
Helminth-induced alterations of the gut microbiota
exacerbate bacterial colitis
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Infection with the intestinal helminth parasite Heligmosomoides polygyrus exacerbates the colitis caused by the

bacterial enteropathogen Citrobacter rodentium. To clarify the underlying mechanism, we analyzed fecal microbiota

composition of control and helminth-infected mice and evaluated the functional role of compositional differences by

microbiota transplantation experiments. Our results showed that infection of Balb/c mice with H. polygyrus resulted in

significant changes in the composition of the gut microbiota, characterized by a marked increase in the abundance of

Bacteroidetes and decreases in Firmicutes and Lactobacillales. Recipients of the gut microbiota from helminth-infected

wide-type, but not STAT6-deficient, Balb/c donors had increased fecal pathogen shedding and significant worsening of

Citrobacter-induced colitis compared to recipients of microbiota from control donors. Recipients of helminth-altered

microbiota also displayed increased regulatory T cells and IL-10 expression. Depletion of CD4þCD25þ T cells and

neutralization of IL-10 in recipients of helminth-altered microbiota led to reduced stool C. rodentium numbers and

attenuated colitis. These results indicate that alteration of the gut microbiota is a significant contributor to the

H. polygyrus-induced exacerbation of C. rodentium colitis. The helminth-induced alteration of the microbiota is Th2-

dependent and acts by promoting regulatory Tcells that suppress protective responses to bacterial enteropathogens.

INTRODUCTION

The gastrointestinal tract is colonized by an enormous
community of microbes, the microbiota, that is composed
of thousands of bacterial species and that plays an important
role in health and disease.1 Recent evidence indicates a major
role for the microbiota in immune system development.2–4 The
microbiota also contributes to the maintenance of the gut
epithelial barrier and provides resistance to colonization by
enteropathogens.5 These beneficial effects depend on complex,
mutualistic interactions between the gut microbiota, the
intestinal epithelium, and the host immune system. Circum-
stances that disrupt these interactions can have significant
effects on the development of a wide spectrum of disorders.1,6–9

Helminth infections form a major group of tropical diseases
that affect about one third of the world’s population.10 In
addition to the primary pathological effects of the worms
themselves, helminth infection has been implicated in

secondary abnormalities such as increased susceptibility to
other pathogens,11–13 impaired responses to vaccination and
nutritional derangements.14–16 The fact that the geographic
distribution of several helminth infections coincides with
many devastating microbial diseases such as AIDS, malaria,
and tuberculosis could be a reflection of helminth-induced
alterations in host physiology. An effective intervention
for prevention and control of helminth infections is deworm-
ing.17,18 However, deworming does not always alter the
occurrence of the secondary abnormalities associated with
helminth infection. For example, although deworming
improved tuberculin-stimulated T-cell proliferation and
IFN-g production by PBMCs from helminth-infected
patients,19 it did not affect the clinical outcome of tuberculosis
in helminth co-infected patients.20

We have been characterizing the effects of helminth infection
on susceptibility to other pathogens using a mouse model that
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makes use of the intestinal helminth parasite Heligmosomoides
polygyrus and the Gram-negative bacterial enteropathogen
Citrobacter rodentium. We have shown that co-infection with
H. polygyrus exacerbates intestinal inflammation caused by the
bacterial pathogen via a signal transducer and activator of
transcription 6 (STAT6)-dependent mechanism.11,21–23 This
exacerbation was associated with enhanced Citrobacter output
in the stool and increased translocation of the bacteria to
systemic tissues. We considered the possibility that some of
these effects were caused by helminth induced alterations in
the gut microbiota. Although recent evidence indicates that
helminth infection can lead to alterations of gut microbiota
composition,24,25 the functional consequences of these altera-
tions, including their contribution to the modulation of host
susceptibility to bacterial enteropathogens and the exacerba-
tion of Citrobacter colitis, have not been investigated.

In the studies presented here, we characterized the
changes in microbiota composition associated with H. poly-
gyrus infection and tested their effects on the course of
C. rodentium infection. We demonstrate that H. polygyrus
infection induces dramatic abnormalities in the composition
of the intestinal microbiota that are dependent on the Th2
immune skewing caused by the helminth infection and that are
not corrected by eliminating the helminth with anti-helminthic
treatment. Moreover, we show by means of microbiota
transplantation experiments that the helminth-altered micro-
biota is sufficient (in the absence of the worm itself or potential
host immune factors in the intestinal contents) to dysregulate
mucosal immune responses and confer increased susceptibility
to Citrobacter colitis on naı̈ve animals. Our results indicate that
alterations in the gut microbiota contribute significantly to the
pathological consequences of helminth infection, and suggest
that helminths may exert at least some of their immunor-
egulatory effects on host protective immunity against bacterial
enteropathogens by influencing microbiota composition.

RESULTS

H. polygyrus infection significantly alters micobiome
composition in Balb/c mice

We recently showed that H. polygyrus infection worsened the
course of a concurrent infection with C. rodentium, with
significantly increased and prolonged bacterial output.11,22,26

To determine whether this effect might be caused by helminth-
induced alterations in the gut microbiota, we used bacterial 16S
rRNA gene sequencing to compare the stool microbiome
composition of control and helminth-infected mice in two
independent experiments consisting of 3 mice per group. Our
pooled data revealed that H. polygyrus induced significant
changes in the gut microbiota (Figure 1a–e). At the genus level,
a marked increase in Bacteroides and a decrease in Lactobacillus
were detected in helminth-infected mice compared to the
uninfected controls (Figure 1a). Marked differences were
also observed at the species level (Figure 1b). Analysis of
overall richness (i.e., number of distinct organisms present
within the microbiome), expressed as the number of opera-
tional taxonomic units, revealed that it differed significantly

between control and H. polygyrus-infected mice (Table 1).
These results demonstrate that H. polygyrus infection results
in significant changes in gut microbiota composition,
characterized by a marked increase in the abundance of the
bacterial phylum Bacteroidetes and a decrease in Firmicutes
(Clostridium, Lactobacillus and Eubacterium; Figure 1d).
Helminths may change microbiota composition through the
effects of parasite products or through the immune responses
elicited by the parasite. Our next set of experiments directly
tested the impact of the worms on the gut microbiota by
deworming some of the infected mice using our published
methods, which can effectively clear the worms,27 and
comparing the gut microbiome composition of helminth-
infected mice with and without worm present in the gut. Our
results from the microbiota analysis revealed a high degree of
similarity in the gut microbiota of the control and dewormed
animals (tested 1 week after the anti-helminthic treatment;
Figure 1f). Further analysis of the abundance of some
representative gut microbes was tested using quantitative
PCR (qPCR) at 2 and 3 weeks after deworming. The results
showed that the relative abundances of Bacteroides, segmented
filamentous bacteria (SFB), and Lactobacillus at 2 and 3 weeks
after deworming were similar to helminth-infected mice that
were not dewormed (see Supplementary Figure 1a–c online).
This finding suggests strongly that the mechanism by which
helminth infection alters the gut microbiota is via its effect on
the host immune system rather than via direct effects of the
worm or worm components.

Transplantation of helminth-altered microbiota
recapitulates the effects of helminth infection on
Citrobacter colitis

To determine the functional significance of the microbiota
changes induced by helminth infection, we used a fecal
transplantation approach. Balb/c mice whose gut flora had
been depleted by means of a previously reported anti-
biotic regimen28 were colonized with microbiota (mixture of
cecal, colonic, and fecal contents) from either control or
H. polygyrus-infected mice. The recipient mice received 3
microbiota transfers over the course of a week.

We first confirmed that the microbiota of the recipient mice
reproduced the gut flora of their donors. One week after the last
transfer, fecal pellets were collected from the recipients and the
microbiota was analyzed using bacterial 16S rRNA gene
sequencing. The results showed a clear difference in microbiota
composition between the two groups of recipient mice at the
genus level, as evidenced by an increase in Bacteroides and
decrease in Clostridium and Lactobacillus in mice colonized
with microbiota from helminth-infected donors (Figure 2a,b).
A clear distinction in the relative abundance of the most
dominant species in the recipient mice was also detected
between mice that were colonized with control microbiota and
microbiota from helminth-infected mice (Figure 2c). A
comparison of microbiota composition between helminth-
infected donors and the corresponding recipients revealed
high similarity in the pattern of the microbiota community
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Figure 1 H. polygyrus infection induces alterations of intestinal microbiota in Balb/c mice. The results are 16S rRNA gene sequence data from fecal
pellets of control and H. polygyrus-infected Balb/c mice (2 weeks post-infection). (a) Taxonomic classifications at the genus level showing the relative
abundance of the top 10 genera in each sample. (b) Relative abundance of the top 15 species in each sample. (c) Biplot of the principle coordinates
analysis (PCoA), based on Bray–Curtis distances. Ellipses represent the 95% confidence interval around group centroids, and the test for group
differences shows P¼ 0.005. Arrows indicate the contribution of individual taxa to the PCoA axes, and only those taxa with the largest contributions are
shown. (d) operational taxonomic units (OTUs) that exhibited a significant change between infected and non-infected samples. Each dot represents an
individual OTU. Positive values indicate an increase relative to non-infected, and negative values indicate a decrease. OTUs are grouped by the genus
(x-axis) in which they belong, and are color coded by phylum. (e) Heat map summarizing the relative abundance of the 10 most dominant genera. Samples
are sorted based on hierarchical clustering of Bray–Curtis distances, and infection is highlighted via the colors on the left. The order of taxa is determined
by a hierarchical clustering of Euclidean distances among taxa. (f) Relative abundance of the top 10 genera in each sample showed high similarity in the
gut microbiota of helminth-infected mice with and without deworming treatment.
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(Figure 2d). qPCR analysis confirmed the helminth infection-
associated increase in Bacteroides and SFB and decrease in
Lactobacillus in the recipient mice (Figure 2e–g).

We then investigated the functional effects of the altered
microbiota induced by H. polygyrus infection on the response to
C. rodentium. To this end, we infected the recipients with
C. rodentium 7 days after the last microbiota transfer, as
illustrated in Figure 3a. We found that recipients of fecal
material from helminth-infected donors had more severe

Table 1 Analysis of variance table for bacterial species

richness (number of OTUs)

Df Sum sq Mean sq F value Pr (4F)

Group 1 2716.65 2716.65 5.08 0.0481

Residuals 10 5363.55 536.35 – –

Abbreviation: OTU, operational taxonomic unit.
Overall richness (i.e., number of distinct organisms present within the microbiome)
was expressed as the number of OTUs, and was quantified using the Chao1 richness
estimator.

Figure 2 Colonization of recipient mice with microbiota from H. polygyrus-infected or control mice reproduces the microbial composition of the donor.
The results are 16S rRNA gene sequence data from fecal pellets of recipient mice that are colonized with microbiota from control (Cont-F) and
H. polygyrus-infected (Hp-F) donor mice. (a) The relative abundance of the top 10 genera in each sample of the different recipient groups, in which mice
were colonized with Hp-F or Cont-F. (b) Biplot of the principle coordinates analysis (PCoA), based on Bray–Curtis distances. (c) Relative abundance of
the top 15 species in each sample from the recipient mice that were colonized with Hp-F and Cont-F. (d) The relative abundance of the top 10 genera in
each sample from the Hp-F-colonized recipient mice and from helminth-infected donor (Hp). (e–g) qPCR analysis of fecal Bacteroides, SFB, and
Lactobacillus level in donor mice: normal and H. polygyrus-infected mice, and in the recipient mice that are colonized with Cont-F and Hp-F.

ARTICLES

MucosalImmunology | VOLUME 11 NUMBER 1 | JANUARY 2018 147



Figure 3 Colonization of mice with microbiota from H. polygyrus-infected mice results in exacerbated C. rodentium infection. (a) Microbiota colonization
protocol. (b) Colonization of mice with Hp-F results in increased fecal C. rodentium output in mice. (c) Body weight changes of recipients of Cont-F and
Hp-F with and without C. rodentium infection. (d) Development of rectal prolapse in mice colonized with Hp-F after C. rodentium infection. (e) Fecal
C. rodentium output in mice colonized with microbiota from uninfected (control) or H. polygyrus-infected STAT6 KO mice (STAT6KO Hp-F). (f) Body
weight changes of mice colonized with STAT6KO-F or STAT6KO Hp-F with and without C. rodentium infection. Data shown are pooled from three
independent experiments and are expressed as a percentage of the initial body weight±s.e. (n¼10–15) at each time point. (g–i): qPCR analysis of fecal
Bacteroides, SFB, and Lactobacillus level in STAT6 KO mice with and without H. polygyrus infection. STAT6, signal transducer and activator of
transcription 6.
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Citrobacter colitis when compared to recipients of fecal
material from uninfected donors. The enhanced disease
severity was indicated by increased fecal bacterial pathogen
output (Figure 3b), greater body weight loss (Figure 3c), and an
increased incidence of rectal prolapse (B10% in recipients of
microbiota from helminth-infected donors—Figure 3d—
versus 0% in recipients of microbiota from uninfected donors).

Helminth infections are known to induce Th2-type immune
responses in the host. To determine the role of the helminth-
induced Th2 response in modifying the microbiota, we infected
Th2-deficient STAT6 knockout (KO) mice with H. polygyrus,
collected the microbiota from both infected and uninfected
STAT6 KO donors, and transferred to the antibiotic-pretreated
wild-type recipient mice, which were then infected with
C. rodentium. In contrast to our findings with transfer
of microbiota from helminth-infected wild-type mice
(Figure 3a–c), microbiota from helminth-infected STAT6
KO donors failed to worsen the severity of C. rodentium
infection as indicated by body weight changes (Figure 3f) and
fecal bacterial pathogen output (Figure 3e). These results
suggest that an intact Th2 response is required for the
helminth-induced alterations in the microbiota that are
involved in exacerbation of Citrobacter infection. This
notion is supported by stool qPCR analysis, which showed
that there was no significant effect of the H. polygyrus infection
on the abundance of some representative gut microbes
(Bacteriodes, SFB, and Lactobacillus) in the stool of the
STAT6 KO mice (Figure 3g–i). These results not only
support our statement that helminth infection alters the gut
microbiota via effects on the immune system but also
demonstrate that a specific aspect of immunity, i.e, an
intact Th2 response, is required for the helminth-induced
alterations in the microbiota that are involved in exacerbation
of Citrobacter infection.

Our previously published work demonstrated that co-
infection with H. polygyrus resulted in enhanced Citrobac-
ter-associated colonic pathology in mice, including heightened
colonic crypt elongation, massive cellular infiltration of the
colonic lamina propria, epithelial erosions, and edema of the
gut wall.11,26 In the current study, we followed up on these
earlier observations to determine the impact of helminth-
altered microbiota on Citrobacter-induced intestinal inflam-
mation and tissue damage. Macroscopic examination of the
intestine of recipient mice following C. rodentium infection
showed that colonic thickening was more pronounced in the
recipients of microbiota from helminth-infected donors than in
the recipients of control microbiota (Figure 4a). Microscopic
examination revealed that mice colonized with control
microbiota and infected with C. rodentium showed typical
pathological changes, including thickening of the wall of
the colon, colonic epithelial cell hyperplasia, and crypt
elongation (Figure 4c,d). Recipients of microbiota from
helminth-infected donors showed more severe pathology,
including massive cellular infiltration of the lamina propria
and epithelial erosions (Figure 4e,f). The pathology scores for
inflammation and intestinal damage were significantly higher

in the recipients of microbiota from helminth-infected donors
than in recipients of control microbiota (Figure 4b). These
results are in line with our earlier findings in H. polygyrus-
C. rodentium co-infected mice.11,26 We next examined whether
helminth-induced alterations in the microbiota affect the
goblet cell response during C. rodentium infection by using
periodic acid-Schiff staining to identify goblet cells. The results
showed a significant increase of goblet cells in Citrobacter-
infected recipients of microbiota from helminth-infected
donors relative to Citrobacter-infected recipients of control
microbiota (Figure 4g–i). Taken together, our results indicate
that transfer of microbiota from H. polygyrus-infected donors
faithfully recapitulates almost all the previously described
effects of the helminth itself on the course of Citrobacter
infection.11,26

As our microbiota transfer experiments were conducted
using whole intestinal contents, there is a formal possibility
that the effects of the transfer were mediated by factors other
than the actual commensal microbes (e.g., host immune
molecules present in the intestinal lumen). We addressed this
possibility using two experimental approaches. In the first, the
donor fecal material was centrifuged to separate the micro-
organisms and other particulates from any soluble material.
The pellet was washed and then transferred to the recipients. In
the second approach, the supernatant of the centrifuged fecal
material was filtered through a 0.2-m filter and the filtrate (free
of microbes and insoluble material) was transferred to the
recipients. We confirmed that the centrifuged pellet, as well
as the unfractionated fecal material, contained large numbers
of culturable bacteria, whereas the filtrate did not have any
culturable bacteria (Figure 5a). The recipient mice were
infected with C. rodentium and their responses were
determined. Based on body weight changes, colon histology
and colon IL-6 expression (Figure 5b–e), the recipients of both
the unfractionated intestinal contents and the centrifuged pellet
from helminth-infected donors developed more severe
Citrobacter colitis relative to recipients of fecal material
from control donors. In contrast, the severity of Citrobacter
colitis in the recipients of the microbe-free filtrate of intestinal
content from helminth-infected donors was similar to that in
recipients of control fecal material. These results confirm that
the intestinal commensal microorganisms are responsible for
transferring the effects of helminth infection, and that soluble
factors present in the intestinal contents are unlikely to be
involved.

Colonization of mice with microbiota from
helminth-infected donors results in dysregulated
anti-microbial responses during C. rodentium infection

The functionality of the cells of the intestinal epithelium can be
significantly affected by the gut microbiota. Mucosal anti-
microbial peptides (AMPs) are important components of
mucosal innate immunity and are generally expressed in the
intestinal lining in close contact with the gut microflora. The
expression of AMPs can be amplified by IL-17 and IL-22.29,30

IL-22 has been suggested to help prevent dissemination of
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enteric pathogenic bacteria such as C. rodentium.31 We
determined if the alteration of the gut microbiota induced
by H. polygyrus might affect mucosal innate defense by
examining RNA expression of IL-22 and the AMPs Regene-
rating Islet-Derived 3 (Reg3)g and cathelicidin (CRAMP),
both of which have been shown to play protective roles in
C. rodentium infection.31,32 Colonic tissues from C. rodentium-
infected recipients of control microbiota displayed significant
up-regulation of Reg3g and CRAMP (Figure 6a,b). In contrast,
C. rodentium-induced expression of Reg3g and CRAMP was

significantly reduced in recipients of microbiota from
H. polygyrus-infected donors (Figure 6a,b). Similarly,
colonic IL-22 expression was up-regulated in C. rodentium-
infected recipients of control microbiota (Figure 6c) whereas
this up-regulation was reduced, albeit not to the level of
statistical significance, in recipients of microbiota from
helminth-infected donors (Figure 6c). C. rodentium infec-
tion also typically up-regulates inducible nitric oxide synthase
(iNOS) expression in the colon and loss of iNOS expression has
been shown to cause a significant delay in C. rodentium

Figure 5 Transfer of intestinal microbes from helminth-infected donors enhances bacterial colitis. (a) Bacterial culture of unfractionated fecal material,
and the centrifuged pellet and filtrate from the fecal material. (b–e). Body weight changes, colon pathology, and colon IL-6 expression of recipients of fecal
material from normal control donor (Cont-F) or H. polygyrus-infected donor derived unfractionated fecal material (Hp-F), centrifuged pellet (Hp-F-pellet)
or fecal material filtrate (Hp-F-filtrate) at 2 weeks post C. rodentium infection. Colonic IL-6 expression was determined by qRT-PCR. Values are the fold
increase relative to C. rodentium infected mice colonized with normal microbiota. The data shown are the mean±the s.e.m. (n¼ 3–5 mice/group).
*Po0.05.

Figure 4 Colonization of mice with microbiota from H. polygyrus-infected mice exacerbates C. rodentium-induced colitis. (a) Colon tissues were
removed from mice colonized with Cont-F or Hp-F with and without C. rodentium infection (2 weeks post-bacterial-infection). (b–f) Histopathological
score and pathology analysis of colon. The data shown are pooled from three independent experiments with total (n¼ 9 to 12 per group). *Po0.005.
Magnification, � 200. (c–f): H&E staining of colon section: mice colonized with Cont-F (c) or Hp-F (e) without C. rodentium infection. (d and f): duplicate
samples are presented from C. rodentium infected mice colonized with Cont-FþCr (d) or Hp-FþCr (f). (g–i) paraffin-embedded colon tissues from mice
colonized with Cont-F (g) or Hp-F (h) with C. rodentium infection (2 weeks post-bacterial-infection) were processed with periodic acid-Schiff (PAS) stain
(� 200 magnification). (i): Quantitation of goblet cells in C. rodentium infected colons from mice colonized with Cont-F (g) or Hp-F (h). The bars indicate
the mean numbers of goblet cells per high power field counted in PAS-stained colon sections. The data shown are the mean±the s.e.m. (n¼3–5 mice per
group) from one of two experiments performed showing similar results. **Po0.01.
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clearance.33 Quantitative reverse transcription PCR (qRT-
PCR) analysis of colonic tissue revealed that colonization of
mice with helminth-altered microbiota resulted in suppressed
bacteria-induced iNOS expression (Figure 6d).

Effects of helminth-altered microbiota on Citrobacter
infection are mediated by increased Tregs

H. polygyrus infection induces Th2-biased immune responses,
which contribute to impaired host protection against enteric
bacterial infection and the induction of exacerbated bacterial
colitis.11,26 We next determined whether colonization of mice
with helminth-altered microbiota promotes Th2-biased
immune responses to C. rodentium. We analyzed anti-CD3-
stimulated Th1, Th2, and Th17 cytokine production by
mesenteric lymph node (MLN) cells using enzyme-linked
immunosorbent assay. Our results showed that the production
of the Th1 cytokine IFN-g, the Th2 cytokine IL-4, and the Th17
cytokine IL-17 did not differ significantly among groups
(Figure 7a), suggesting that microbiota transplantation did not
influence the differentiation of these effector T cell types during
C. rodentium infection.

Interestingly, our cytokine analysis revealed that both anti-
CD3- and Citrobacter antigen-stimulated IL-10 production by
MLN cells was significantly elevated in C. rodentium-infected
mice that were colonized with microbiota from helminth-

infected donors (Figure 7a). Moreover, FACS analysis of MLN
cells revealed an increase in the frequency of CD4þCD25þ and
CD4þFoxp3þ cells in mice colonized with microbiota of
helminth-infected donors (Figure 7b,c) and that these cell
populations also expressed IL-10 as evidenced by the detection
of higher frequencies of CD4þ IL-10þ and, Foxp 3þ IL-10þ

cells (Figure 7c). These data suggest that microbiota from
helminth-infected hosts promotes mucosal Treg responses
that compromise defense against C. rodentium. To test this
hypothesis, we repeated the microbiota transplantation
experiments and treated subgroups of the recipient mice
with anti-IL-10 and anti-CD25 or isotype control antibodies
every other day starting 1 day before and continuing for
9 days after C. rodentium infection. The CD4þCD25þ cell
population was effectively depleted as evidenced by our FACS
analysis of the MLN (data not shown).

The CD4þCD25þ cell depletion and IL-10 neutralization
did not affect fecal Citrobacter output in mice that were
colonized with control microbiota (Figure 8a), but it
significantly reduced fecal Citrobacter output in mice that
were colonized with microbiota from helminth-infected donors
(Figure 8b). Histopathology analysis of colon tissues revealed
that depletion of CD4þCD25þ cells and IL-10 neutralization
resulted in attenuated bacterial colitis (Figure 8c), which
correlated with reduced colonic proinflammatory cytokine IL-6

Figure 6 Colonization of mice with microbiota from helminth-infected donor mice results in down-regulation of C. rodentium-induced colonic anti-
microbial responses. Colon tissues were collected from mice colonized with Cont-F and Hp-F with and without C. rodentium infection for total RNA
isolation. Reg3g (a), CRAMP (b), IL-22 (c) and iNOS (d) expression was determined using qRT-PCR. Values are the fold increase compared with
baseline obtained from uninfected mice colonized with normal microbiota. The data shown are the mean±the s.e.m. (n¼3–5 mice/group) from one of
three experiments performed showing similar results. *Po0.05, **Po0.01, ***Po0.005.
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expression (Figure 8d). These results suggest that the changes
in gut microbiota induced by helminth infection act to promote
Treg cell responses, thereby suppressing protection against
Citrobacter and leading to enhanced bacterial infection and
exacerbation of bacterial colitis.

DISCUSSION

Our previously published work demonstrated that co-infection
with H. polygyrus worsened the course of Citrobacter infection
and the associated colonic pathology in mice.11,26 In the current

study, we followed up on these earlier observations to
determine the impact of helminth-altered microbiota on the
host response to Citrobacter. The results reported here show
that H. polygyrus infection not only induces alterations in the
intestinal microbiota composition but also that the altered gut
microbiota contributes significantly to the helminth-induced
exacerbation of Citrobacter infection and colitis. Although we
did not directly compare recipients of microbiota from
H. polygyrus-infected donors with H. polygyrus-infected mice
with respect to the course of Citrobacter infection, the effects on

Figure 7 Effects of helminth-altered microbiota on Citrobacter infection are mediated by increased Tregs. (a) MLN cells were collected from mice
colonized with Cont-F and Hp-F with and without C. rodentium infection and were cultured with surface-bound anti-CD3 mAb. Culture supernatants were
collected 48 h later for cytokine determination (enzyme-linked immunosorbent assay). The data shows that colonization of mice with Hp-F did not alter
IFN-g, IL-4 or IL-17 response, and it drives IL-10 response during C. rodentium infection. (b) FACS data shows that colonization of mice with Hp-F induces
a significant expansion of CD4þCD25þ T cells in MLN during C. rodentium infection. (c) FACS data shows that colonization of mice with Hp-F induces a
significant expansion of CD4þFoxp3þ , CD4þ IL-10þ , and Foxp3þ IL-10þ T cells in MLN during C. rodentium infection. The data shown are the
mean±the s.e.m. (n¼3–5 mice per group) from one of three experiments performed showing similar results. *Po0.05, **Po0.01, ***Po0.005.
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fecal Citrobacter output and severity of colitis in the former
group are very similar to what we have observed previously in
H. polygyrus-C. rodentium co-infected animals.11,26 These
results strongly suggest that altered microbiota composition is
an important factor in the effects of H. polygyrus on Citrobacter
infection and colitis. Further investigation will be required to
determine the role of microbiota-independent factors in the
effects of H. polygyrus infection. Meanwhile, our findings are
consistent with other studies showing that differences in
microbiota composition increase susceptibility to infections
with enteropathogens such as Salmonella enterica and
C. rodentium34,35 and also to inflammatory bowel disease
(IBD).36,37 Our results also demonstrate that the mechanism by
which the altered microbiota influences Citrobacter infection
involves an increase in Tregs that appears to compromise
anti-microbial defenses in the gut.

Helminths are well known to induce Th2 responses, and we
previously demonstrated that co-infection with H. polygyrus
exacerbates Citrobacter colitis through a STAT6 (Th2)-
dependent mechanism.11,22 Based on our analysis of IL-4

production by polyclonally stimulated MLN T cells, coloniza-
tion with microbiota from helminth-infected donors did not
appear to induce a Th2-skewed response in the recipient mice.
However, there was a clear increase in colon goblet cell number
in Citrobacter-infected recipients of fecal material
from helminth-infected donors. Intestinal goblet cell hyper-
plasia is typically seen as part of a Th2 response, and it is
currently not clear how transfer of the helminth-altered
microbiota influences the differentiation and/or survival of
goblet cells. Clarifying this issue could be an interesting area to
investigate in the future. There were also no differences in Th1
and Th17 responses between recipients of control and
helminth-altered microbiota during C. rodentium infection.
However, colonization with the helminth-altered microbiota
promoted Treg development. It was recently shown that Treg
cells can promote a functional Th17 response to C. rodentium
infection.38 We did not see such an effect in our study. Rather,
our results suggest that helminth-induced alterations in
microbiota composition disturb the balance between Treg
and Th1/Th17 cells, and that the enhanced Treg response

Figure 8 Treg depletion results in reduced fecal bacterial output and attenuated C. rodentium-mediated intestinal injury in mice colonized with
microbiota from helminth-infected donor. (a,b) The numbers of Citrobacter recovered from fecal samples were determined at different time points during
infection in C. rodentium-infected mice that were colonized with Cont-F or Hp-F and treated with isotype control Ab or Anti-CD25 and IL-10 Ab. (c)
Histopathological analysis and score of colonic inflammation from mice infected with Citrobacter after treatment with isotype control Ab or Anti-CD25 and
IL-10 Ab. (d) Colonic IL-6 expression was determined by qRT-PCR. The data shown are the mean±the s.e.m. (n¼ 3–5 mice/group) from one of two
experiments performed showing similar results. *Po0.05.
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compromises mucosal protective responses against bacterial
pathogens. This notion is supported by the results of Treg
depletion, which enhanced resistance to Citrobacter infection
in mice that were transplanted with helminth-altered micro-
biota. The enhanced resistance correlated with increased IFN-
g, and to a less extent, IL-17 production in the MLN (data not
shown).

The identity of the specific members of the helminth-altered
microbiota or microbial metabolites that are responsible for
Treg induction in the recipient mice awaits clarification. Several
earlier studies have demonstrated the effects of the microbiota
on the differentiation and/or maintenance of Tregs in the
mouse intestine and have implicated specific microorganisms
and their products in these processes.39 Interestingly, recent
evidence indicates that administration of Lactobacillus taiwa-
nensis is sufficient to elevate Treg frequencies and to render
mice more susceptible to H. polygyrus infection.40 Recent
published work also showed that helminth infection increases
short chain fatty acids (SCFA) production,41 thus promoting
Treg development. Thus, it seems possible that helminths
may induce a gut microbiota composition that favors
their own survival by promoting Treg development. A recent
study also showed that transfer of the microbiota from
helminth-infected mice was beneficial in an airway allergic
asthma model.41 In this model, no pathogen is involved and so
the immunomodulatory effects of the helminth-altered micro-
biota help to relieve airway inflammation. In contrast, our
results indicate that the effects of the helminth-altered
microbiota are detrimental, presumably because they interfere
with immune responses that are required for Citrobacter
clearance. Our results, therefore, indicate that a by-product of
this altered microbiota composition is impaired host protective
immunity against bacterial enteropathogens.

There are some similarities and discrepancies between our
findings and published results on H. polygyrus-induced
microbiota alterations. Our results are consistent with another
study that showed increased abundance of the Bacteroides/
Prevotella group in H. polygyrus-infected C57BL/6 mice.42

However, our results showing a decrease in Lactobacillaceae in
Balb/c mice contrast with a study indicating that H. polygyrus
infection increased the abundance of Lactobacillaceae in
C57BL/6 mice.25 This discrepancy may be related to differences
in model system, host genetic background, particularly since
C57BL/6 mice are more susceptible to H. polygyrus,43 or the
type of sample analyzed.

How exactly worm infection influences microbiota compo-
sition remains to be investigated. Helminths may change
microbiota composition through the immune responses they
elicit or through the effects of the parasites themselves.
Helminth infection is known to induce Th2 and Treg responses.
Our study provides strong evidence to suggest that an intact
Th2 response is required for the helminth-induced alterations
in the microbiota that are involved in exacerbation of
Citrobacter infection, a conclusion that is supported by stool
qPCR analysis showing that there was no significant effect of
the H. polygyrus infection on the abundance of Bacteroides,

SFB, and Lactobacillus in the stool of the STAT6 KO mice
(Figure 3g–i). In contrast, a recent study showed that IL-4Ra
KO mice had similar changes in microbiota composition
after helminth infection, suggesting that the altered micro-
biota composition was independent of the IL-4/13—STAT6
signaling axis.42 Due to the profound immune regulatory
capacity of helminth parasites, it is possible that other immune
responses induced by helminths, such as Tregs,44 may be a
potential contributor to altered gut microbiota composition.
Although it still is unclear whether helminth parasites or
their components may influence the gut microbiota directly, we
have found in preliminary experiments that mixing a homo-
genate of H. polygyrus with fecal material from control donors
failed to confer increased susceptibility to Citrobacter colitis in
recipient mice (data not shown). The anti-helminthic treat-
ment that we used in this study, which generally results in
complete worm expulsion, did not correct the abnormalities of
microbiota composition induced by H. polygyrus infection.
Taken together, our results suggest that it is the altered
microbiota induced by helminth infection rather than worm
components that is responsible for the dysregulated mucosal
immune responses that compromise protection against Citro-
bacter. However, the potential direct effect of the helminth
parasite on the gut microbiota of the host needs to be further
elucidated. Regardless, our results, together with the previously
published observations mentioned above, highlight the com-
plexity of the interactions between helminths, the microbiota
and the host immune system, and the need for a better
understanding of the mechanisms underlying these interac-
tions. Our 16S rRNA gene sequencing experiments indicate
that H. polygyrus infection results in dysbiosis of gut microbiota
with marked increase in Bacteroides, which constitute the
numerically predominant taxa in the murine colon,45 and
decrease in Lactobacillus (Figures 2 and 3). Our qPCR
experiments confirmed these observations and further
indicate the change in Bacteroides, SFB abundance (Figure
2). However, the potential functional significance of these
changed microbiota communities induced by helminth
parasites in modulating host defense against bacterial
pathogens remains to be established.

The microbiota transplantation protocol that was used in
this study involves the transfer of fecal material as well as
intestinal contents, which is similar to the methodology utilized
in many earlier studies.46–48 However, the transferred material
may contain other components, including cytokines, meta-
bolites, etc. To exclude the possibility that some of these
components may have contributed to the functional effects of
the transplantation, we performed additional experiments in
which the fecal material were fractionated by centrifugation or
filtration to separate microorganisms from soluble compo-
nents. These approaches indicated that it was the micro-
be-containing fraction, and not the soluble material, that
transferred the effects of helminth infection on Citrobacter-
induced colitis. Furthermore, we have shown clearly that the
transferred material alters microbiota composition in the
recipients, an outcome that is almost certainly the result of
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colonization by the donor microbiota. Based on these results,
and on our finding that mixing a homogenate of H. polygyrus
with fecal material from control donors failed to confer
increased susceptibility to Citrobacter colitis in recipient mice,
we feel confident that the effects we observe are caused by the
microbiota and not by some other endogenous substance or
worm component that might have been transferred along with
the microbiota.

Taken together, the results of this study demonstrate that
H. polygyrus infection induces significant disruption of the
normal gut microbiota and that alterations in the gut
microbiota are one significant contributor to helminth-induced
exacerbation of bacterial colitis. The helminth-induced altera-
tion of the microbiota acts by promoting regulatory T cells.
Further experiments to elucidate the mechanisms involved in
the helminth-induced alterations of the microbiota and the
microbiota-dependent changes in Tregs and epithelial barrier
functions are clearly warranted. The results of such studies will
provide additional insights into the physiological consequences
of parasitic infection.

METHODS

Mice and infections. Six- to 8-week-old female Balb/c mice (The
Jackson Laboratory, Bar Harbor, ME) were fed autoclaved food and
water, and maintained in a specific-pathogen-free facility at Mas-
sachusetts General Hospital. Animal care was provided in accordance
with protocols approved by the Institutional Animal Care and Use
Committee of Massachusetts General Hospital. For H. polygyrus and
C. rodentium infections, we used our published protocols.11 For
anthelmintic treatment, H. polygyrus-infected mice were treated orally
with pyrantel pamoate at a dose of 172 mg kg� 1 body weight at day 9
and 14 post infection, which effectively eliminates the parasites from
the intestine.27 All animal studies were carried out in accordance with
the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was
approved by the Sub-committee on Research Animal Care of Mas-
sachusetts General Hospital (Animal Welfare Assurance Number
A3596-01).

Antibiotic treatment and microbiota transfer protocol. Balb/c
recipient mice were pretreated with a cocktail of antibiotics
(Kanamycin 0.4 mg ml� 1, Gentamicin 0.035 mg ml� 1, Colistin
850 U ml� 1, Metronidazole 0.215 mg ml� 1, Vancomycin
0.045 mg ml� 1; Sigma Aldrich, St Louis, MO) in drinking water for 1
week.28 One week after antibiotic treatment, recipient mice were
gavaged 3 times a week with a fecal slurry of stool pellets and cecal
contents from the control (control microbiota) or H. polygyrus-
infected (Hp-microbiota) donor mice. One week later, some of the
recipient mice from both Hp-microbiota and control microbiota
colonized groups were infected with C. rodentium, and others left
uninfected as controls. The body weight and the survival of the infected
mice were measured. Fecal material was collected 3 times a week. The
mice were killed 2 weeks post C. rodentium infection.

Intestinal content separation and transfer: 2 weeks after helminth
infection, fecal material (stool pellets and cecal and colonic contents)
was mixed with phosphate-buffered saline (PBS) (200 mg ml� 1)
and allowed to settle for 5 min before transfer to recipients.
To remove soluble factors from the transferred material, the
PBS-fecal mixture was centrifuged (at 6,000 r.p.m., 5 min). The
centrifuged pellets were washed with PBS and then transferred to
recipients. To eliminate the microbes from the transferred material, the
supernatant collected from the centrifugation of the PBS-fecal mixture

was filtered through a 0.2-m filter and the filtrate was administered to
recipients.

Lymphocyte isolation, measurement of cytokine production and

FACS analysis. At necropsy, lymphocyte suspensions were prepared
from MLN. Cells (5� 106 cells per ml) were cultured in 48-well plates
in the presence or absence of plate-bound anti-CD3 monoclonal
antibody (MAb; 10 mg ml� 1), and culture supernatants were assayed
for cytokine production as previously described.11 FACS analysis was
performed using our published methods.12

Quantitative detection of chemokine expression in colonic tissues.
Total RNA was prepared from colon tissue using TRIzol reagent
(Invitrogen Life Technologies, Carlsbad, CA) following the
manufacturer’s recommendations. The expression of RegIIIg,
CRAMP, IL-22 and iNOS was tested by real-time quantitative RT-PCR
using previously published methods.12

Histopathological examinations. At necropsy, colonic tissues were
collected, frozen in Tissue Tek OCT compound (Miles, Inc., Elkhart,
IN) and stored at � 80 1C. Then, 5 mm sections were cut on a Leica
CM1850 Cryostat (Leica Biosystem, Buffalo Grove, IL) and were
stained with hematoxylin and eosin. Intestinal pathology was scored
using a modified histology scoring system based on previously
published methods.12,21 For goblet cell enumeration, periodic acid-
Schiff-stained colonic sections were prepared and digital images were
collected from at least two sections in 5 mice for each group. The
number of periodic acid-Schiff-positive cells per field was determined.

CD25þ Treg depletion. To determine the impact of increased Treg
responses induced by microbiota from helminth-infected host on
mucosal defense against Citrobacter, the microbiota recipient mice
were injected intraperitoneally (i.p.) with anti-IL-10 (BioXCell, West
Lebanon, NH) and anti-CD25 (BioXCell) or isotype control antibodies
(BioXCell) every other day starting 1 day before and continuing for
9 days after C. rodentium infection. CD4þCD25þ cell depletion was
confirmed by FACS.

Gut microbiome analysis. Fecal pellets were collected from colons of
uninfected and H. polygyrus-infected (2 weeks post-infection) mice at
necropsy. DNA was extracted using the QIAamp DNA stool kit
(QIAGEN, Chatsworth, CA). Sequencing and analysis of the stool
DNA were performed at the Research and Testing Laboratory
(Lubbock, TX) using 454 methods as described previously.49,50

Statistics. All in vivo experimental results were expressed as the
mean±s.e.m. N refers to the number of mice used. Statistical dif-
ferences were determined using one-way analysis of variance test
(Tukey’s multiple comparison test) with GraphPad Prism. A P value
o0.05 was considered significant.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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