUMMARY

Inflammatory bowel disease comprises a group of
heterogeneous diseases characterized by chronic
and relapsing mucosal inflammation. Alterations
in microbiota composition have been proposed
to contribute to disease development, but no uni-
form signatures have yet been identified. Here, we
compare the ability of a diverse set of microbial com-
munities to exacerbate intestinal inflammation after
chemical damage to the intestinal barrier. Strikingly,
genetically identical wild-type mice differing only in
their microbiota composition varied strongly in their
colitis susceptibility. Transfer of distinct colitogenic
communities in gene-deficient mice revealed that
they triggered disease via opposing pathways either
independent or dependent on adaptive immunity,
specifically requiring antigen-specific CD4+ T cells.
Our data provide evidence for the concept that mi-
crobial communities may alter disease susceptibility
via different immune pathways despite eventually
resulting in similar host pathology. This suggests
a potential benefit for personalizing IBD therapies
according to patient-specific microbiota signatures.

INTRODUCTION

Inflammatory bowel disease (IBD) consists of a complex group of

incurable inflammatory disorders comprising Crohn’s disease

(CD) and ulcerative colitis (UC). Although the etiopathogenesis

of IBD development is not fully understood, numerous studies

support the hypothesis of IBD as a pathological immune

response against microbial and environmental antigens in genet-

ically predisposed individuals (Imhann et al., 2016; Jostins et al.,

2012). The relative contribution of innate and adaptive immune

cells and various cytokines to the development of IBD has

been controversially debated (Neurath, 2014). Nonetheless, an

imbalanced interaction between the host immune system and

gut microbiota is thought to play a pivotal role in disease mani-

festation and maintenance (Cho, 2008; Gevers et al., 2014;

Honda and Littman, 2012).

Notably, various human disease conditions have been associ-

ated with imbalances in the composition of the gut microbiota,

so-called dysbiosis; however, whether these changes contribute

directly to the development of the disease or reflect an altered

physiology of the host remains debated in many instances (Ka-

mada et al., 2013; Ley et al., 2005; Turnbaugh et al., 2008).

In various mouse models of IBD, the microbiota and, in some

cases, specific members have been shown to influence disease

outcome (Saleh and Elson, 2011). Examples of IBD mouse

models that lack disease development in the absence of any mi-

crobiota are the Il10�/� model of colitis and the TNFdeltaARE

model of ileitis (Keubler et al., 2015; Schaubeck et al., 2016).

Furthermore, disease development in these models is impaired

or delayed under specific pathogen-free (SPF) conditions

compared with conventional housing conditions, which poten-

tially contain pathogenic bacteria, demonstrating that particular

microbiota members or distinct communities only present in

conventionally housed mice modulate disease onset (Laukens

et al., 2016). Specifically, Enterobacteriaceae in Tbet�/�Rag2�/�

mice (Garrett et al., 2010) as well as Bacteroides spp. (Bloom

et al., 2011), Helicobacter spp. (Fox et al., 2011), and Bilophila

wadsworthia (Devkota et al., 2012) in Il10�/� have been shown

to enhance intestinal inflammation.

The acute dextran sulfate sodium (DSS) colitis model of human

UC is considered to be largely dependent on innate immunity

(Chassaing et al., 2014). We previously demonstrated that the

dysbiotic microbiota of Nlrp6 inflammasome-deficient mice

has the ability to directly enhance DSS colitis severity, but the

effector mechanism remained unknown (Elinav et al., 2011).

Notably, a recent study identified that specific metabolites of

this dysbiotic community actively modulate innate immune

signaling and, subsequently, the host-microbiota interface

(Levy et al., 2015). Subsequently, similar dysbiotic communities

with the ability to modulate the severity of DSS colitis have been

described in other gene-deficient mice (Couturier-Maillard et al.,

2013; Hu et al., 2015; Roberts et al., 2014). However, it remains

to be examined whether different colitogenic communities

994 Cell Reports 21, 994–1008, October 24, 2017 ª 2017 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:till.strowig@helmholtz-hzi.de
https://doi.org/10.1016/j.celrep.2017.09.097
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2017.09.097&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


trigger intestinal pathologies via shared or distinct immune path-

ways. This knowledge could potentially explain the variable roles

that have been suggested for various immune effectors and

pathways for IBD pathogenesis.

In the present study,wehave characterized the susceptibility of

mouse lines differing only in their microbiota composition toward

DSS colitis. Besides the dysbiotic community (DysN6) from

Nlrp6�/� mice, interestingly, also certain but not all SPF commu-

nities demonstrated the ability to cause severe intestinal inflam-

mation in immunocompetent mice. Strikingly, mice displayed

different inflammatory responses depending on their intestinal

microbiotacomposition, either characterizedby infiltrationof neu-

trophils or the presenceof proinflammatoryCD4+ T cells. By utiliz-

ing gene-deficientmice and antibody-mediateddepletionof T cell

subsets, we demonstrated that the DysN6 community, but not

another colitogenic community, depends on CD4+ T cells to

exacerbate DSS colitis severity. Our data identify that specific in-

teractions between colitogenic communities and host immune

pathways drive colitis development via distinct mechanisms.

RESULTS

DSSColitis Severity Is Strongly Influenced byMicrobiota
Composition in SPF Mice
Distinct differences in microbiota composition between isogenic

mice fromcommercial vendors—e.g., the presenceof segmented

filamentous bacteria (SFB)—have been found to influence the

outcome of diseasemodels inmice (Ivanov et al., 2009). To inves-

tigatewhetherC57BL/6Nmicediffer in their susceptibility to intes-

tinal inflammation after chemically induced damage to the intesti-

nal barrier, we induced DSS colitis in SPF mouse lines obtained

from vendors or bred in-house (Figure 1A; Table S1). The severity

of disease was compared within lines of SPFmice and with previ-

ously described dysbiotic Nlrp6�/� mice that were obtained from

the original vivarium and subsequently bred in our animal facility

without rederivation (Figure 1B; Figure S1A; Elinav et al., 2011).

SPF-1, SPF-5, and SPF-6 mice were characterized by mild colitis

withmoderateweight lossandnomortality,butSPF-2,SPF-3,and

SPF-4miceaswell asdysbioticNlrp6�/�micedevelopeda similar

severe colitis with profound loss of body mass and mortality (Fig-

ure1B;FigureS1A).Colitis severity ineach representative isogenic

mouse line fromdifferent commercial or in-house sources (SPF-1,

SPF-2, SPF-4, SPF-6, and DysN6) was also illustrated by

measuring colon shortening and supported by histological char-

acterization of tissue damage (Figures S1C and S1D). Next we

investigated fecal microbiota composition before induction of

DSS colitis using 16S rRNA gene sequencing. Analysis of b diver-

sity using principle coordinates analysis (PCoA) showed thatmice

with mild colitis severity (SPF-1, SPF-5, and SPF-6) clustered

separately from mice featuring a high severity of colitis (SPF-2,

SPF-3, SPF-4, and DysN6). We noted a high similarity between

SPF-2, SPF-3 (both from different barriers of the same vendor),

and SPF-4 mice as well as between SPF-5 and SPF-6 mice

(both from different barriers of the same vendor), respectively,

whereas SPF-1 and DysN6 mice clustered distinctly (Figure 1C).

A more detailed analysis revealed that species richness (Chao

index)was lower inSPF-1micebut that thecomplexityof thecom-

munity structure (Shannon index) was not significantly different

betweenmouse lines (Figure S1B). Global changes in the compo-

sition of microbiota have been associated with IBD (Gevers et al.,

2014), suchasadecrease in the level of resident Firmicutesand/or

Bacteroides and an overabundance of Proteobacteria (Frank

et al., 2007). We observed a significant expansion of Bacteroides

over Firmicutes in colitogenic SPF-2, SPF-3, SPF-4, and DysN6

mice compared with SPF-1, SPF-5, and SPF-6 mice (Figure 1D).

Overgrowth in Proteobacteria was highest in DysN6 mice, fol-

lowed by SPF-2, SPF-3, SPF-4, and SPF-5 mice, and was mostly

absent in SPF-1 and SPF-6 mice (Figure 1D; Table S2).

To exclude the effect of genetic drift in inbred mice from

different sources, we performed cohousing experiments with

microbiota donor and germ-free recipient mice. We focused on

SPF-1 (low susceptibility, higher Firmicutes), SPF-2 (high suscep-

tibility, higher Bacteroides), and DysN6 mice (high susceptibility,

higher Bacteroides, and higher Proteobacteria) representing the

different colitis outcomes and microbiota compositions. Transfer

of the donor microbiota into germ-free (GF) recipient (exGF) mice

was confirmed by 16S rRNA gene sequencing (Figure 1E). Upon

induction of DSS colitis, exGF mice phenocopied the respective

donor mice, supporting that the differences in colitis severity

were dependent on the microbiota (Figure 1E). Similar micro-

biota-driven phenotypes were confirmed for the SPF-5 and

SPF-6 communities (data not shown). These data demonstrate

that distinct types of microbial communities that are stably main-

tained in wild-type (WT) mice are able to alter the host’s suscepti-

bility to DSS colitis.

Transfer of Colitogenic Microbial Communities into an
Immunocompetent Host Induces Distinct Patterns of
Host Gene Expression and Alters Colitis Susceptibility
Next we investigated whether the degree of colitis severity was

also transferable between SPF mice with variable DSS colitis

susceptibility, similar to what has been observed for Nlrp6 in-

flammasome-deficient mice (DysN6) (Elinav et al., 2011). There-

fore, we performed cohousing experiments of mice featuring

mild colitis (SPF-1) with mice having high colitis severity

(SPF-2 and DysN6). Cohousing for 4 weeks resulted in reshaping

of the microbiota in SPF-1 mice cohoused with SPF-2 mice

(SPF-1 + SPF-2) and DysN6 mice (SPF-1 + DysN6) compared

with SPF-1 control mice, respectively (Figure 2A). Moreover, co-

housing also transferred colitis susceptibility (Figure 2B; Fig-

ure S2A). Because SPF-1 + SPF-2 and SPF-1 + DysN6 mice

behaved like SPF-2 and DysN6 mice, we refer to them hereafter

as cSPF-2 and cDysN6 (cohoused SPF-2 or DysN6), respec-

tively. A similar transfer of colitis severity was also achieved by

cohousing SPF-2 with SPF-6 mice (Figure S2C) and after fecal

transplantation (FT) from SPF-2 and DysN6 mice into SPF-1

mice (data not shown). Increased colitis severity in cSPF-2 and

cDysN6 mice was also illustrated by enhanced colon shortening

and corroborated by histological characterization of tissue dam-

age as well as endoscopy (Figures 2C and 2D; Figure S2B).

These data demonstrate that distinct types of microbial commu-

nities are able to alter the host’s susceptibility to DSS colitis even

in already colonized immunocompetent recipients.

Induction of DSS colitis has been shown to alter the composi-

tion of the intestinal microbiota (Schwab et al., 2014). To identify

whether a shared group of commensals alters their abundance
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during DSS colitis in SPF-1 mice as well as in cSPF-2 and

cDysN6 mice, we compared their fecal microbial communities

before and after induction of DSS colitis (day 5). Strikingly, b-di-

versity analysis (PCoA) as well as an analysis of relative abun-

dances of different bacterial families revealed minor differences

between the two time points for each community, respectively

(Figure 2E; Figure S2D). Minor alterations included an increase

in Verrucomicrobiaceae in cSPF-2 and an increase in abundance

of some Bacteroidaceae in cDysN6 (Figure 2F; Figure S2D), but

no unified changes were observed between the cSPF-2 and

cDysN6 communities despite a similar induction of colitis at

this time point. Hence, we hypothesized that colitogenic com-

munities already modulate host immunity before disease induc-

tion, which, in turn, results in enhancement of colitis severity.

Thus, global gene expression in colonic tissues of mice

harboring either SPF-1, cSPF-2, or cDysN6was compared using

RNA sequencing (RNA-seq). Interestingly, SPF-1 and cSPF-2

mice clustered together and separately from cDysN6 mice with

a distinct gene expression signature (Figure 2G; Figure S2E).

Specifically, pathway enrichment analysis showed thatmany up-

regulated genes in cDysN6 were involved in T cell and B cell

signaling as well as cytokine and chemokine signaling (Fig-

ure 2H). In contrast, despite the fact that a similar colitis severity

outcome was observed in cDysN6 mice, SPF-2 colonization of

SPF-1 mice did not result in significant alterations in the host

transcriptome (Figure 2G; Figure S2E). These data together
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Figure 1. Differences in Microbiota Composition Regulate the Severity of Acute DSS Colitis

(A) DSS colitis was induced in SPFWT (SPF-1–SPF-6) and in-house bred dysbioticNlrp6�/� (DysN6) mice by administering 2%DSS (w/v) for 7 days. Body weight

and survival of mice were examined daily for 10 days.

(B) Body weight and survival of the mice described in (A). DSS severity is depicted as ‘‘o’’ being mild and ‘‘+’’ being severe. n = 9–21 mice/group.

(C and D) Analysis of fecal microbiota composition of the mice described in (A) before DSS colitis induction using 16S rRNA sequencing. Shown is analysis of

b-diversity (PCoA) (C) and the ratio of relative abundances between Firmicutes to Bacteroides and Firmicutes to Proteobacteria (D). n = 15–33 mice/group.

(E) Germ-free C57BL/6N mice were cohoused with donor SPF WT (SPF-1, SPF-2) and Nlrp6�/� (DysN6) mice, followed by induction of DSS colitis. Shown is

analysis of b-diversity (PCoA) before and disease severity (body weight and survival) upon induction of DSS colitis. n = 7–8 mice/group.

Data are displayed as mean ± SEM from at least two independent experiments. The indicated p values represent unpaired Student’s t test: *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. See also Figure S1.
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Figure 2. Alteration of Colitis Susceptibility and Distinct Host Responses by Colitogenic Microbiota

(A–C) SPF-1 WT mice were cohoused with either SPF-2 WT or DysN6 Nlrp6�/� (SPF-1 + DysN6) mice, resulting in SPF-1 + SPF-2 and SPF-1 + DysN6 mice,

respectively.

(A) Analysis of b-diversity (PCoA) of donor and recipient mice before induction of DSS colitis. n = 5–16 mice/group.

(B–D) Acute DSS colitis was induced, and the weight of microbiota recipient mice was monitored for 10 days (B). Colon length was measured 5 days after in-

duction of DSS colitis. Shown is a representative image of excised colons (C). Histological analysis of distal colon was performed 5 days after induction of DSS

colitis (D). Representative pictures of H&E-stained colon sections are shown. The scale bars represent �50 mm. n = 5–16 mice/group.

(E and F) 16S rRNA sequencing of fecal microbiota from WT SPF-1, cSPF-2, and cDysN6 on day 0 and day 5 of DSS colitis. Shown are analysis of b-diversity

(PCoA) (E) and analysis of differentially abundant microbial families in cDysN6 and cSPF-2mice on day 0 and day 5 of DSS by LEfSe (Kruskal-Wallis test, p < 0.05,

LDA 4.0) (F). n = 8–12 mice/group.

(G and H) RNA-seq analysis from total colonic tissue of WTmice colonized with SPF-1, cSPF-2, or cDysN6. The heatmap shows quantification of RNA reads (G).

Also shown is a pathway analysis based on gene ontology (GO) terms of genes significantly upregulated (2-fold) in cDysN6 mice compared with SPF-1 (H). n = 4

mice/group.

Data are displayed as mean ± SEM from at least two independent experiments. The indicated p values represent unpaired Student’s t test (B) and nonparametric

Kruskal-Wallis test (C and D): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S2.
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suggest that alteration of the SPF-1 community by colonizing

it with colitogenic SPF-2 or DysN6 triggers a very different

response at the host transcriptional level.

DysN6, but Not SPF-2, Microbiota Depends on Adaptive
Immune Cells to Develop Colitis
Because transfer of the colitogenic SPF-2 community, unlike the

DysN6 community, did not trigger large changes in the host tran-

scriptome in the intestine, we hypothesized that the mere pres-

ence of the SPF-2 community may be sufficient to trigger more

severe colitis upon damage to the intestinal barrier. Therefore,

we assessed disease severity in SPF-1 mice that received FT

of the SPF-2 or DysN6 community 2 or 28 days prior to disease

induction, respectively. Despiteminor but detectable differences

in communities of mice receiving FT for 2 or 28 days (Figures 3A

and 3C; Figure S3A), brief colonization with the SPF-2microbiota

was sufficient to transfer exacerbated disease severity that was

comparable with the result following extended colonization (Fig-

ure 3B). In contrast, brief colonization with the DysN6 microbiota

did not transfer heightened disease susceptibility (Figure 3D).

This inability of the DysN6 microbiota to transfer colitis severity

potentially results from incomplete microbiota transfer, a

requirement for extended immunomodulation or priming of

adaptive immune responses. Comparison of the communities

in mice receiving the DysN6 FT for 2 or 28 days by linear discrim-

inant analysis (LDA) effect size (LEfSe) analysis revealed very

minute differences (Figure 3E), including a higher abundance of

SFB as well as Odoribacteriaceae 28 days after the transfer.

Notably, despite successful transfer of colitis severity, commu-

nities differed stronger in the case of SPF-2 FT (Figure 3F). Inter-

estingly, similar to the DysN6 FT, SFB and Odoribacteriaceae

displayed higher abundances 28 days after SPF-2 transfer.

This suggests that these bacteria may not be involved in modu-

lating DSS colitis severity. Next, to test whether DysN6 requires

priming of adaptive immunity, we compared the severity of

DSS colitis between Rag2�/� mice harboring either the SPF-1,

cSPF-2, or cDysN6 communities. Strikingly, unlike in WT mice,

cDysN6 could not enhance colitis severity in Rag2�/� mice, as

indicated by similar weight loss (Figure 3G) and colon length (Fig-

ure S3D) between Rag2�/� mice with SPF-1 and cDysN6. In

contrast, cSPF-2 also induced severe colitis in Rag2�/� mice,

as indicated by increased weight loss and mortality (Figure 3H;

Figure S3E). Importantly, we confirmed comparable transfer of

the donor communities into WT and Rag2�/� mice (Figures

S3B and S3C). We used permutational multivariate analysis of

variance (ADONIS) (Anderson, 2001), considering the variables

‘‘genotype,’’ ‘‘microbiota,’’ and ‘‘cage’’ to evaluate their relative

contribution to variability within the groups (Figures S3B and

S3C). This analysis revealed that genotype contributed only

3% of variability, whereas microbiota contributed around 60%.

Together, these data demonstrate that extended immuno-

modulation and priming of adaptive immunity by DysN6, but

not SPF-2, are required to exacerbate colitis severity.

Colitis Development Is Characterized by the Presence
of Distinct Immune Signatures in DysN6 and SPF-2 Mice
Despite similar disease severity in DysN6 and SPF-2 mice upon

DSS colitis induction, our initial results corroborated the hypoth-

esis that distinct colitogenic communities contribute to disease

development via different pathways. To further compare intesti-

nal inflammation induced in cDysN6 compared with cSPF-2

mice, the presence of cytokines and chemokines was measured

in tissue homogenates on day 7 of DSS colitis. The levels of the

pro-inflammatory cytokines interleukin-6 (IL-6) and IL-17A

were significantly higher in the distal colon of both cDysN6

and cSPF-2 mice compared with SPF-1 mice (Figure S4A).

Compared with SPF-1 and cDysN6, colitis induced in cSPF-2

micewas distinctively characterized by higher levels of interferon

g (IFN-g), IL-22, and tumor necrosis factor alpha (TNF-a) as well

as lower levels of IL-18, mainly in the distal colon (Figure S4A).

No changes were observed in IL-2, IL-4, IL-5, IL-10, and IL-13

between the three microbiota communities (data not shown). In

line with our previous observations (Elinav et al., 2011), higher

levels of the chemokine CCL5 were detected in the proximal co-

lon of cDysN6mice compared with SPF-1 and cSPF-2mice (Fig-

ure S4B). In contrast, several other chemokines, including LIX

and KC, which recruit and activate neutrophils, along with

MIP-1a and MIP-1b, were significantly increased during colitis

induced by cSPF-2 (Figure S4B). In parallel, we analyzed lamina

propria leukocytes (LPLs) from colonic tissue by flow cytometry

to identify whether distinct immune cell subsets are associated

with disease induced by SPF-1, cDysN6, and cSPF-2 commu-

nities. Indeed, 2-fold increased numbers of CD45+ cells were

observed in cDysN6 WT mice compared with SPF-1 and

cSPF-2 WT mice both before and 5 days after induction of

DSS colitis (Figure 4A). In line with the enhanced levels of neutro-

phil-attracting chemokines, colitis in cSPF-2 mice was associ-

ated with a specific increase in the relative abundance and total

number of neutrophils (Figures 4B–4D). However, all SPF-1-,

cSPF-2-, and cDysN6-colonized mice did not demonstrate any

significant difference in disease outcome while being treated

with antibody against Ly6G compared with the isotype control

(data not shown). This might indicate a complex interaction

among different components of the innate immune system to

enhance microbiota-mediated colitis severity. Despite similar

frequencies of immune cell subsets of the adaptive immune sys-

tem (Figures S4C and S4D), significant increases in the numbers

of B220+ B cells andCD3+ T cells were observed before and after

induction of DSS colitis in cDysN6 mice (Figures 4E and 4F). In-

creases in the numbers of CD4+ and CD8+ T cells, but not gd

T cells, contributed to this difference (Figure 4F). During, but

not before DSS colitis, a higher frequency of CD4+ T cells in

the colon of cDysN6 and cSPF-2 mice displayed an activated

phenotype (Figure S4D). Notably, the absolute numbers of acti-

vated CD4+ T cells were only increased in cDysN6 mice, both

before and after induction of DSS colitis (Figure 4F). These

analyses show that two colitogenic communities trigger distinct

inflammatory immune pathways—i.e., enhanced neutrophil

recruitment and pathogenic adaptive immune cell responses—

during DSS colitis.

ab T Cells Trigger DysN6-Mediated, but Not SPF-2-
Mediated, Colitis Development
To investigate which type of pathogenic adaptive immune re-

sponses contribute to disease exacerbation after colonization

with the DysN6 community, we decided to compare the severity
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(A–F) SPF-1 mice were mock-transferred or received a fecal transplant from Nlrp6�/�DysN6 or WT SPF-2 donor mice 2 days or 28 days prior to colitis induction,

respectively.

(A and C) PCoA plot of fecal microbiota composition at steady state of WT SPF-1 mice receiving SPF-2 (A) or DysN6 (C) microbiota for different time periods.

n = 3–11 mice/group.

(B and D) Body weight and survival of WT SPF-1 mice receiving SPF-2 (B) or DysN6 (D) microbiota for different time periods during DSS colitis. n = 12–15 mice/

group.

(E and F) Analysis of differentially abundant microbial families in mice with short (2 days) and prolonged (28 days) exposure to DysN6 (E) and SPF-2 (F) were

analyzed by LEfSe (Kruskal-Wallis test, p < 0.05, LDA 2.0) before induction of DSS colitis. n = 3–11 mice/group.

(G andH) SPF-1WT and SPF-1Rag2�/� recipients were cohousedwith donor SPF-2 or DysN6. Bodyweight wasmonitored upon colitis induction. n = 8–12mice/

group.

Data are displayed as mean ± SEM from at least two independent experiments. The indicated p values represent unpaired Student’s t test: *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. See also Figure S3.

Cell Reports 21, 994–1008, October 24, 2017 999



of DSS colitis in WT as well as B or T cell-deficient mice under

SPF-1 and cDysN6 conditions. To assure comparable micro-

biota composition in WT and gene-deficient mice at baseline,

all gene-deficient mouse lines were initially rederived into

SPF-1 conditions using embryo transfer. To then generate

experimental cohorts of WT and gene-deficient mice, the

DysN6 microbiota was transferred into SPF-1 recipients using

FT or cohousing, and the composition of the fecal microbiota

was recorded before induction of disease. To investigate an

involvement of T and B cells, we studied SPF-1 and cDysN6

Tcrbd�/� and muMT�/� mice, respectively. Comparison of mi-

crobiota composition and multi-variate analysis before the start

of DSS colitis revealed that mice clustered according to SPF-1

and cDysN6 communities, with genotype contributing only little

(i.e., 3%) to differences in microbiome composition (Figures

S5A and S5B). Despite a similar transfer of DysN6 into WT and

Tcrbd�/�mice, strikingly, no difference in the severity of DSS co-

litis was observed between SPF-1 and cDysN6 Tcrbd�/� mice,

as indicated by similar weight loss, unlike in WT mice, which

showed microbiota-modulated disease severity (Figure 5A).

An involvement of T cells in transferring exacerbated disease

severity was further corroborated by analyzing intestinal inflam-

mation using histology (Figure 5B) and endoscopy (Figure S5C)

as well as quantifying colon shortening (Figure S5D) of WT and

Tcrbd�/� mice. In contrast to WT mice, deficiency in T cells re-

sulted in no detectable differences in these parameters between

SPF-1 and cDysN6 Tcrbd�/� mice. Transfer of the DysN6 com-

munity into SPF-1 muMT�/� mice resulted in exacerbation of

DSS colitis severity, as indicated by significantly enhanced

weight loss, colon shortening, and heightened intestinal inflam-

mation compared with SPF-1muMT�/�mice, suggesting limited

involvement of B cells in colitis exacerbation (Figures 5C and 5D;

Figure S5D). To investigate whether T cells are also required for

disease exacerbation by the colitogenic SPF-2 microbiota, we

introduced the SPF-2 community into SPF-1 WT, Tcrbd�/�,
and muMT�/� mice. After confirming that the fecal microbiota

of mice clustered according to their microbial communities and

not by genotype (Figure S5E and S5F), we induced DSS colitis.

As expected from the results with Rag2�/� mice, deficiency in

B or T cells alone did not affect the transfer of heightened dis-

ease severity by cSPF-2 (Figure S5G). gd T cells have been

implicated in colonic tissue repair (Chen et al., 2002); hence,

we next characterized DSS colitis severity in SPF-1 and cDysN6

Tcrd�/� mice. Notably, characterization of fecal microbiota
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(A–F) Colonic lamina propria leukocytes (cLPLs) were isolated fromWTmice harboring SPF-1, cDysN6, or cSPF-2 microbiota during the steady state (day 0) and

on day 5 after DSS induction and analyzed by fluorescence-activated cell sorting (FACS).

(A) Total number of CD45+ cells in cLPLs.

(B–D) Analysis of neutrophil infiltration upon DSS induction. Representative FACS plots show frequencies of neutrophils (B). Also shown are frequencies (C) and

total numbers (D) of neutrophils on day 0 and day 5 of DSS.

(E and F) Analysis of adaptive immune cells uponDSS induction. Representative FACS plots showCD4 andCD8 frequencies gated onCD3+ cells and frequencies

of naive and activated CD4+ T cells during the steady state (E). Also shown are total numbers of the indicated immune cell subsets on day 0 and day 5 of DSS (F).

Data represent 5–17mice/group asmean ±SEM from at least two independent experiments. The indicated p values represent nonparametric Kruskal-Wallis test:

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S4.
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demonstrated that mice clustered according to SPF-1 and

cDysN6 microbiota (Figure S5H). Similar to what we observed

in WT mice, transfer of DysN6 microbiota induced in Tcrd�/�

mice enhanced weight loss, colon shortening, and heightened

intestinal inflammation (Figures 5E and 5F; Figure S5I). From

these results we concluded that T cells are essential for

DysN6- but not SPF-2-induced exacerbation of disease. Specif-

ically, our data suggest that modulation of ab T cells bymembers

of the DysN6 community is important. Finally, we exclude a ma-

jor contribution of B cells to DysN6-mediated colitis.

Pathogenic CD4+ T Cells Are Crucial to Induce DysN6-
Mediated Colitis
CD4+ but also CD8+ T cells contribute to different aspects of in-

testinal homeostasis and inflammation (Honda and Littman,

2012). Hence, we compared DSS colitis severity in SPF-1 and

cDysN6 CD4�/� and CD8�/� mice. Fecal microbiota of mice

clustered again according to SPF-1 and cDysN6 but not accord-

ing to genotype (Figures S6A and S6B). After DSS induction,

CD8�/� but not CD4�/� mice showed enhanced weight loss

and colitis severity after DysN6 transfer, comparable with WT

mice (Figures 6A and 6B; Figure S6C). Furthermore, analysis of

intestinal inflammation using histology and quantification of

colon shortening (Figures 6C and 6D) in SPF-1 and cDysN6

WT and CD4�/� mice corroborated that CD4+ but not CD8+

T cells are required for DysN6-induced exacerbation of disease.

To evaluate whether CD4+ T cells contribute to enhanced colitis

severity by the colitogenic SPF-2 microbiota, we introduced the

SPF-2 community into SPF-1 WT and CD4�/� mice. Analysis of

fecal microbiota of mice confirmed clustering according to mi-

crobiota and not by genotype (Figure S6D). Deficiency in CD4+

T cells did not affect the transfer of heightened disease severity

0 2 4 6 8 10
70

80

90

100

110

Time (d)

B
od

y 
w

ei
gh

t (
%

)

0 2 4 6 8 10
70

80

90

100

110

Time (d)

B
od

y 
w

ei
gh

t (
%

)

0 2 4 6 8 10
70

80

90

100

110

Time (d)

B
od

y 
w

ei
gh

t (
%

)

WT (SPF-1 vs cDysN6) Tcrbd-/- (SPF-1 vs cDysN6)

muMT-/- (SPF-1 vs cDysN6)

0

5

10

15

H
ist

ol
og

y
sc

o r
e 

SPF-1 cDysN6 SPF-1 cDysN6
WT Tcrbd-/-

0

5

10

15

SPF-1 cDysN6 SPF-1 cDysN6
WT muMT-/-

muMT-/-

Tcrbd-/-WT

S
P

F-
1

cD
ys

N
6WT SPF-1

WT cDysN6
Tcrbd-/- SPF-1
Tcrbd-/- cDysN6

muMT-/- SPF-1
muMT-/- cDysN6

70

80

90

100

110

0 2 4 6 8 10
Time (d)

B
od

y 
w

ei
gh

t (
%

)

WT (SPF-1 vs cDysN6)

H
ist

ol
og

y
sc

or
e 

S
P

F-
1

cD
ys

N
6

WT

A B

DC

E F

WT SPF-1
WT cDysN6

0 2 4 6 8 10
70

80

90

100

110

Time (d)

B
od

y 
w

ei
gh

t (
%

)

Tcrd-/- (SPF-1 vs cDysN6)

Tcrd-/- SPF-1
Tcrd-/- cDysN6

70

80

90

100

110

B
od

y 
w

ei
gh

t (
%

)

0 2 4 6 8 10
Time (d)

WT (SPF-1 vs cDysN6)

WT SPF-1
WT cDysN6

S
P

F-
1

cD
ys

N
6

Tcrd-/-WT

0

5

10

15

SPF-1 cDysN6 SPF-1 cDysN6
WT Tcrd-/-

H
ist

ol
og

y
sc

or
e 

Figure 5. ab T Cells Are Required for DysN6-Mediated Colitis

(A–F) SPF-1 WT and SPF-1 gene-deficient mice were cohoused with a DysN6 donor. Body weight was monitored upon induction of DSS colitis (A, C, and E).

Histological analysis of the distal colon was performed 5 days after induction of DSS colitis (B, D, and F). Shown are representative pictures of H&E-stained colon

sections. Scale bars represent �50 mm (B, D, and F).

(A and B) Body weight (A) and histological analysis (B) of SPF-1 and cDysN6 WT and Tcrbd�/� mice. n = 6–16 mice/group.

(C and D) Body weight (C) and histological analysis (D) of SPF-1 and cDysN6 WT and muMT�/� mice. n = 5–18 mice/group.

(E and F) Body weight (E) and histological analysis (F) of SPF-1 and cDysN6 WT and Tcrd�/� mice. n = 5–26 mice/group.

Data are displayed as mean ± SEM from at least two independent experiments. The indicated p values represent unpaired Student’s t test: *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. See also Figure S5.

Cell Reports 21, 994–1008, October 24, 2017 1001



0 2 4 6 8 10
70

80

90

100

110

Time (d)

B
od

y 
w

ei
gh

t (
%

)

0 2 4 6 8 10
70

80

90

100

110

Time (d)
B

od
y 

w
ei

gh
t (

%
)

0 2 4 6 8 10
70

80

90

100

110

Time (d)

B
od

y 
w

ei
gh

t (
%

)

WT (SPF-1 vs cDysN6) CD8-/- (SPF-1 vs cDysN6) CD4-/- (SPF-1 vs cDysN6)

5

7

9

11

C
ol

on
 le

ng
th

 (c
m

)

SPF-1 cDysN6 SPF-1 cDysN6
WT CD4-/-

0

5

10

15

H
ist

ol
og

y
sc

or
e

SPF-1 cDysN6 SPF-1 cDysN6
WT CD4-/-

S
P

F-
1

cD
ys

N
6

WT CD4-/-

0 2 4 6 8 10
70

80

90

100

110

Time (d)

B
od

y 
w

ei
gh

t (
%

)

isotype (SPF-1 vs cDysN6)

0 2 4 6 8 10
70

80

90

100

110

Time (d)

B
od

y 
w

ei
gh

t (
%

)

α-CD8 Ab (SPF-1 vs cDysN6)

0 2 4 6 8 10
70

80

90

100

110

Time (d)

B
od

y 
w

ei
gh

t (
%

)
α-CD4 Ab (SPF-1 vs cDysN6)

WT SPF-1
WT cDysN6

CD8-/- SPF-1
CD8-/- cDysN6

CD4-/- SPF-1
CD4-/- cDysN6

α-CD4 Ab SPF-1
α-CD4 Ab cDysN6

α-CD8 Ab SPF-1
α-CD8 Ab cDysN6

WT SPF-1
WT cDysN6

CD4+ IL-17A+ CD4+ IFN-γ+ CD4+ IL-17A+IFN-γ+ 

d0 d5 d0 d5 d0 d5
0 0 0

2.0x103

4.0x103

1.0x104

2.0x104

3.0x104

1.0x103

2.0x103

A B

DC

E

F G

H I J

90

95

100

105

85
3 7 11 15

Time (d)

B
od

y 
w

ei
gh

t (
%

)

0

5

10

15

SPF-1 cSPF-2cDysN6

C
ol

on
os

co
py

 s
co

re

0 2 4 6 8 10
70

80

90

100

110

Time (d)

WT (SPF-1 vs cDysN6)

WT SPF-1
WT cDysN6B

od
y 

w
ei

gh
t (

%
)

0 0.00

0.04

0.08

SPF-1 cSPF-2cDysN6C
ol

on
 w

ei
gh

t/l
en

gt
h(

g/
cm

)

1.0x106

2.0x106

3.0x106

0
SPF-1 cSPF-2cDysN6

K CD4+ cells in colon 

IL-17A IFN-γ TNF-α

pg
/m

l

d0 d5 d0 d5 d0 d5
0

1000

2000

0

4000

8000

0

200

400

600

SPF-1

cSPF-2
cDysN6

SPF-1
cDysN6
cSPF-2

Figure 6. Pathogenic CD4+ T Cells Are Crucial to Develop DysN6-Mediated Colitis

(A) SPF-1 WT and CD8�/� mice were cohoused with DysN6 donor mice, and DSS colitis was induced.

(B–D) SPF-1 WT and CD4�/� mice were cohoused with DysN6 donor mice, and DSS colitis was induced. Body weight (B) during DSS colitis as well as colon

shortening (C) and intestinal inflammation (D) on day 5 of DSS colitis were monitored. Shown are representative pictures of H&E-stained colon sections. Scale

bars represent �50 mm (D). n = 5–20 mice/group.

(E) SPF-1 and cDysN6 WT mice were injected with isotype control, anti-CD8, or anti- CD4 antibodies on day 1, day 3, and day 7 of DSS colitis, and body weight

was compared. n = 10–12 mice/group.

(F) Total numbers of CD4+ T cells producing IFN-g and/or IL-17A from isolated cLPLs from IL-17AGFP IFN-gKatushka FoxP3RFP triple reporter mice with different

microbiota. n = 6–14 mice/group.

(legend continued on next page)
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(Figure S6E), further supporting that SPF-2 drives colitis severity

irrespective of T cells.

To investigate whether pathogenic CD4+ T cells are required

during DysN6-enhanced DSS colitis, we treated SPF-1 and

cDysN6 WT mice during DSS colitis with an isotype control anti-

body or depleting antibodies against CD4 or CD8, respectively.

Depletion of CD4-expressing cells, but not CD8-expressing

cells, resulted in failure of the DysN6 community to exacerbate

DSS colitis (Figure 6E), highlighting that CD4+ T cells are required

during the development of DysN6-enhanced colitis.

Consequently, we extended our immunophenotyping and

analyzed the production of proinflammatory cytokines in CD4+

T cells before and during DSS colitis. We initially focused on

IFN-g and IL-17 and, hence, isolated colonic LPLs (cLPLs)

from SPF-1, cSPF-2, and cDysN6 IL-17AGFP IFN-gKatushka

FoxP3RFP triple reporter mice allowing the in situ monitoring of

cytokine production (Gagliani et al., 2015). Transfer of the

DysN6 but not SPF-2 community resulted in enhanced numbers

of IL-17A and IFN-g single and IL-17A/IFN-g double cytokine-

producing CD4+ T cells already before induction of DSS colitis

(Figure 6F). After induction of DSS colitis, enhanced numbers

of cytokine-producing CD4+ T cells were observed in mice with

both colitogenic communities (Figure 6F). In addition to moni-

toring cytokine production in situ, we isolated cLPLs from

SPF-1, cSPF-2, and cDysN6 mice before and after induction

of DSS colitis and stimulated them with aCD3 and aCD28 to

quantify cytokine production from T cells. Strikingly, T cells

from cDysN6 mice produced larger amounts of IL-17A and

IFN-g than T cells from SPF-1 and cSPF-2 mice (Figure 6G),

both during the steady state and colitis. Notably, TNF-a produc-

tion after restimulation of T cells was highest during colitis inmice

colonized with SPF-2 (Figure 6G).

To further investigate the ability of the DysN6 to drive T cell-

mediated intestinal inflammation, we transferred CD45RB(high)

Foxp3-CD4+ T cells from IL-17AGFPIFN-gKatushka FoxP3RFP triple

reporter mice into SPF-1, cSPF-2, and cDysN6 Rag2�/� mice.

After 2 weeks, when mice differed only mildly in their weight

loss (Figure 6H), we already observed higher intestinal inflamma-

tion, as quantified by colonoscopy in cDysN6 compared with

SPF-1 and cSPF-2 recipients (Figure 6I). cDysN6mice displayed

an enhanced colon weight to length ratio and cellular infiltration

(Figures 6J and 6K). Specifically, IFN-g+ CD4+ T cells numbers

were significantly increased (Figure S6G). Although the numbers

of IL-17A+ and double cytokine-producing T cells were also

significantly enhanced in cDysN6-colonized mice, their total

numbers were much lower than those of IFN-g+ CD4+ T cells

(Figure S6G). Taken together, this demonstrates that DysN6

induces pathogenic CD4+ T cells producing high levels of proin-

flammatory cytokines. Moreover, these microbiota-induced

cells are essential to drive disease in two distinct colitis models.

Recognition of Antigens from Dominant Microbial
Members by CD4+ T Cells Drives DSS Colitis Severity in
DysN6 Mice
To investigate whether recognition of microbial antigens by

CD4+ T cells is required for exacerbation of colitis in DysN6

mice, DSS colitis was induced in OTII transgenic mice colonized

with the SPF-1, cSPF-2, or cDysN6 communities (Figure S7A).

Strikingly, cDysN6 OTII mice did not display exacerbation of

DSS colitis severity, as indicated by the lack of DysN6 transfer-

induced changes in body weight loss, intestinal inflammation,

and colon shortening (Figures 7A and 7B; Figure S7B). In

contrast, cSPF-2 OTII mice were characterized by similar weight

loss compared with cSPF-2 WT mice (Figures S7C and S7D).

This shows that antigen specificity of CD4+ T cells is required

for modulation of disease severity by the DysN6 but not SPF-2

community.

Although the DysN6 and SPF-2 communities both trigger se-

vere colitis in the host, the mechanisms of pathogenesis are

completely opposing. Consequently, we wanted to understand

whether triggering of innate or adaptive immunity by the SPF-2

or DysN6 community dominate over each other when cotransfer-

ring them into SPF-1 recipients. Analysis of microbiota composi-

tion in recipient mice after cohousing of SPF-1 recipient as

well as SPF-2 and DysN6 donor mice showed that the resulting

community largely resembled the cDysN6 community (Fig-

ure 7C). Accordingly, the host gene expression signatures in

cDysN6+SPF-2 mice were similar to the ones observed in

cDysN6 mice, including upregulation of genes associated with

T cell, B cell, cytokine, and chemokine signaling as well as upre-

gulation of Cd4 (Figure 7D; Figures S7E and S7F). Moreover,

mice with cDysN6+SPF-2 displayed high weight loss, intestinal

inflammation, colon shortening, and mortality compared with

SPF-1 mice (Figure 7E; Figures S7G and S7H). Strikingly, the

cDysN6+SPF-2 community failed to induce severe colitis in

CD4�/� mice (Figure 7F; data not shown). These results demon-

strate that the DysN6 community and its pathogenesis mecha-

nism (i.e., the induction of pathogenic antigen-specific CD4+

T cell responses) dominate over SPF-2-induced changes during

colitis induction.

DISCUSSION

Alterations in the microbiome have been hypothesized to

contribute to the development of IBD, and patient data suggest

the existence of microbial signatures associated with specific

disease entities such as CD (Frank et al., 2007; Gevers et al.,

2014). However, it remains in question whether those changes

are causal and can be potentially used to improve the selection

of IBD therapy or, rather, are the result of ongoing inflammation

that alters the intestinal microenvironment (Börnigen et al.,

(G) cLPLs were isolated from SPF-1, cDysN6, and cSPF-2 mice during the steady state and on day 5 after DSS colitis induction and restimulated with a-CD3/

CD28 for 3 days. Cytokine levels were measured from supernatant. n = 5 mice/group.

(H–K) T cell transfer colitis was induced by injecting CD4+Foxp3�CD45RB(high) T cells into SPF-1, cDysN6, or cSPF-2 Rag2�/� recipients. Body weight was

measured after T cell transfer (H). Shown is the colonoscopy severity score on day 14 after transfer (I). Colon weight/length ratio (J) and total numbers of CD4+

cells in cLPLs on day 16 after injection were monitored by FACS (K). n = 7–14 mice/group.

Data are displayed as mean ± SEM from at least two independent experiments. The indicated p values represent unpaired Student’s t test (A–E) and

nonparametric Kruskal-Wallis test (F–K): *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See also Figure S6.
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2013). Here we identified and then characterized distinct types of

microbial communities that directly affect the severity of intesti-

nal inflammation in an immunocompetent host. We showed

that these communities alter disease susceptibility via opposing

mechanisms, one requiring antigen-specific CD4+ T cell re-

sponses and the other being mediated by innate immune cells.

Healthy human individuals can differ greatly in the composition

of their intestinal microbiota, but despite this variability, alter-

ations in the microbiota of patients have been associated with

different types of human diseases (Clemente et al., 2012; Falony

et al., 2016). Germ-free mice have been fundamental to address

the causal role of alterations of the microbiome in mouse models

of human disease. Likewise, conventionally housed laboratory

mice that feature tremendous differences in the microbiome

represent a valuable resource to study the contribution of diverse

microbial ecosystems to disease development (Stappenbeck

and Virgin, 2016). In a first effort to reduce experimental vari-

ability, the concept of SPF housing conditions was introduced

to exclude unwanted influences imposed by the presence of po-

tential pathogens, such as Helicobacter spp. or mouse norovi-

rus, commonly present in wild and conventionally housed mice

(Stappenbeck and Virgin, 2016). However, microbiota composi-

tion differs greatly between SPF mice from different commercial

breeders and academic institutions (Rausch et al., 2016), and

those differences influence host responses; e.g., the presence

of Th17 cells in SFB-colonized mice (Ivanov et al., 2009) or low-

ered susceptibility to malaria infection as a consequence of an

increased abundance of Lactobacillaceae and Bifidobacterium

spp. (Villarino et al., 2016). These observations also make genet-

ically identical SPF mice a versatile experimental model to

explore diverse microbial communities and to study host-micro-

biota interactions in health and disease.
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Figure 7. CD4+ T Cells Drive DSS Colitis Severity in DysN6 Mice by Recognizing Antigens from Dominant Microbial Members

(A and B) SPF-1 WT and OTII transgenic mice were cohoused with DysN6 donor mice, and DSS colitis was induced. Body weight (A) and intestinal inflammation

(B) on day 5 of DSS colitis weremonitored. Shown are representative pictures of H&E-stained colon sections. Scale bars represent�50 mm. n = 5–10mice/group.

(C–E) SPF-1 WT mice were cohoused with DysN6, SPF-2, or both DysN6 and SPF-2 donor mice, respectively. Shown is b-diversity analysis (PCoA) of fecal

microbiota (C) and pathway analysis based on GO terms of genes significantly upregulated (2-fold), as determined by RNA-seq in cDysN6+SPF-2 compared with

SPF-1 mice (D). Also shown are body weight loss and survival after induction of DSS colitis (E).

(F) SPF-1 CD4�/� mice were cohoused with DysN6 and SPF-2 donor mice, and DSS colitis was induced. n = 5–12 mice/group.

Data are displayed as mean ± SEM from at least two independent experiments. The indicated p values represent unpaired Student’s t test: *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. See also Figure S6.
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A common feature in IBD, particularly in UC, is impairment of

the intestinal barrier, resulting in enhanced exposure to luminal

microbes. By employing a mouse model of damage to the intes-

tinal barrier, DSS colitis, we demonstrate that isogenic SPF mice

with differences in microbiome composition feature altered sus-

ceptibility to intestinal inflammation. Specifically, we noted that

transfer of colitogenic communities into mice relatively resistant

to induction of DSS colitis is sufficient to alter disease suscepti-

bility even in immunocompetent mice. Upon induction of dis-

ease, the DysN6 community as well as the SPF-2 community

induced severe colitis compared with the relatively resistant

SPF-1 community, but themechanisms of pathogenesis differed

strongly. Inflammation in SPF-2 mice was characterized by high

levels of TNF-a and neutrophil-attracting chemokines coinciding

with significant higher infiltration of neutrophils into the inflamed

tissue. In line with previous findings, DysN6mice featured higher

levels of the chemokine CCL5, known to attract innate and adap-

tive immune cells carrying CCR1, CCR3, CCR4, and CCR5 (Eli-

nav et al., 2011). Here we identified high infiltration of activated

CD4+ T cells in DysN6 mice, hinting toward a potential involve-

ment of these cells in intestinal pathogenesis. The hypothesis

of adaptive immune cells being involved in DysN6 mice was

further corroborated by the observation that extended coloniza-

tion with the DysN6 but not SPF-2 community was required

to transfer disease susceptibility. Subsequently, we evaluated

the effect of the transfer of the two colitogenic communities

in mice lacking specific subsets of adaptive immune cells. For

these comparisons we employed WT and gene-deficient mice

that were embryo-transferred into our vivarium using SPF-1 fos-

ter mothers, resulting in a standardized microbiota (E.J.C.G,

unpublished data). Moreover, we included cohousing of WT

and gene-deficient mice to further reduce microbiota variability

within experiments and documented, for all experiments, micro-

biota composition using 16S rRNA gene sequencing. Using this

carefully controlled approach, we observed significant increases

in IL-17A and IFN-g secretion by CD4+ T cells during DysN6- and

SPF-2 driven colitis. Notably, this is in line with an association of

CD4+ T cells and proinflammatory cytokines, including IL-17,

IFN-g, and IL-23, with human IBD (Kaser et al., 2010). Strikingly,

our experiments demonstrated that CD4+ T cells are only essen-

tial to mediate the exacerbation of DSS colitis in DysN6 but not

SPF-2 mice. In contrast, despite measurable CD4+ T cell activa-

tion during DSS colitis, SPF-2 modulated disease severity inde-

pendent of adaptive immune cells. T cell receptor (TCR)-medi-

ated recognition of cognate antigens is required for proper

T cell function, and recognition of microbial antigens has been

suggested to significantly contribute to the development of coli-

tis (Feng et al., 2010). Using OTII transgenic mice, we could show

that DysN6-driven but not SPF-2-driven colitis development

strongly depended on the presence of antigen-specific CD4+

T cells. The presence of in vivo cytokine-secreting CD4+ T cells

before induction of DSS colitis in DysN6 mice suggests that

colonic CD4+ T cells already recognize cognate microbial anti-

gens during this phase, similar to what has been observed for

SFB-specific CD4+ T cells in the small intestine (Yang et al.,

2014). Importantly, antibody-mediated depletion of CD4+

T cells during colitis resulted in failure to transfer enhanced colitis

susceptibility. This demonstrated that, to enhance colitis, modu-

lation of the mucosal barrier by CD4+ T cells in the steady state

was not sufficient and, rather, required the presence and, pre-

sumably, the effector functions of CD4+ T cells during colitis.

The distinct property of the DysN6 community to prime and acti-

vate pathogenic CD4+ T cell responses was further corroborated

using a model for CD4+ T cell-mediated colitis. Specifically,

transfer of CD4+ T cells in Rag2�/� mice harboring the DysN6

but not the SPF-2 microbiota enhanced intestinal inflammation

and cytokine production byCD4+ T cells.Whether these different

communities also cause different disease susceptibility or path-

ogenesis via shared or distinct pathways in other inbred mouse

strains or IBDmodels such as the Il10�/�model of colitis and the

TNFdeltaARE model of ileitis, remains to be tested (Keubler et al.,

2015; Schaubeck et al., 2016). This shows that colitogenic com-

munities exert their pathogenic effects in the same disease

model by opposing mechanisms.

Detailed characterization of the colitogenic communities us-

ing 16S rRNA gene sequencing revealed the varying presence

of potential pathobionts such as SFB, Prevotella spp., Helico-

bacter spp., Enterobacteriaceae, and Verrucomicrobiaceae in

DysN6 and SPF-2 mice. SFB have been shown to modulate in-

testinal T cell immunity and systemic autoimmunity (Ivanov

et al., 2009). However, based on their presence in both SPF-2

and DysN6 mice, a role in driving the differential requirement

for CD4+ T cells can be excluded. Similarly, members of the

genus Prevotella, previously found to be enriched in the colito-

genic microbiota of Nlrp6�/� mice (Elinav et al., 2011), were pre-

sent in both colitogenic communities, indicating that they are

not involved in regulating the different pathogenicity modes.

Helicobacteraceae have been demonstrated to induce the

development of colitis in Il10�/� mice in cooperation with other

members of the microbiota (Keubler et al., 2015). Although

Helicobacteraceae were absent in SPF-2 mice, DysN6

mice harbored different members of this family, including

H. typhlonius, H. rodentium, and H. muridarum, but did not har-

bor H. hepaticus. Finally, both Enterobacteriaceae and Verruco-

microbiaceae, specifically Akkermansia muciphilia, bloomed

during induction of DSS colitis in SPF-2 mice, but it is being

debated whether expansion during disease suggests a

contribution to disease development or, rather, a consequence

of the ability to utilize inflammation-induced metabolites.

In contrast to the ‘‘one microbe one disease’’ model, the

concept of dysbiosis, an imbalance of the community, has

been proposed for microbiome-mediated modulation of

diseases (Petersen and Round, 2014). One characteristic of

dysbiotic communities, including those in IBD patients, has

been suggested to be an imbalance between Bacteroides,

Firmicutes, and Proteobacteria, with an overexpansion of

Bacteroides and Proteobacteria over Firmicutes (Frank et al.,

2007). Lowered Firmicutes/Bacteroides ratios were noted in

all colitogenic communities, including SPF-2 and DysN6,

whereas the ratios between Firmicutes and Proteobacteria

(F/P) was not consistently different between susceptible and

resistant groups. Notably, the F/P ratio was the lowest in

DysN6 mice, and according to our data, this is associated

with a distinct mode of pathogenicity. Whether, in the cases

of the SPF-2 and DysN6 community, specific pathobionts or

a general dysbiosis are responsible for driving distinct
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pathogenicity requires further investigation because dysbiotic

communities have also been reported in other gene-deficient

mouse lines (Couturier-Maillard et al., 2013; Hu et al., 2015;

Roberts et al., 2014).

Finally, it remains debated how these dysbiotic communities

arise in gene-deficient mice and how similar they are in regard

to their composition in different vivariums, taking into account

that a large variability in the composition and function

of microbial ecosystems in WT mice already exist. In this

study, we employed Nlrp6�/� mice with a similar microbiome

compared with what has been reported previously (Elinav

et al., 2011). However, it remains to be tested whether the

pathological mechanism of dysbiotic communities occurring

in unrelated lines of Nlrp6 inflammasome-deficient mice

causes exacerbated pathology via the same or different mech-

anisms or does not cause any pathology at all. Along these

lines, a recent study has suggested that the intestinal micro-

biomes of WT and Nlrp6�/� mice raised under SPF conditions

did not differ in their composition, suggesting that the devel-

opment of dysbiotic communities reflects a complex interplay

between genetic and environmental factors (Mamantopoulos

et al., 2017).

In summary, our data show how distinct microbial commu-

nities drive the development of intestinal inflammation in immu-

nocompetent hosts bymodulating opposing arms of the immune

system. Our study suggests the concept that triggering of

different immune pathways by microbial communities can alter

disease susceptibility, eventually resulting in similar host patho-

physiology. This implies that personalized immunomodulatory

treatment according to distinct microbial signatures may be

beneficial for IBD patients.

EXPERIMENTAL PROCEDURES

Mice

Wild-type and all transgenic mice, Rag2�/�, Tcrbd�/�, muMT�/�, Tcrd�/�,
OTII, CD4�/�, CD8�/�, and IL-17AGFP IFN-gKatushka FoxP3RFP reporter mice

used in the study were on the C57BL/6N background, rederived into SPF-1

microbiota by embryo transfer, and bred at the SPF animal facilities of the

Helmholtz Centre for Infection Research (HZI). Nlrp6�/� mice were obtained

from Yale University and subsequently bred under conventional housing con-

ditions at the HZI without rederivation. Other donor microbiota for different

composition were purchased from different commercial vendors (Janvier,

Taconic, and Harlan) (Table S1). Germ-free C57BL/6NTac mice were bred in

isolators (Getinge) in the germ-free facility of the HZI. All experiments were

performed with 10- to 14-week-old age-matched and gender-matched

animals. Both male and female animals were used for every experiment to

exclude influence of gender.

DNA Isolation and 16S rRNA Microbial Community Analysis

Fresh stool samples of mice were collected and immediately stored at�20�C.
DNA was extracted according to established protocols using a method

combining mechanical disruption (bead-beating) and phenol/chloroform-

based purification (Turnbaugh et al., 2009). Briefly, a sample was suspended

in a solution containing 500 mL of extraction buffer (200 mM Tris, 20 mM

EDTA, and 200 mM NaCl [pH 8.0]), 200 mL of 20% SDS, 500 mL of phenol:

chloroform:isoamyl alcohol (24:24:1), and 100 mL of 0.1 mM zirconia/silica.

Samples were homogenized twice with a bead beater (BioSpec) for 2 min.

After precipitation of DNA, crude DNA extracts were resuspended in Tris,

EDTA (TE) buffer with 100 mg/mL RNase and column-purified to remove

PCR inhibitors (BioBasic). Amplification of the V4 region (F515/R806) of the

16S rRNA gene was performed according to previously described protocols

(Caporaso et al., 2011). Samples were sequenced on an Illumina MiSeq plat-

form (PE250). Filtering of sequences for low-quality reads (q > = 30) and bar-

code-based binning were performed by using QIIME v1.8.0 (Caporaso et al.,

2010). Reads were clustered into operational taxonomical units (OTUs) based

on 97% nucleotide identity of the amplicon sequences using UCLUST refer-

ence OTU picking, followed by taxonomic classification using the Ribosomal

Database Project (RDP) classifier executed at 80% bootstrap confidence cut-

off (Edgar, 2010; Wang et al., 2007). Sequences without a matching reference

dataset were grouped as de novo using UCLUST. The OTU absolute abun-

dance table and mapping file were used for statistical analyses and data visu-

alization in the R statistical programming environment package phyloseq

(McMurdie and Holmes, 2013). To determine bacterial OTUs that explained

differences between microbiota settings, the LEfSe method was used (Segata

et al., 2011). OTUs with Kruskal-Wallis test < 0.05 and LDA scores > 3.5 were

considered informative. Raw data are available in the Sequence Read Archive

(SRA): PRJNA407363.

DSS-Induced Colitis

To induce acute colitis, mice were provided 2% (w/v) DSS (molecular

mass = 36–50 kDa, MP Biomedicals) in drinking water for 7 days, followed

by 7 days of access to regular drinking water. Daily clinical assessment of

DSS-treated animals included body weight loss measurement, stool consis-

tency, and detection of blood in the stool. Experimental samples were

collected on days 0, 5, and 7 of DSS treatment.

CD45Rbhi Colitis

CD4+Foxp3�CD45RB(high) cells were transferred adoptively into Rag2�/�

mice according to the protocol described by Ostanin et al. (2009). Briefly,

splenic lymphocytes were isolated from IL-17AGFP IFN-gKatushka FoxP3RFP

triple reporter mice. CD4 enrichment was performed according to the

manufacturer’s instructions using CD4 (L3T4) microbeads (Miltenyi Biotec).

CD4-enriched cells were then stained with antibodies against CD45RB and

CD4. Cells were sorted in a BD FACSAria II cell sorter by gating CD45RB(high),

CD4+Foxp3� cells. Antibodies used for staining were anti-CD45RB (C363-

16A) and anti-CD4 (GK1.5). A total of 500,000 cells were injected intraperitone-

ally (i.p.) per mouse. Disease development wasmonitored byweighing animals

3 times a week and performing colonoscopies.

Statistical Analyses

Statistical analysis was performed using the GraphPad Prism program

(GraphPad). Data are expressed as mean ± SEM. Differences were analyzed

by Student’s t test and ANOVA. The indicated p values represent non-para-

metric Mann-Whitney U test or Kruskal-Wallis test comparison between

groups. p Values % 0.05 were considered significant: *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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