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ABSTRACT Infection with parasite helminths induces potent modulation of the im-
mune system of the host. Epidemiological and animal studies have shown that hel-
minth infections can suppress or exacerbate unrelated autoimmune, allergic, and
other inflammatory disorders. There is growing evidence that helminth infection-
mediated suppression of bystander inflammatory responses is influenced by altera-
tions in the intestinal microbiome modulating metabolic and immune functions of
the infected host. We analyzed the fecal microbiota of mice infected with adult male
Schistosoma mansoni worms, which are less susceptible to experimental colitis, and
male- and female-worm-infected mice, which are highly sensitive to colitis. While
both groups of infected mice developed a disrupted microbiota, there were marked
alterations in mice with male and female worm infections. Antibiotic-treated recipi-
ents that were cohoused with both types of S. mansoni worm-infected mice ac-
quired a colitogenic microbiome, leading to increased susceptibility to experimental
colitis. Following anthelmintic treatment to remove worms from worm-only-infected
mice, the mice developed exacerbated colitis. This study provides evidence that
adult male S. mansoni worm infection modulates the host’s immune system and
suppresses bystander colitis while limiting dysbiosis of the host’s intestinal micro-
biome during infection.
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Schistosomiasis is among the most common parasitic helminth diseases, with over
200 million people infected worldwide (1). This remarkable prevalence reflects the

long-lasting coevolution of Schistosoma with humans. In order to achieve chronic, often
decades-long, infections allowing the completion of the parasite’s life cycle while
causing low mortalities of infected hosts, schistosomes have developed multiple mech-
anisms to manipulate the host’s innate and adaptive immune systems (2). Immuno-
modulation by schistosomes has been shown to not only benefit the parasite but also
ameliorate unrelated inflammatory diseases through the initiation of regulatory mech-
anisms (3, 4).

Schistosoma mansoni chronically infects humans for �10 years, during which time
the intestine and systemic immunity endure constant exposure to controlled tissue
inflammation. S. mansoni adult male and female worms reside in the mesenteric
vasculature where they pair, mate, and lay �350 eggs per worm pair in the blood each
day. These eggs must translocate through the intestinal wall to be excreted in the feces
(5). This process of intestinal egg granuloma formation and excretion by S. mansoni is
mediated by the immune system of the infected host (6). Therefore, S. mansoni
infection modulates immunity to achieve a state of homeostasis facilitating controlled
inflammation of the intestinal wall. We have previously shown that infection of mice
with S. mansoni male and female worms (MF infection) increases susceptibility to colitis
in a preclinical experimental model of inflammatory bowel disease (IBD) while, in
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marked contrast, mice infected with male-only S. mansoni worms (MO infection), and
thus without the intestinal immunopathology caused by eggs, experienced ameliora-
tion of colon inflammation (7).

Increasing evidence highlights the complexity and importance of the gut micro-
biome and the interactions between commensal bacteria and the host’s immune
system in health and disease (8). Alterations in the intestinal microbiota, known as
dysbiosis, exert detrimental effects on the host’s health by greatly influencing meta-
bolic pathways and susceptibility to noninfectious diseases (9). In helminth-infected
mice the interplay of modulation of the host’s microbiome, metabolism, and immunity
have been shown to impact unrelated inflammatory processes (10–12). In this study, we
investigated if male-only or male and female S. mansoni infections of mice altered the
composition of the intestinal microbiome and thereby modulated the susceptibility of
infected mice to experimental colitis.

RESULTS
Mice with S. mansoni male-only worm infections show reduced susceptibility to

DSS-induced colitis. In the dextran sulfate sodium (DSS) model of acute ulcerative
colitis in BALB/c strain mice, ingestion of DSS causes intestinal epithelial damage and
barrier disruption leading to inflammation and progression to marked colitis (Fig. 1).
DSS-treated mice develop progressive signs of disease, with an elevation in the disease

FIG 1 Ameliorated colitis in mice infected with male S. mansoni adult worms. (A) Colitis disease activity
index (DAI) for mice infected with male-only (MO) or male-female (MF) S. mansoni worms or uninfected
(UI) controls receiving DSS-water (filled symbols) or water (empty symbols). (B) Area under the curve
analysis for DAI score over time of indicated groups of mice. (C and D) Representative H&E-stained
histological sections of distal colon samples for the indicated groups and relative histological scores. (E)
Myeloperoxidase (MPO) activity for the indicated groups of mice. Data are representative of �3
independent experiments and are presented as means � SEM (3 to 6 mice per group). Statistical
difference between groups was determined using one-way ANOVA followed by Tukey’s multiple-
comparison test. **, P � 0.01; ***, P � 0.001. Scale bar, 200 �m.
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activity index (DAI), reflecting loss of body weight and development of diarrhea with
the presence of blood in the feces (Fig. 1A and B). These signs of colitis in mice are
associated with epithelial erosion, crypt damage, and inflammatory cell infiltration in
the lamina propria (Fig. 1C and D). Mice infected with male-only S. mansoni worms (MO)
are partially resistant to DSS-induced colitis (7), with infected mice having a significant
decrease in DAI score (P � 0.01 to 0.001), in colon tissue damage (P � 0.001), and in
myeloperoxidase (MPO) activity (P � 0.001) compared to levels in control uninfected
(UI) mice (Fig. 1A to E). In contrast, male-female S. mansoni (MF)-infected mice devel-
oped more severe colitis after DSS treatment (Fig. 1).

In other mouse models of inflammation, MO infections attenuated inflammation,
anaphylaxis, and allergen-induced lung inflammation, while mice with conventional MF
infections were more susceptible to disease (13, 14). Mice with MF infections are
characterized by a type 2-biased immune response (2), and MO-infected mice also
develop a type 2-dominated response, albeit one less pronounced than that of MF-
infected mice, with elevated interleukin-4 (IL-4) and IL-10 and reduced gamma inter-
feron (IFN-�) production from spleen cells relative to levels from splenocytes from
uninfected mice (13). In the context of intestinal immunity, activated mesenteric lymph
node cells isolated from both infected groups had elevated IL-4, IL-10, and IL-17 and
reduced IFN-� production relative to cells from uninfected mice, with MF-infected cells
producing significantly higher quantities of IL-4 and IL-17 (P � 0.05) than those of
MO-infected mice (see Fig. S1 in the supplemental material). Therefore, mice with a
male-only worm infection have a Th2 and Th17 bias in the intestinal lymph node cells
that is less pronounced than that in MF-infected mice. During an MF infection, the eggs
that are deposited in mesenteric vasculature transit via egg granulomas through the
intestinal wall to be excreted in the gut lumen and feces. This process damages the
colon (Fig. 2A), with granuloma formation around the eggs present in the intestine (Fig.
2B). This egg-induced damage to the intestines of MF-infected mice is evidenced by

FIG 2 Compromised intestinal epithelial barrier in MF- but not MO-infected mice. (A) Representative H&E-stained
histological sections of distal colon samples from uninfected (UI), male-only (MO)-infected, and male-female
(MF)-infected mice. (B) Representative H&E-stained histological sections of distal colon samples from MF-infected
mice showing the presence of egg granulomas. (C) Histological score of distal colon samples of indicated groups
of mice. (D) Images of occult blood detection (blue) in fecal samples of the indicated groups of mice (3 mice per
group). (E) Detection of FITC-labeled dextran in the plasma of the indicated groups of mice. Symbols represent
individual mice. Data are representative of 3 independent experiments and are presented as means � SEM (3 to
6 mice per group). Statistical differences between groups was determined by one-way ANOVA followed by Tukey’s
multiple-comparison test. *, P � 0.05, and ***, P � 0.001. Scale bars: 200 �m (A) and 40 �m (B).
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significantly (P � 0.001) marked colon pathology, including increased infiltration of
leukocytes, submucosal inflammation, and ulcerations (Fig. 2C), as well as the presence
of blood within the feces (Fig. 2C and D). Indeed, this subclinical colon damage in
MF-infected mice is associated with the development of severe colitis after DSS
exposure (Fig. 1), as reported previously (7). In contrast, MO-infected mice, which do
not produce eggs, have no significant colon damage (Fig. 2A and C), which was
reflected by the absence of blood in the feces (Fig. 2D).

To further address the integrity of the intestinal barrier of infected mice, fluorescein
isothiocyanate (FITC)-labeled dextran was administered orally in order to quantify
intestinal leakage. A significantly (P � 0.05) higher FITC-dextran level was detected in
plasma of MF-infected mice than in plasma samples of MO-infected or UI control mice,
indicating increased epithelial barrier permeability in MF-infected mice (Fig. 2E). To
characterize the damage to the intestinal epithelial barrier during infection with S.
mansoni, we performed a terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling (TUNEL) assay for the detection of late-apoptotic cells in colonic tissue
from S. mansoni-infected mice or uninfected controls (Fig. 3A and B). While there was
a significant (P � 0.0001) increase in apoptotic cells in colon sections of MO-infected
mice, the level of cell apoptosis was 30-fold higher in mice with MF infection (Fig. 3B).
Furthermore, proliferation of cells in colon crypts was evaluated (Fig. 3C), with all
groups having comparable cell proliferation levels (Fig. 3D). These data demonstrate
that a conventional MF infection contributes to the increased susceptibility to DSS-
induced colitis through the deposition of eggs that transit through the intestinal wall,
leading to some colon damage and intestinal leakage. In contrast, a male-only worm
infection does not alter the functional integrity of the colon, and these infected mice
show reduced susceptibility to DSS-induced colitis.

S. mansoni-infected mice harbor a colitogenic microbiota. Mice with MO or MF
infections have contrasting differences in susceptibilities to DSS-induced colitis. Impor-

FIG 3 Increased intestinal epithelial apoptosis in MF- but not MO-infected mice. (A) Representative images of TUNEL assay for
the identification of late-apoptotic cells (green) in distal colon samples from uninfected (UI), male-only (MO)-infected, and
male-female (MF)-infected mice. (B) TUNEL-positive cells per crypt for the indicated groups of mice. (C) Representative images of
Ki-67-positive cells per crypt. (D) Ki-67-positive cells per crypt. For both TUNEL and Ki-67 assays, 2 to 3 sections per mouse were used.
Symbols represent individual mice. Data are presented as means � SEM of from 7 to 17 mice. Statistical difference between groups
was determined using one-way ANOVA followed by Tukey’s multiple-comparison test. ****, P � 0.0001. Scale bar, 200 �m.
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tantly, the severity of disease in the DDS model of colitis is strictly dependent on the
diversity of the gut microbiome of the mice (15, 16). We therefore analyzed the
intestinal microbiota composition of MF- and MO-infected mice. Fecal samples were
recovered from infected mice at 8 weeks postinfection, when DSS-induced colitis
studies were performed, and from age- and sex-matched uninfected controls (Fig. 4A).
Principal coordinate analyses (PCoA) of amplified 16S bacterial rRNA sequences ex-
tracted from fecal pellets revealed a distinct and significant clustering between the
microbiota of MF-infected mice compared to that of MO-infected mice (P � 0.032) and
uninfected controls (P � 0.001; Spearman distance, multivariate analysis of variance
[MANOVA] methodology using the adonis function in the vegnan package in R)
(Fig. 4B). While the fecal microbiota of MO-infected mice tended to separate from the
microbiota of uninfected control mice, there was no clear demarcation between the
groups (Fig. 4B). The average relative abundances of the most common identified
genera highlighted the differences in species between groups, with increases in
Alistipes and Bacteroides genera in the infected mice (Fig. 4C).

In order to further study the intestinal microbiota during S. mansoni infection,
antibiotic-treated uninfected wild-type (WT) mice were cohoused for 3 weeks with S.
mansoni-infected mice to repopulate the WT mice with the intestinal microbiome of
infected animals (Fig. 5A). Antibiotic treatment profoundly altered the intestinal bac-
terial composition compared to that of untreated control mice (Fig. S2A). Importantly,
following cohousing to induce fecal transfer of control (microbiome donor) mice to
antibiotic-treated (microbiome recipient) mice, the recipients acquired the microbiome
of the donors (Fig. S2B and C). Serum samples of antibiotic-treated WT mice cohoused
with MO- and MF-infected mice were analyzed for presence of parasite antigen-specific
(soluble egg antigen [SEA] or adult worm antigen [AW]) antibody responses, with
serum from MF-infected mice serving as positive control. Following cohousing of UI
and MO-infected [UI(MO)] mice, animals did not develop antibodies to SEA or AW, while
UI(MF) mice produced antibodies to SEA (Fig. S3). As eggs would be excreted in feces
of MF-infected but not MO-infected mice, coprophagy may have primed for a SEA-
specific antibody response in uninfected mice cohoused with MF-infected mice.

The intestinal microbiomes of uninfected mice cohoused with MO-infected [UI(MO)]
or MF-infected [UI(MF)] microbiome donors were similar and significantly (P � 0.001
and 0.002, respectively) distinct from the microbiome of mice cohoused with UI [UI(UI)]

FIG 4 Effect of S. mansoni infections on intestinal microbial community. (A) Experimental design for the
analysis of the intestinal microbiota following MO or MF infection. (B) Principal coordinate analysis (PCoA)
for the fecal microbiota of the indicated groups of mice (6 mice per group). Each symbol represents an
individual mouse. (C) Pie charts of the 16 common most abundant genera for the indicated groups of mice
(6 mice per group).
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controls (Fig. 5B). There were also changes in species prevalences between UI(MO) and
UI(MF) mice and UI(UI) mice (Fig. 5C), with an increase in closely hierarchically clustered
bacterial genera (Fig. 5D). Of potential interest, the genera Parabacteroides, Bacteroides,
and Helicobacter, which are associated with aggravated experimental colitis (17, 18),

FIG 5 Analysis of fecal microbiome of recipient mice cohoused with S. mansoni-infected mice. (A) Experimental design of microbiome
transfer from S. mansoni-infected or uninfected (control) mice to microbiome recipient uninfected mice treated with antibiotics (ABX).
(B) Principal coordinate analysis (PCoA) of the microbiota from mice cohoused with uninfected [UI(UI)] mice, MF-infected [UI(MF)] mice,
or MO-infected [UI(MO)] mice (6 mice per group). (C) Pie charts of the 16 common most abundant genera for the indicated groups
of mice (6 mice per group). (D) Hierarchical clustering dendrogram of bacterial genus profiles for the indicated groups of mice (6 mice
per group). (E) Comparison of differential abundances for Parabacteroides, Bacteroides, Helicobacter, and Lactobacillus for the indicated
groups of mice. Data are presented as means � SEM. Statistical difference between groups was determined using two-way ANOVA
followed by Tukey’s multiple-comparison test. ***, P � 0.001.
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were significantly (P � 0.001) increased in both the UI(MF) and UI(MO) groups com-
pared to the levels in UI(UI) mice (Fig. 5E). In contrast, the potentially protective
Lactobacillus was significantly (P � 0.001) reduced in recipients of the microbiota of
helminth-infected mice (Fig. 5E). Therefore, cohousing with MO- and MF-infected mice
transfers a disrupted intestinal microbiota to recipients. Interestingly, while UI and
UI(UI) mice had similar microbiome compositions, there was an evident increase in the
abundance of Bacteroides and Parabacteroides in UI(MF) and UI(MO) mice compared to
levels in MF- and MO-infected mice, respectively (Fig. 4C and 5C). These differences
provide evidence that further strengthen the hypothesis that S. mansoni-infected mice
harbor a colitogenic microbiome since when their microbiome is transferred to unin-
fected mice, potentially colitogenic genera become more abundant in the recipients.

Potentially colitogenic microbiome of S. mansoni-infected mice is kept in check
by live S. mansoni worms. The changes in microbial species following cohousing of
microbiome recipients with S. mansoni-infected mice indicate that these mice harbor a
colitogenic microbiome. To address whether this disrupted microbiota was functional
and influenced the development of colitis, we treated microbiome-recipient mice with
DSS. During DSS treatment, both UI(MO) and UI(MF) mice developed exacerbated
colitis compared to that in UI(UI) mice during the disease course (P � 0.001), which was
especially noticeable in early stages of DSS-induced colon damage (Fig. 6A and B).
Histological examination of the distal colon (Fig. 6C) showed significantly increased
(P � 0.01 to 0.001) tissue damage in colons of DSS-treated UI(MO) and UI(MF) mice

FIG 6 Development of DSS-induced colitis in mice colonized with microbiota from S. mansoni-infected mice. (A)
Disease activity index (DAI) score for uninfected and antibiotic-treated microbiome recipient mice cohoused with
MO-infected [UI(MO)] or MF-infected [UI(MF)] mice or uninfected controls [UI(UI)] receiving DSS (filled symbols) or
water (open symbols) (6 mice per group). (B) Area under the curve of DAI groups. (C) Representative H&E-stained
histological sections of distal colon samples for the indicated groups (6 mice per group). (D and E) Histological
score of distal colon samples and myeloperoxidase (MPO) activity for the indicated groups. Data are representative
of �3 separate experiments and are presented as means � SEM. Statistical difference between groups was
determined using two-way ANOVA (A) or one-way ANOVA (B, C, and D) with Tukey’s multiple-comparison test. **,
P � 0.01; ***, P � 0.001. Scale bar, 200 �m.
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compared to that in UI(UI) mice (Fig. 6D), with increased MPO activity in recipients of
microbiome from infected mice (Fig. 6E).

In order to assess the functional significance of a live worm infection influencing the
intestinal microbiome, MO-infected mice were treated with the anthelmintic drugs
praziquantel (PZQ) and oxamniquine (OX) to expel worms prior to exposure to DSS.
Interestingly, while MO-infected mice showed reduced susceptibility to DSS-induced
colitis, as also shown above (Fig. 1A), following treatment with PZQ-OX, mice devel-
oped more severe colitis (Fig. 7). These data indicate that the presence of S. mansoni
adult male worms continuously modulates the host’s intestinal microbiome, preventing
the emergence of colitogenic microbiota.

DISCUSSION

In our study, we have demonstrated that infection of mice with Schistosoma
mansoni dramatically alters the composition of the host intestinal microbiome toward
a colitogenic microbiome. Recent studies have highlighted the importance of the
intestinal microbiome in colitis as well as its modulation by helminth infections (10–12,
19). We investigated the relationship between two types of experimental S. mansoni
worm infections, revealing differences between the type of infection in the suscepti-
bility to experimental colitis and the composition of the intestinal microbiota. Mice
infected with male S. mansoni adult worms are less susceptible to disease in the
DSS-induced colitis model, as previously shown (7). Surprisingly, the microbiome of
male-S. mansoni-infected mice is similar to the microbiome of uninfected control
animals. In contrast, in mice infected with conventional male and female worms, with
egg deposition leading to intestinal egg granulomatous inflammation and a disrupted
intestinal gut barrier, the intestinal microbiome had attributes similar to that of
DSS-treated mice, reflecting a colitogenic microbiome. A similar dysbiosis as described
here in the intestinal microbiota of MF-infected mice after egg laying and the associ-
ated intestinal egg granuloma formation were described previously (20). Indeed, there
are supporting data showing that an intact intestinal host microbiota is required during
S. mansoni infection of mice (21). S. mansoni-dependent modulation of the intestinal
microbiome is an important but not fully explored parameter that greatly influences
the host’s pathophysiology during infection.

It was not expected that both MO- and MF-infected mice harbor a transferable
microbiome that, in the absence of live adult helminths, exacerbated DSS-induced

FIG 7 Exacerbated DSS-induced colitis in mice infected with male-only S. mansoni worms following
anthelmintic treatment. Disease activity index (DAI) score of DSS-exposed MO-infected mice that were
untreated or pretreated 8 weeks postinfection with anthelmintic praziquantel (300 mg/kg) and oxam-
niquine (200 mg/kg) (PZQ-OX) daily for 4 days orally to remove worms. Uninfected DSS-treated mice
were used as controls (6 to 7 mice per group). Data are representative of 2 independent experiments and
are presented as means � SEM. Statistical difference in the values between uninfected mice and other
groups for the DAI area under the curve was determined using two-way ANOVA followed by Tukey’s
multiple-comparison test. ***, P � 0.001.
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colitis in recipient mice. Importantly, anthelmintic treatment of MO-infected mice
resulted in loss of protection from colitis, with these mice developing markedly
exacerbated disease. We have not examined changes in the microbiome of uninfected
mice or male-worm-infected mice after anthelmintic administration. In a previous study
in Schistosoma haematobium-infected children, while there was significant alteration of
the host’s microbiome composition during infection, the administration of praziquantel
to uninfected children did not result in microbiome differences compared to baseline
measurements (22). Further, in a recent study it has been shown that the presence of
certain bacterial genera pretreatment may influence praziquantel efficacy (23). There-
fore, the praziquantel/oxamniquine treatment regime used is unlikely to have a direct effect
on the gut microbiome. These results highlight that continued presence of S. mansoni live
adult male worms is needed to maintain homeostasis during infection, including control of
the potential overgrowth of intestinal pathobionts.

While we have focused on male-only infections, a recent study reported that
infection of mice with female-only adult worms (FO) resulted in reduced proinflamma-
tory cytokine production compared to that with male-only adult worm (MO) infections
(24). Further investigation is required on S. mansoni female-only adult worm infection
modulation of the microbiome and intestinal inflammation.

It has been shown that chronic infection with Heligmosomoides polygyrus increased
short-chain fatty acid production, with the transfer of the modified microbiota giving
protection from allergic airway inflammation (25). Previous metabolomic studies of S.
mansoni-infected mice revealed alterations in the metabolite profiles of infected mice
(26). Further studies are required to dissect if alterations in the intestinal microbiota
during infections with S. mansoni impact the host’s metabolism and immunity.

Our study demonstrates that Schistosoma worm infection simultaneously modulates
the host’s immune system and intestinal microbiota and can ameliorate bystander
inflammatory colitis. These results further expand our understanding of helminth-host
and helminth-microbiota interactions and could benefit anthelmintic and helminth-
based therapy development alike.

MATERIALS AND METHODS
Mice and parasitology. BALB/c mice were bred in-house in the Bioresources Unit (Trinity College,

Dublin, Ireland). All mice were bred in a specific-pathogen-free barrier facility, with female mice used at
8 to 10 weeks of age.

A Puerto Rican strain of S. mansoni was maintained by passage in BALB/c strain mice and albino
Biomphalaria glabrata snails, as previously described (27). Conventional mixed male and female (MF) sex
infections of mice involved use of cercariae shed from infected snails. To prepare snails with male-only-
worm (MO) infections, individual snails were exposed to a single S. mansoni miracidium. Cercariae from
each individual snail were shed and sexed by PCR, as previously described (13). Female 6- to 8-week-old mice
were infected percutaneously with 60 male cercariae for MO infections and 30 male and female cercariae for
MF infections. Serum IgG responses to adult worm antigen (AW) and soluble egg antigen (SEA) were
performed as previously described (28). To remove male worms from infected mice, an anthelmintic
combination of praziquantel (PZQ; Bayer AG) and oxamniquine (OX; Pfizer) was used (29). PZQ (300 mg/kg)
and OX (200 mg/kg) were administered daily for 4 days orally to mice in an aqueous solution with 2.5%
Cremophor EL. Mice were treated at 8 weeks postinfection. To confirm the efficacy of anthelmintic removal
of adult worms, untreated and PZQ-OX-treated infected mice were subjected to portal perfusion.

Ethics statement. All animal care and experimental procedures were performed under an Irish
Department of Health and Children License (holder Padraic Fallon, license number B100/3250) in
compliance with Irish Medicine Board regulations. Animal experiments received ethical approval from
the Trinity College Dublin Bioresources Ethical Review Board (reference no. 121108).

DSS-induced colitis. Colitis induction was achieved as previously described (7). Briefly, mice received
a 5% solution of DSS (35,000 to 50,000 Da; MP Biomedicals) in their drinking water. Fresh DSS solution
was provided every other day for a total of 7 days. The mice were scored daily, and their weights were
recorded. Induction of colitis was quantified based on the disease activity index (DAI) as previously
described (7). The DAI was calculated for each mouse daily based on three parameters, with a score of
1 to 4 given for each parameter and a maximum cumulative DAI score of 12. Scores were assigned as
follows: 0, no weight loss, normal stool, and no blood; 1, 1 to 3% weight loss; 2, 3 to 6% weight loss, loose
stool, and blood visible in stool; 3, 6 to 9% weight loss; 4, �9% weight loss, diarrhea, and gross breeding.
Blood in feces was detected using a Hemdetect occult blood detection kit (Dipro). Colon length was
assessed upon termination of the experiments.

Histology. Colon length was measured, and a 1-cm sample from distal colon was fixed in 10%
neutral buffered formalin. Following fixation, samples were processed in paraffin wax, sectioned (5-�m
thickness), and stained by hematoxylin and eosin (H&E). Histology scoring was performed in a blinded
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fashion as previously described (7). Images were acquired using a Leica Microsystems DM3000 LED
microscope with an attached DFC495 camera; image analysis was performed on LAS, version 4.0,
software (Leica Microsystems).

Cell stimulation and cytokine detection. Following isolation of mesenteric lymph nodes and
generation of single-cell suspensions, 1 � 106 cells were stimulated in vitro with phorbol-myristate-
acetate/ionomycin (PMA/I; Sigma) (50 ng/ml and 500 ng/ml, respectively). After 72 h, supernatants were
collected, and IL-10, IL-4, IFN-�, and IL-17A were detected by enzyme-linked immunosorbent assay
(ELISA; R&D Systems), according to the manufacturer’s instructions.

Myeloperoxidase activity. Colons were homogenized in a buffer containing phosphate-buffered
saline (PBS), 2% fetal bovine serum, and 0.5% cetyltrimethylammonium bromide. Colon protein was deter-
mined by a bicinchoninic acid (BCA) assay kit (Thermo Scientific). MPO enzymatic activity was detected using
o-phenylenediamine as the substrate, and data were interpolated from an MPO (Sigma-Aldrich, UK) standard
curve. MPO was expressed as units of enzymatic activity per milligram of colon protein.

Ki-67 staining and TUNEL assay. Colon epithelium cell proliferation was quantified by immuno-
staining for the detection of the nuclear protein Ki-67 as previously described (30). Briefly, paraffin-
embedded sections were hydrated and blocked with 10% normal goat serum (DakoCytomation),
followed by overnight incubation with rabbit polyclonal anti-Ki-67 antibody (Abcam). Visualization of
Ki-67 staining was performed with an EnVision Detection System (DakoCytomation), and slides were
counterstained with Mayer’s hematoxylin (Sigma-Aldrich). Late-apoptotic cells were visualized on
paraffin-embedded sections using a TUNEL assay (In Situ Cell Death Detection kit; Roche, Germany)
according to the manufacturer’s instructions and as previously described (30). Scoring for the identifi-
cation of colon epithelial cells undergoing proliferation or apoptosis was performed by enumeration of
Ki-67- or TUNEL-positive cells, respectively. Colon sections (2 to 3 sections per mouse and 6 mice per
group) were divided in 5 to 6 high-power fields, and the first fully formed 6 to 8 crypts were selected for
counting Ki-67- or TUNEL-positive cells. Sections were imaged using a Leica microscope (Leica DM 3000
LED) equipped with a Leica DFC495 camera (Leica Microsystems).

Intestinal permeability. To assess intestinal permeability, mice were gavaged with 0.5 mg/g body
weight of fluorescein isothiocyanate-conjugated dextran (FITC-dextran; molecular mass, 4 kDa [Sigma])
administered in sterile PBS. After 4 h, plasma was recovered, and levels of FITC were detected and
interpolated with a standard curve, as previously described (31).

Bacterial community analysis. Composition of intestinal microbiota was assessed as previously
described (32). Each group of mice was housed together in order to eliminate cage-related effects in
microbiome data analysis. Briefly, DNA was extracted from fecal pellets, and the V4 region of the 16S
rRNA gene was amplified. Sequencing of the V4 amplicons was performed using a 454 Genome
Sequencer FLX Titanium platform (Roche Diagnostics). Quality trimming of the resulting sequencing
reads was performed according to previously described criteria (32). Briefly, the following criteria were
applied using QIIME: (i) two mismatches were allowed in barcode sequences; (ii) reads could not begin
with ambiguous bases (Ns); (iii) read lengths must fall within the range of 150 to 350 bp; and (iv) the
minimum average quality score must be at least 25. Chimeric sequences were identified and removed
on a per-sample basis using chimera.uchime of the Mothur project (33). Two-stage clustering of
sequence reads into operational taxonomic units (OTUs) at 97% similarity was performed. Subsequently,
unweighted UniFrac distances were generated based on a rarefied OTU table and resulting phylogeny.
A binary and a Spearman distance matrix were generated from a binary OTU table and a normalized OTU
table, respectively. Principal coordinate analyses (PCoA) were performed on each of these distance
matrices, with box size d of 0.05. Permutational multivariate analysis of variance was used to determine
whether significant differences existed between subsets of the data, and statistical analysis was per-
formed using DESeq from the DESeq2 R library (34).

Antibiotic treatment and microbiota transfer by cohousing. Mice were treated with a broad-
spectrum antibiotic protocol, as described previously (35, 36). Briefly, sex- and age-matched uninfected
(UI) mice were treated daily for 10 consecutive days by oral gavage with vancomycin (0.5 mg/ml),
neomycin (1 mg/ml), metronidazole (1 mg/ml), ampicillin (1 mg/ml), and gentamicin (1 mg/ml) (Sigma-
Aldrich) prepared in 0.2 ml of autoclaved water. Microbiota transfer was achieved by cohousing
antibiotic-treated WT mice with MO- or MF-infected mice for 3 weeks. Control microbiota transfer was
performed by cohousing antibiotic-treated WT mice with UI mice.

Statistical analysis. Data are expressed as means � standard errors of the means (SEM) and were
analyzed by analysis of variance (ANOVA) test or unpaired Student’s t-tests (Prism 6; GraphPad Software).
Significance for all statistical tests is described in the figure legends.
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