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The microbiome is now widely recognized as being important in health and disease, and makes up a substantial
subset of the biome within the ecosystem of the vertebrate body. At the same time, multicellular, eukaryotic organisms
such as helminths are being recognized as an important component of the biome that shaped the evolution of our
genes. The absence of these macroscopic organisms during the early development and life of humans in Western
culture probably leads to a wide range of human immunological diseases. However, the interaction between the
microbiome and macroscopic components of the biome remains poorly characterized. In this study, the microbiome of
the cecum in rats colonized for 2 generations with the small intestinal helminth Hymenolepis diminuta was evaluated.
The introduction of this benign helminth, which is of considerable therapeutic interest, led to several changes in the
cecal microbiome. Most of the changes were within the Firmicutes phylum, involved about 20% of the total bacteria,
and generally entailed a shift from Bacilli to Clostridia species in the presence of the helminth. The results point toward
ecological relationships between various components of the biome, with the observed shifts in the microbiome
suggesting potential mechanisms by which this helminth might exert therapeutic effects.

Introduction

The biome of the vertebrate body contains a vast array of
microorganisms, termed the microbiome, as well as a variety of
multicellular, macroscopic organisms. Importantly, the micro-
biome, which by definition contains only microscopic organisms,
is a subset of the body’s biome, which includes multicellular,
macroscopic organisms that often reach several millimeters in
length and sometimes even meters in length. Such multicellular
organisms include a variety of arthropod ectoparasites, as well as
nematodes and cestodes that colonize various internal organs.
Although multicellular organisms living within the vertebrate
body have been largely lost in humans living in post-industrial
society, these organisms have been an integral part of the biome
of vertebrates for hundreds of millions of years' and were key
components of the human biome during the evolution of our
genome.” That is, these organisms were an integral component
of our “environment of evolutionary adaptedness,” 4 an impor-
tant concept in the field of evolutionary medicine. Briefly, emerg-
ing evidence strongly suggests that loss of this compartment of

our biome has led, in large part, to pandemics of allergic, autoim-
mune, and other inflammatory related diseases in modern soci-
ety.">” Further, the emerging view of the vertebrate body is that
of an ecosystem, with numerous interconnected components,
including the immune system and various parts of the biome.
However, how these components interact is only now beginning
to be understood.

The effect of helminths on disease is well documented, with a
large number of studies finding that helminths attenuate allergic,
autoimmune, and other inflammation-related conditions."®®° It
is thus not surprising that “helminth therapy” has proven very
successful in both animal studies as well as some clinical studies,
and is currently receiving considerable attention as a means of
normalizing immune function in Western culture, thus eliminat-
ing allergies and autoimmune conditions.” However, given the
lack of knowledge regarding the effect of helminths on the micro-
biome, it is not surprising that the role of the microbiome in the
treatment of disease using helminths is entirely unclear. Work in
non-human primates, using helminths to ameliorate idiopathic
chronic diarrhea, showed several changes in the mucosal-

© Erin A McKenney, Lauren Williamson, Anne D Yoder, John F Rawls, Staci D Bilbo, and William Parker

*Correspondence to: William Parker; Email: william.parker@duke.edu
Submitted: 10/15/2014; Revised: 04/21/2015; Accepted: 04/26/2015
http://dx.doi.org/10.1080/19490976.2015.1047128

This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non-Commercial License (http:/creativecommons.org/licenses/
by-nc/3.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The

moral rights of the named author(s) have been asserted.

182 Gut Microbes

Volume 6 Issue 3


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/

Downloaded by [74.229.177.131] at 07:33 11 September 2015

associated microbiome during the course of treatment,' and it
seems likely that changes in the microbiome were influenced
strongly by inflammation in the mucosal surface and the effect of
the helminths on that inflammation."" Perhaps more telling was
the observation that Schistosoma japoni simultaneously amelio-
rated trinitrobenzenesulfonic acid-induced colitis in mice and
reduced bacterial translocation across the gut epithelial barrier.'*
Further, Walk et al."® found that colonization with the round-
worm Heligmosomoides polygyrus led to concomitant changes in
the microbiome and alleviation of colitis in interleukin-10 defi-
cient mice. Whether these changes in the microbiome as a result
of helminth colonization are important in the amelioration of
disease remains unknown, and will undoubtedly be a subject of
intense future study. Further, studies will undoubtedly be
required to individually examine the effect on the microbiome of
each helminth-host relationship of interest.

The helminth Hymenolepis diminuta (the rat tapeworm) is of
considerable interest. Its natural hosts include various species of
rat, including Rattus norvegicus, but it has been known to colo-
nize other rodents with varying success, and, on rare occasions,
humans.'® The animal has a lifespan comparable to that of the
rat, and lacks a digestive tract, adsorbing nutrients through its
outer epithelial surface. Despite being one of the most widely
studied helminths in the laboratory," its effect on the micro-
biome remains unknown. The helminth, a cestode which lives
exclusively in the small intestine, blocks experimentally induced
colitis in mice more effectively than daily immunosuppression
with steroids.'® More compelling is the observation that 2 com-
panies, WormTherapy based in Tijuana, Mexico, and Biome
Restoration based in Lancaster, UK, have recently begun produc-
tion of this helminth for use in humans as a means of treating
immune disease and enriching the body’s biome, respectively.
The cestode has some attractive features when compared to other
helminths, all nematodes, which are used for helminth therapy.
For example, since Hymenolepis diminuta does not effectively col-
onize humans and must be introduced artificially into the body,
it may be more attractive from a regulatory perspective than
organisms such as the human hookworm (Necator americanus)
and human whipworm (77ichuris trichiura), which can colonize
humans and, under some circumstances, be transmitted from
human-to-human. Further, unlike the hookworm, the tapeworm
is non-invasive in its primary host, restricted in distribution to
the lumen of the small bowel. Importantly, the therapeutic stage
of the Hymenolepis diminuta is readily cultivated in arthropod
intermediate hosts and thus, unlike hookworms and whipworms,
is not harvested from the feces of the primary host. This last fac-
tor may have benefits in terms of cost effectiveness, which may
prove especially important as prophylactic treatment of human
populations with helminths' is considered. Although these fac-
tors merit consideration, the most important issues regarding the
selection of helminth species for human therapy and disease pre-
vention relate to the relative effectiveness of the species on human
disease, of course. Studies to evaluate these most important issues
are, unfortunately, not yet underway.

Given the interest in Hymenolepis diminuta as a potential ther-
apeutic agent, and given the known role of the microbiome in
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immune health, we evaluated the helminth’s effect on the colonic
microbiome of its native host, Rartus norvegicus. Animals were
colonized for 2 generations to ensure that the effects of helminth
colonization were present from the time of birth via transmittal
of immune components through the milk. Further, the second
generation of animals was colonized with helminths at the time
of weaning to ensure a continuous influence of the helminth on
the rodent’s biome. The animals were further divided by expos-
ing half of the animals, both with and without helminths, to lipo-
polysaccharide (LPS) 4 days prior to analysis of the microbiome.
This experiment was designed to evaluate the effects of Hymenole-
pis diminuta on the rat’s microbiome following exposure to and
recovery from a mild inflammatory challenge: LPS-induced
inflammation dissipates within hours and is not apparent 4 days
post-exposure. The analysis of the microbiome was conducted
with the view that tapeworm-induced changes in the microbiome
may shed light on the ability of the helminth to alleviate inflam-
mation in vertebrate hosts.

Results

Effect of colonization with Hymenolepis diminuta on the rat
microbiome

The overall experimental design, described briefly in the
Introduction and in detail in the Methods, is summarized in Fig-
ure 1. In Group S (all animals not exposed to LPS), colonization
with Hymenolepis diminuta did not affect o or B diversity in a
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Figure 1. The experimental design. The top portion of the diagram
shows the division of animals during the study, and the bottom portion
shows the timeline for specific events. Animals colonized with helminths
are shown in green throughout the diagram, and green arrows indicate
the feeding of helminths to the animals. Forty-two days after coloniza-
tion of Fy rats (FO) with helminths or sham (saline), the animals were
bred. At the time of weaning (age 21 days), 32 F; males (F1) were ran-
domly selected from the offspring, and were colonized with and without
helminths as shown. Finally, when the animals reached an average age
of 62 days (range 56-74), 96 hours before termination of the experi-
ment, the animals were again divided further and received immune stim-
ulation with LPS or with sham (saline) as shown in the diagram.
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Figure 2. Alpha (top) and 8 (bottom) diversity measures in animals from
Groups S colonized with (n = 8) and without (n = 7) helminths and
Group L colonized with (n = 6) and without (n = 7) helminths. Weighted
pairwise UniFrac distances were averaged within each group to calculate
an average [ diversity value (a proxy for inter-individual variation). Anal-
ysis by 2-way ANOVA revealed no statistically significant changes in the
a diversity. Results from the Simpson diversity metric are shown, and are
similar to diversity measures using Chao1, Shannon-Weaver, and Faith’s
Phylogenetic Diversity indices. Significant changes in the B diversity
(UniFrac) were observed for helminth treatment (p = 0.0001) and for
the interaction between helminths and LPS treatment (p = 0.047). The
means and standard errors are shown. The bars show the result of the
post-hoc t-tests (p < 0.0001***; p < 0.005**; p < 0.05*) and indicate that
the predominant characteristic associated with the B diversity measure
is a relatively large value for the B diversity of animals without helminths
in group L.

statistically significant manner (Fig. 2). However, differences in
community composition associated with helminth colonization
were evident (Fig. 3). The most prominent differences were the
relatively fewer amounts of Turicibacter and the relatively greater
amounts of Peptostreptococcaceae (unknown genus) in the pres-
ence of helminths. On average, Turicibacter accounted for more
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than 22% of the sequences in animals without helminths, but
only about 4% of the sequences in the samples from animals
with helminths (an 82% decrease in the presence of helminths).
In contrast, colonization with helminths was associated with a
2.7-fold increase in the relative number of Peptostreptococcaceae
sequences found. Similar results were observed in Group L (all
animals exposed to LPS), with, on average, a 90% decrease in
Turibacter and a 2.4-fold increase in Peptostreptococcaceae in
the presence of helminths.

Quantitative analyses of the microbiome in Group S indicated
that the different amounts of 7uribacter to Peptostreptococcaceae
in the presence and absence of helminths was statistically signifi-
cant and indeed the major change observed as a result of the hel-
minths, with a linear discriminant analysis (LDA) effect size
(log 10) of approximately 5 (Fig. 4A). However, a number of
other less substantial changes with lower LDA effect sizes were
observed in Group S. The same quantitative assessment of Group
L (Fig. 4B) with and without helminths again revealed major dif-
ferences in the amount of Turibacter to Peptostreptococcaceae
and a number of less substantial changes with lower LDA effect
sizes. However, the less substantial changes were, with few excep-
tions, not shared between Group S and Group L. Whether these
minor changes represent differences between Groups S and L
resulting from differences between their respective experimental
protocols (i.e., exposure to LPS versus saline) is unknown.

Phylogenetic assessment of changes in the microbiome as a
result of colonization with Hymenolepis diminuta

Organizing the results shown in Figure 4 into cladograms
(Fig. 5) provides an easily appreciated view of the shifts in the
microbiome as a result of colonization with helminths. In Group
S, all microbial lineages significantly distinguishing rats treated
with Hymenolepis diminura from those receiving saline belonged
to Firmicutes (Fig. 5A). In Group L, the isolated impact on Fir-
micutes was less dramatic, but the clade was still heavily affected
by colonization with Hymenolepis diminuta: 67% (10 out of 15)
of the differential abundances detected in the microbiome at the
operational taxonomic unit (OTU) level as a result of coloniza-
tion with Hymenolepis diminuta involved differences in Firmi-
cutes (Fig. 5B).

The effect of exposure to LPS on the microbiome

Because the only difference between Group S and Group L
was the exposure of Group L to LPS as described in the methods,
the effect of LPS exposure on the microbiome could be assessed
by comparing the microbiome in Group S with that in Group L.
Injection with LPS did not affect a diversity measures, but LPS
significantly impacted the B diversity (B diversity between experi-
mental groups, see Methods) in rats without helminths (Fig. 2)
as assessed by a 2-way ANOVA and post-hoc t-tests. However, in
rats with helminths, the § diversity was unaffected by LPS. Fur-
ther, as shown in Figure 6, increased prevalence of some lineages
was observed in the presence of LPS. However, the LDA effect
sizes were relatively small, and the changes associated with LPS
exposure were not consistent when comparing animals with and
without helminths.
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p__Firmicutes;c__ Clostridia;o__Clostridiales;f__Ruminococcaceae;Other
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Figure 3. Microbiome composition in animals from Groups S colonized with (n = 8) and without (n = 7) helminths and Group L colonized with (n = 6)
and without (n = 7) helminths. The composition is based on 16S libraries isolated from digesta taken from the ceca when the animals reached an aver-
age age of 62 days (range 56-74 days). Results are shown at the (A) phylum and (B) genus level.
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| Figure 4. For figure legend, see page 187.
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Figure 4. Bacterial lineages with significantly different representation in rats inoculated with or without helminths in (A) Group S or (B) Group L. The log
linear discriminant analysis (LDA) effect size quantifies the degree to which each lineage contributes to the uniqueness of each sample class.

Principal Coordinate Analysis (PCoA) of the effects of
colonization with Hymenolepis diminuta on the microbiome

The PCoAs of the microbiome in Groups S and L illustrate
principal components (PCs) which showed a distinction between
animals colonized with helminths and those without helminths
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(Fig. 7). The two groups showed similar component contribu-
tions to the observed variation, with PC1 accounting for 35—
40%, PC2 accounting for 21-23%, and PC3 accounting for
12%. However, the presence of helminths caused a shift along
principal component 2 in Group S (PC2g), but not PC2 of
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Figure 5. Cladograms of bacterial lineages with significantly different representation in rats with or without helminths in (A) Group S or (B) Group L. Line-
ages on the bacterial trees are color-coded to indicate whether the taxon does (red or green) or does not (yellow) significantly differ between sample

Group L (PC2}). In Group L, the presence of helminths caused a
shift along principal component 3 (PC3;) rather than principal

component 2.

Discussion

The results presented herein point toward profound changes
in the microbiome in response to enriching the gut ecosystem
with a helminth having therapeutic potential. Colonization of
the rats used in this study with Hymenolepis diminuta causes a
substantial shift in the microbial community, primarily charac-
terized by changes in the relative contributions from species
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within the Firmicutes phylum. Specifically, colonization with the
helminth is associated with increased Clostridia and decreased
Bacilli. The contribution of Bacilli to the microbiome is higher
with a Western diet characterized by processed sugars and high
fat content,'” whereas some species of Clostridia are known to
tighten the epithelial barrier and decrease propensity for
allerg_;y.lg‘21 Thus, the changes in microbiome composition
observed following helminth colonization offer a potential expla-
nation for the therapeutic effects of helminths under some cir-
cumstances.