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Abstract

Increasing incidence of inflammatory bowel diseases such as Crohn’s disease (CD) in developed
nations is associated with changes to the environment, such as decreased prevalence of helminth
colonization and alterations to the gut microbiota. We find that helminth infection protects mice
deficient in the CD susceptibility gene NMod2 from intestinal abnormalities by inhibiting
colonization with an inflammatory Bacteroides species. Colonization resistance to Bacteroides
was dependent on type-2 immunity, which promoted the establishment of a protective microbiota
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enriched in Clostridiales. Additionally, we show that individuals from helminth-endemic regions
harbor a similar protective microbiota, and that deworming treatment reduced Clostridiales and
increased Bacteroidales. These results support a model of the hygiene hypothesis whereby certain
individuals are genetically susceptible to the consequences of a changing microbial environment.

Dramatic increases in the incidence of inflammatory bowel disease (IBD) in the developed
world point towards alterations in the environment, including changes to the gut microbiota
(1) and decreased exposure to intestinal parasites such as helminths (2). Evidence supporting
a central role of the microbiota in the pathogenesis of IBD has led to a growing interest in
defining the symbiotic relationship between the host and specific microbial species (3).
Symbiotic relationships described in insects that develop to defend against environmental
hazards (defensive symbiosis) (4) may be applicable to host-microbiota interactions. For
example, specific bacterial taxa found within the human gut microbiota likely mediate
resistance to antibiotic-associated diarrhea caused by Clostridium difficile (5). Loss of
beneficial members of the microbiota potentially contribute to chronic inflammatory
diseases as well. Also, helminths and the gut microbiota have co-evolved with their
mammalian hosts, but the mechanisms of these interactions and the consequence of
decreased exposure to intestinal helminths remain unclear. Here, we find that helminths can
reduce intestinal inflammatory responses by promoting expansion of protective bacterial
communities that inhibit pro-inflammatory bacterial taxa.

We previously reported that mice deficient in ModZ2 develop several small intestinal (SI)
abnormalities in a manner dependent on a ubiquitous member of the gut microbiota,
Bacteroides vulgatus (6). Consistent with the specific association between NODZ2 variants
and ileal Crohn’s disease (CD) (7), an IBD that affects the SI, the most striking abnormality
was a Sl goblet cell defect that resulted in a compromised mucus layer, allowing sustained
colonization by B. vulgatus. We found that chronic infection of Mod2~ mice with the
parasitic worm 7richuris muris restored Sl goblet cell numbers and morphology (Figure 1A,
B, S1A, B). These changes were not detected in the colon, and wild-type (WT) mice
infected with 7. muris did not display non-specific goblet cell hyperplasia (Figure S1C).
Elevated epithelial levels of the antimicrobial lectin Reg3p and interferon (IFN)y+ CD8+
intraepithelial lymphocytes (IELs), inflammatory markers associated with goblet cell defects
in Nod2™'~ mice (6), were also reduced upon 7. murisinfection (Figure 1C-E, S1D, E, S2).
Nod2 = mice develop severe intestinal pathologies following Sl injury induced by the non-
steroidal anti-inflammatory drug (NSAID) piroxicam. 7. muris infection prevented the
intestinal bleeding and perforation, exaggerated weight loss, mucus depletion, splenomegaly,
and bacterial translocation that were observed in uninfected ModZ2™/~ mice treated with
piroxicam (Figure 1F, S3A-C, S4). Blind histology analysis confirmed reductions in specific
pathologies such as abscesses, epithelial hyperplasia, villus blunting, and immune infiltrates
(Figure 1G, H, S3D-J). These results indicate that 7. muris infection ameliorates
spontaneous and inducible intestinal defects in NodZ2™~ mice.

Consistent with the dependence of these inflammatory pathologies on B. vulgatus (6), T.
muris infection reduced bacterial burden to the limit of detection in the stool and Sl tissue of
NodZ™'~ mice (Figure 2A, F). B. vulgatus inhibition was dependent on lymphocytes (Fig
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S5A-C), potentially reflecting goblet cell activation by type-2 cytokines (interleukin (IL)-4
and IL-13) produced by T helper (Ty) cells during helminth infections. Indeed, we found
increased phosphorylation of the type-2 transcription factor Stat6 in the Sl epithelium of 7.
muris-infected NodZ™'~ mice (Figure 2B, S5D). Also, 7. muris infection only transiently
inhibited B. vulgatus and did not restore goblet cells in Stat6/~ mice reconstituted with
Nod2'~ bone marrow (Figure 2C, S5E). 7. muris-infected NodZ™'~ mice displayed a
dominant T2 response characterized by a >10-fold increase in IL-13+ CD4+ T cells in the
lamina propria (Figure 2D, E, S5F, G). We confirmed these results with a second helminth,
Heligmosomoides polygyrus, which induced an even greater T2 response compared with 7.
muris, perhaps reflecting the distinct anatomical niches of these parasites (Figure 2H, D,
S6C, D, S7B). H. polygyrus completely abolished tissue-associated B. vulgatus, restored
goblet cells, and reduced IFNy+ IELs in NodZ™/~ mice (Figure 2F, 2G, S6A, B, S7A).
Blocking IL-13 inhibited the effect of H. polygyruson B. vulgatus and goblet cells, and
administering recombinant I1L-13 (rIL-13) or rlL-4 to NodZ™/~ mice was sufficient to
reproduce the effect of helminth infection (Figure 21, J, K, L, S6E). RNA-seq analysis of
intestinal tissues from riL-13 treated AlodZ™'~ mice revealed a wound healing response
characterized by expression of M2 macrophage genes (Figure 2M, S6F, Table S1). These
results are consistent with the anti-inflammatory role of M2 macrophages in the gut (8, 9),
and help explain how helminth infection ameliorates the exacerbated intestinal injury
response in Mod2”~ mice. These results do not contradict the regulatory response induced
by H. polygyrusin the colon (9, 10), because type-2 immunity and regulatory T cells can
function concurrently to reduce inflammation (11).

The reduction of B. vulgatus in the presence of helminths could be mediated indirectly
through alterations to the gut microbiota downstream of the type-2 response. Cohousing
mice allows for coprophagic transmission of microbial populations without transfer of
parasites because the worms are not sexually mature until ~35 days post infection and eggs
require several weeks for germination (12). We found that uninfected Nod2”/~ mice
cohoused with 7. muris-infected Nod2™~ mice showed a similar decrease in B. vulgatus
colonization (Figure 3A, S8A). This reduction in B. vulgatus levels was not observed in
uninfected Nod2™'~ mice when they were instead cohoused with 7. muris-infected WT mice
(Figure S8B, C). 16 STDNA sequencing analysis of stool samples indicated that the
alterations to microbial community compositions are different for 7. muris-infected WT and
NodZ™!~ mice (Fig 3B), which may reflect different intestinal responses between WT and
Nod2'~ mice (Figure 2E). Whereas there is reduced alpha diversity in infected WT mice, as
previously reported (13, 14), Nod2”~ mice increased their alpha diversity at Day 21 post
infection (Fig. S8D). The most significantly reduced bacterial taxa in infected Nod2/~ mice
were Prevotella and Bacteroides genus (belonging to the order Bacteroidales), and the
Lachnospiraceae family of the order Clostridiales were the most significantly increased
(Figure 3C). The increase in Clostridiales was less evident in WT mice (Figure 3B),
potentially explaining why cohousing NodZ™/~ mice with 7. muris-infected WT mice was
ineffective in reducing B. vulgatus burden. The expansion of Clostridiales was also observed
in the stool of uninfected NodZ™/~ mice treated with rIL-13 or rlL-4 (Figure 3D, S8E). The
expansion of Clostridiales was even more pronounced among tissue-associated bacteria in
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the Sl following 7. muris or H. polygyrus infection (Figure S8F, G). Thus, helminth
infection and type-2 cytokines inhibit B. vulgatus and expand Clostridiales strains.

To determine if Clostridia can directly inhibit B. vulgatus, we inoculated Nod2™'~ mice with
a mixture of clusters IV, XIVa, and XVIII Clostridiales and Erysipelotrichales strains
isolated from human feces (15). Repetitive gavaging of NodZ/~ mice with this mixture, but
not sterile broth or an equivalent number of Lactobacillus johnsonii (a host-interactive
commensal bacterium (16)), led to a decrease in B. vulgatus over time (Figure 3E).
Increased mucus production by goblet cells may alter the intestinal environment to favor
Clostridiales, because we found that the addition of mucin to anaerobic cultures accelerates
the growth of all three representative Clostridia strains tested but not B. vulgatus (Figure 3F,
G, S8H, 1). Hence, our results indicate that in Aod2™'~ mice, the mucus response associated
with type-2 immunity during helminth infection expands Clostridia strains that can inhibit
colonization of B. vulgatus.

IBD is less prevalent in regions where helminth colonization is endemic. We previously
found that helminth-colonized individuals among indigenous populations in Malaysia,
known as the Orang Asli, have higher microbial diversity than negative individuals (17). We
compared rural Orang Asli of the Temuan subtribe from a village 40km away, with
individuals living in urbanized Kuala Lumpur (96% versus 5.3% of individuals colonized by
intestinal helminths, respectively) (Table S2). People living in Kuala Lumpur predominantly
cluster in a group driven by abundance of a single Bacteroides OTU (TaxID 3600504),
which is less abundant in the Orang Asli (Figure 4A, B). In contrast, the helminth-positive
Orang Asli falls into a second group characterized by Faecalibacterium and Prevotella
(Figure 4A). This division between urban and rural populations in microbiota dominances is
observed in other Asian countries (18).

To control for factors other than helminth colonization (e.g., diet), we analyzed stool
samples collected from the Orang Asli before and after deworming treatment with
Albendazole (Figure S9A, B, Table S3). Alpha-diversity of microbial communities was
significantly reduced following treatment (Figure 4F, S9C, D). By LEfSe, Clostridiales was
the most significantly reduced order, whereas Bacteroidales (Prevotella) was significantly
expanded post treatment (Figure 4C-E, S9E). Utilizing the egg burden data, we combined
Centered Log-Ratio (CLR) transformation with Partial Least Square (PLS) regression to
examine within subject changes, incorporating a repeated measures design (48). The
resulting model showed that changes in 7richuris trichiura egg burden post treatment within
individuals are strongly associated with a small set of bacterial taxa, independently of age
and gender (Figure 4G, S10A-C, Table S4). Specifically, Dialisterand Coprococcus are two
members of the order Clostridiales positively associated with changes in egg burden,
whereas the Bacteroidales species Prevotellaand another OTU are negatively associated
(Figure 4H, S10D). Individuals without reduced egg burden did not show these changes in
the microbiome, indicating that these findings are unlikely to be due to non-specific effects
of Albendazole treatment (Figure S10E-G). Overall, these data support our hypothesis that
helminth infection promotes the expansion of Clostridiales communities that outcompete
Bacteroidales communities, although the T2 response was not examined here. Finally, we
applied a method (SPIEC-EASI) for inference of microbial ecological networks (19) to
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publicly available human microbiome datasets consisting of healthy USA residents (Human
Microbiome Project and American Gut Project) and pediatric IBD patients (RISK cohort)
(20-22) and found that the antagonistic relationship between Clostridiales and Bacteroidales
is the most consistently observed negative relationship (Figure 41, J, S11).

In this study, Clostridiales are an example of defensive symbionts with an antagonistic
interaction with another common commensal bacteria (Bacteroidales), which we
consistently observed in all human gut microbiome datasets. Bacteroidales are pathogenic
only in susceptible Nod2 deficient hosts and this competition reverses disease pathologies.
Many CD patients do not carry NODZ2 variants, and hence may not respond to helminths,
which have failed in clinical trials. Helminths may be beneficial only in patients with NODZ2
variants or have pro-inflammatory Bacteroidales species. We propose that certain individuals
may be more susceptible to deleterious consequences of a changing microbial environment
and an understanding of the contribution of genetic and environmental factors towards the
development of inflammatory diseases is essential to devise therapeutic strategies that
consider the heterogeneity of etiologies.
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Figure 1. Trichuris murisinfection reverses intestinal abnormalities in Nod2™/~ mice
(A-B) PAS-Alcian blue stained small intestinal sections (A) and quantification of the

number of goblet cells displaying normal morphology per villi (B) from uninfected and 7.
muris infected WT and Mod2™'~ mice (n=7 per genotype). (C-D) Immunofluorescence (IF)
analysis of Reg3p in small intestine (C) and quantification of the mean fluorescence
intensity (MFI) (D) of above mice (n=8 per genotype). (E) Quantification of the proportion
of CD8+ intra-epithelial lymphocytes (IELs) expressing IFN-y by flow cytometry (n=11 per
genotype). (F-H) Quantification of weight loss (F), H&E-stained small intestinal sections
(G), and quantification of pathology (48) (H), following piroxicam treatment of uninfected
and 7. muris infected WT and NodZ™'~ mice. Asterisk denotes an abscess in (G). (n>7 per
genotype). *p<0.05, **p<0.01, and ****p<0.0001 by ANOVA with Holm-Sidak multiple
comparisons test for (B), (D), (E), (F), and (H). Scale bar represents 50 pm in (A), 100 um in
(C) and (G). Data are represented as mean = SEM in (F), each data point represents an
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individual mouse and bar denotes mean in (B), (D), (E), and (H), from at least two
independent experiments.
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Figure 2. Helminth infection inhibits Bacteroides vulgatus colonization through a type-2 immune
response

(A) Quantification of B. vulgatus colony forming units (cfu) in stool from 7. muris infected
WT and Nod2™'~ mice (n=10 per genotype). (B) Quantification of pSTATS staining in the
small intestine of 7. murisinfected WT and NodZ2™'~ mice (n=3 per genotype). (C)
Quantification of B. vulgatus in stool from 7. muris infected WT (NodZ™'~ — WT) and
Stat6™~ (Nod2™'= — Stat67'~) mice reconstituted with Nod2”'~ bone marrow (BM). Both
WT and Stat6™~ chimeric mice were gavaged with B. vulgatus to ensure equal colonization
before 7. murisinfection (n=5 per genotype). (D) Quantification of the total number of small
intestinal lamina propria CD4* T cells expressing I1L-13 in uninfected and 7. muris infected
NodZz~ mice (n>4 per genotype). (E) Fold-increase in the number CD4* T cells producing
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IFN-v, IL-13, or IL-10 in the small intestinal lamina propria of 7. murisinfected WT and
Nod2'~ mice, normalized to uninfected mice (n=4 per genotype). (F) Quantification of 5.
vulgatus associated with small intestinal tissue of uninfected, 7. muris infected, and H.
polygyrus infected Nod2™~ mice (n=10 per genotype). (G-H) Quantification of goblet cells
displaying normal morphology per villi (G) and total number of small intestinal lamina
propria CD4* T cells expressing I1L-13 (H) in uninfected and H. polygyrus infected WT and
NodZ™!= mice (n=3 per genotype). (1-J) Quantification of B. vulgatus in small intestinal
tissue (1), and goblet cells displaying normal morphology (J) in H. polygyrus infected
NodZ™'~ mice treated with antibody to IL-13 or isotype control (n=6 per genotype). (K-L)
Quantification of goblet cells displaying normal morphology (K) and B. vulgatus in stool (L)
in NModZ™'~ mice treated with recombinant IL-13 or PBS (n=8 per genotype). (M) Pathway
analysis based on GO terms of genes upregulated in ModZ™/~ mice treated with recombinant
IL-13 compared to PBS controls. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 by
ANOVA with Holm-Sidak multiple comparisons test for (A), (B), (G) and (H), and unpaired
t-test for (C), (D), (F), and (1)—(L). Data are represented as mean £ SEM in (A), (B), (C),
(E), and (L), each data point represents an individual mouse and bar denotes mean in (D),
and (F)—(K), from at least two independent experiments.
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Figure 3. Inhibition of Bacteroides vulgatus is associated with expansion of Clostridiales following
helminth infection

(A) Quantification of B. vulgatus in stool harvested from uninfected and 7. muris infected
NodZ2™'= mice co-housed for the duration of the experiment (n>4). (B) Relative abundance of
taxonomic groups in response to 7. muris infection in the stool of WT and Aod2”~ mice as
determined by 16S sequencing (n=5 per genotype). (C) Supervised analysis of 16S
sequencing data with LDA effect size (LEfSe) comparing NodZ™/~ mice at DO and D21 post
infection with 7. muris using an LDA threshold score of 4 (n=5). (D) LEfSE analysis to
determine alterations to the stool microbiota after recombinant IL-13 treatment of Nod2™/-
mice using an LDA threshold score of 4 (n=5). (E) Quantification of B. vulgatus in stool
harvested from NodZ2™'~ mice gavaged with sterile broth, L. johnsonii, or a mix of 17
Clostridiales and Erysipelotrichales strains (n=3). (F-G) Quantification of Clostridium
species (Clostridiales #28) (F) or B. vulgatus (G) in the presence of varying concentrations
of pig intestinal mucin or vehicle in the culture media. ***p<0.001, ****p<0.0001 by
ANOVA with Holm-Sidak multiple comparisons test for (E), and (F). Data are represented
as mean + SEM from at least two independent experiments.
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Figure 4. Helminth colonization in humans is associated with a decrease in Bacteroidales and an
increase in Clostridiales

(A) Beta diversity plots of gut microbiota from urban controls in Kuala Lumpur (red dots) or
the Orang Asli (blue dots). (B) Relative abundance of a dominant Bacteroides OTU in the
Orang Asli and urban controls. (C—F) Supervised LEfSE analysis (C), relative abundance of
Bacteroidales (D) and Clostridiales (E), and alpha diversity as Observed OTUs (F) of the
Orang Asli stool microbiota pre and post treatment with Albendazole. (n= 19 for urban
controls and 55 Orang Asli. n = 53 for deworming experiments). (G) Partial Least Squares
regression biplots examining within subject variances with repeated measures design to
identify bacterial taxa associated with 7richuris trichiura worm burden (intensity of spots).
Red arrows are Clostridiales taxa and green arrows are Bacteroidales taxa. (H) Specific
OTUs identified to be positively (Dialister) or negatively (Prevotella) associated with
changes to 7. trichiura egg burdens. (1-J) Microbial network inference demonstrating an
antagonistic relationship between Clostridiales and Bacteroidales communities from the
Human Microbiome Project (1) and the pediatric IBD RISK cohort (J). The node diameter is
proportional to the geometric mean of the OTU’s relative abundance. Numerical values on

Science. Author manuscript; available in PMC 2016 June 13.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ramanan et al.

Page 14

the edges represent the fraction of edges that are either majority positive (Green) or majority
negative (Red). Also see Figure S10. ****p<0.0001 by unpaired t-test in (B), and paired t-
test in (D)—(F).
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