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Summary

Just as mammals have coevolved with the intestinal bacterial communities that are part of the
microbiota, intestinal helminths represent an important selective force on their mammalian host.
The complex interaction between helminth, microbes and their mammalian host is likely an
important determinant of mutual fitness. The host immune system in particular is a critical
interface with both helminths and the microbiota, and this crosstalk often determines the balance
between resistance and tolerance against these widespread parasites. Hence, there are many
examples of how both helminths and the microbiota can influence tissue homeostasis and
homeostatic immunity. Understanding these processes at a cellular and molecular level is an
exciting area of research that we seek to highlight in this review and that will potentially guide
future treatment approaches.

In Brief

Both the intestinal microbiota and helminths represent important selective forces on their
mammalian hosts. Loke and Harris examine trans-kingdom interactions between the microbiota
and helminths that occur across a large range of parasite and host species as well as their impacts
on parasite fitness and host health and disease.
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Introduction

The intestine is a particularly competitive ecological environment. Intestinal inhabitants
have found ways to utilize the host to achieve a competitive advantage in this nutrient rich
environment. In this continuous arms race, evolution brings an equilibrium that enables

the survival of complex eco-cultures. For example, earlier studies examined whether
helminth infections would alter the composition of bacterial populations in the gut of

their mammalian host, a topic that has been extensively reviewed elsewhere 1-3. However,
because such equilibrium states are highly context dependent, with every human population
having unique dietary and lifestyle properties, the contribution of helminths into the
intestinal ecoculture is highly variable. Furthermore, trans-kingdom interactions with other
organisms (e.g. protozoans, fungi and viruses) in this system are largely unexplored.

Undoubtedly, the consequences of helminths to the social network of microbes will

have physiological consequences on homeostasis, health and disease in their mammalian
host 4. The biochemical communication system underlying such physiology is gradually
being uncovered at a molecular and cellular level. Fitness of the helminths themselves

are also highly dependent on the relationships with bacterial communities 6. With

newer technological developments, gaps in our knowledge are being filled, with potential
consequences of improving health in countries whereby the burden of these parasites
remains substantial — and of understanding how the absence of these parasites alter intestinal
ecocultures in those countries and regions where exposure to helminths has been adequately
controlled.

Coevolution of helminth and bacterial populations in the mammalian gut.

What shapes the gut microbiota depends on a myriad of factors that differ considerably
between industrialized and non-industrialized nations. In an industrialized society,
cohabitation is one of the biggest determinants of an individual’s microbiome profile 7, and
helminth infections are likely to have different effects from one family to the next. Indeed,
by conducting a fecal metagenomic study in Malaysia, we have found that the study village
is the largest determinant of fecal microbiome profiles and there is a significant interaction
between village and helminths on the fecal microbiome 8. These relationships are probably
established in early life. While all infants may start with a predominantly Bifidobacteria
community, vertical transmission of specific taxa can establish long term trajectories in
future communities °. By the time children encounter and become infected with intestinal
helminths as toddlers, major components of pre-existing communities are already well
established. Hence, any effects of helminth infections would be dependent on the pre-
existing microbial populations in the gut. Indeed, how helminth infections during pregnancy
shape the microbiota of the infants and the immune consequence of this interaction remains
poorly understood 10, Interestingly, exposure to Aippostrongylus brasiliensis infection in
mice prior to pregnancy can alter the breastmilk microbiota and offspring CD4+ T cells
along with their microbial communities 11. Hence, the microbial network from early life
will imprint the immune system of the mammalian host for the future. Another complication
lies in the finding that helminths impact microbial communities even at sites distant to the
worm. Experimental infection with the small intestinal parasite Heligmosomoides polygyrus
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in mice revealed impacts on mucous and luminal bacterial communities throughout the small
and large intestine 12, whilst a recent human study reported helminth-induced alterations to
microbial communities in the feces and salvia 13.

Specific mechanisms by which helminths affect bacterial communities are being elucidated
(Figure 1). Recently, Hu et. al., 13 identified in mice a new antimicrobial protein (AMP),
small proline-rich protein 2A (SPRR2A), that is phylogenetically distinct from previously
known AMPs. The authors demonstrated that SPRR2A was produced in response to

H. polygyrus infection in mice, was dependent on type 2 cytokines, and specifically
targeted gram-positive bacteria (Figure 1). In contrast, resistin-like molecule p (RELM)
is another intestinal bactericidal protein that specifically targets Gram-negative bacteria 14,
Similar to SPRR2A, RELM is induced during intestinal helminth infections by type 2
cytokines and may also have direct anti-nematode effects by affecting their chemosensory
system 15, Increased mucus production in the intestine is another key feature of type 2
responses to helminth infections 16 and forms a key interface with bacterial populations.
Studies with Retn/b—/— mice find that RELMP is particularly important in limiting the
abundance of Gram-negative bacteria in the mucus layer 14(Figure 1). Additionally, this
mucus rich environment may favor the expansion of Clostridiales bacteria that can have
anti-inflammatory properties during helminth infections 17(Figure 1). Hence, the host type
2 response plays an important role in maintaining the social context of helminth-microbe
interactions. Other examples of these physiological interactions include gut motility 18,

The relationship between helminths and microbiota, shaped by evolution, is bidirectional.
For example, the 7richuris genus are intestinal parasites that live in the large intestines

of diverse mammalian hosts. The eggs embryonate in the soil but will only hatch in the
cecum when they encounter the presence of bacteria 19, which means germ-free mice cannot
be colonized by 7richuris muris8. Egg hatching can be triggered by binding to bacterial
fimbriae 1°. Hatching is but the first step, as the worms will also acquire some of its
intestinal microbiota from the mammalian host and cannot fully mature and develop if this
microbial acquisition is disrupted 6. Additionally, the worms may be giving themselves

an advantage by altering the composition of the microbiota to inhibit other worms from
infecting the same host 6. Hence, the dynamically altering bacterial landscape can have
substantial impact on the colonization efficiencies of incoming 7richuris worms. Indeed,
when laboratory mice are reintroduced into an outdoor enclosure, they become more
susceptible to 7richuris muris infection 20, as their microbiota becomes more diverse and
their intestinal immune response becomes more biased towards Type 1 cytokines such as
IFN+y 20, Whether the increased worm burden is a direct effect of the microbiota changes,
or the resulting intestinal immune responses is unclear, but certainly it is not simply a result
of enhanced egg hatching because the individual worms themselves have a greater biomass
and are healthier in the outdoor environment. Notably, an IFN+y signature characterized by
expression of innate immune effector /sgZ5is also a feature of the early events of Trichuris
larval infection as they form syncytial tunnels in the epithelial cells 21. Perhaps worms
exploit the host IFN-y response to improve their ability to colonize and grow in the intestine.

In contrast to 7. muris, H. polygyrus enters the host as an infective larvae and is able to
complete its lifecycle within the small intestine even in the complete absence of bacteria
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18 The presence or absence of a microbiota does however impact worm colonization with
both larvae and adult worms being located in the more proximal (towards the duodenum)
habitat in antibiotic-treated or germ-free animals 18, This bacterial-induced alteration to
worm positioning stems from reduced host production of the excitatory neurotransmitter
acetylcholine, resulting in a consequent reduction in intestinal motility. Increased intestinal
motility plays a critical role in the protective host ‘weep and sweep’ response that expels
adult worms from the intestine 22 and mice lacking a complex microbiota were consequently
unable to expel H. polygyrus in a timely manner. Whether or how the microbiota impacts
host resistance to helminth species other than 7. murisand H. polygyrus remains to be
determined. However, alterations to bacterial genes in response to human helminth infection,
included those associated with arachidonic acid metabolism and arachidonic acid, is closely
linked to host resistance against helminths 23(Table 1),

Helminths and bacterial communities share a common goal of establishing a long-term
residence in the intestine without eliciting inflammation. To avoid bacterial dissemination
and ongoing inflammation, it is imperative the host rapidly repairs any tissue damage

the helminth inflicts, a process that seems especially important for those helminths that
penetrate the mucosa or epithelial barrier as part of their lifecycle. One notable recent
discovery is that in mice intestinal epithelial cells residing in the crypts adjacent to tissue
dwelling H. polygryus larvae adopt a genetic program reminiscent of fetal development.
Re-initiation of this developmental genetic program was required for efficient tissue repair
and was driven by IFNy 24, Interestingly a separate study reported that IFN+y production
elicited by H. polygyrus infection peaks during larval tissue invasion and IFN+y, but not
type 2 cytokines, required the presence of a complex microbiome 18, This raises the
intriguing question as to whether the tissue protective response reported by Nusse ét. af.,

24 is microbiota dependent. Type 2 cytokine production following H. polygyrus infection
drives the production of SPRR2A with increased SPRR2A acting to protect the host
against helminth-induced bacterial invasion of intestinal tissues 13. These studies suggest

a strong evolutionary drive for mammalian hosts to reinforce the intestinal epithelial barrier
following helminth infection — with programs directed at both tissue repair and anti-bacterial
defense.

Another important component of the helminth-bacterial interaction could be nutritional
(Figure 1). E. colimutants that reduce Caenorhabditis elegans fertility because of nutritional
defects in fatty acid biosynthesis and ethanolamine utilization will also affect the proper
development of Trichuris muris parasites in gnotobiotic mice colonized with these £.
colimutants 5. 7. muris infection increased the expression of bacterial genes involved in
ethanolamine utilization presumably in an attempt to promote its own fitness 5(Table 1).
Iron is also an essential resource that can be regulated by bacteria to provide appropriate
developmental cues to C. elegans 2> and is likely to affect helminth-microbiota relationships
with the host 26, Other trace metals such as manganese, copper and zinc are also important
for the survival and metabolism of microbes, helminths and their mammalian hosts.
Understanding the tight regulation of these processes remains poor in the complex social
network between microbes and host. Certainly, microbial by-products and metabolites are
critical component of these interactions, and helminths themselves secrete a variety of
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factors called excretory secretory (ES) products including proteins, extracellular vesicles and
metabolites 19(Figure 1)

In summary, the biological network between helminth-microbiota-host is important for
competition, as well as mutual benefits in regulating tissue repair and homeostasis as well as
inflammation and nutrition.

Helminth-microbiome interactions can modulate host health and disease

Helminths are amongst the most commaon and long-lived of all pathogens, an attribute
often ascribed to their potent ability to interfere with host immune responses. This also
corresponds well with the “hygiene hypothesis” which states that reduced infections
are responsible for the increased prevalence of allergic, autoimmune, inflammatory and
potentially metabolic diseases observed in urbanised populations 2728, An increasing
number of studies point to a central role of helminth-microbiota interactions in this
phenomenon.

Inflammatory diseases

Early reports detailed the impact of helminth-altered microbial communities on experimental
disease models. The first reported that H. polygyrus infection increased the availability

of bacterial-derived short-chain fatty acids (SCFA), which in turn attenuated experimental
allergic airway inflammation 2°%(Table 1). The second reported that 7. muris promoted the
expansion of mutualistic Clostridium spps that inhibited the outgrowth of a pathogenic
bacterium, Bacteriodes vulgatus, and thus prevent intestinal inflammation 17. Since this
time, reports that helminths can alter host health via the microbiome have grown. Shute

et al., 30 demonstrated that the tapeworm Hymenolepis diminuta was able to protect

mice against chemical-induced colitis with disease modulation requiring helminth-induced
alterations to the microbiome as evidenced using both antibiotic depletion and transfer of
fecal filtrates. Metabolomic analysis of the filtrate revealed increased levels of SCFAs and
disease protection was required the host SCFA receptor GPR43 30(Table 1). Infection of
mice with adult male Schistosoma mansoniworms was also reported to suppress chemical-
induced colitis, although the presence of both male and female worms exacerbated disease.
In the latter case worms are able to mate and eggs shed from the female worms transit from
the mucosal vasculature through the intestinal wall causing tissue damage. Close inspection
of the microbiome revealed that male only, or both male and female, worm infections altered
the microbiome. However the presence of male worms uniquely prevented the emergence
of a colitogenic microbiota, possibly reflecting an active attempt by the parasite to mitigate
the colonic tissue damage caused by transiting eggs 31. Given that male worms reside in the
vasculature rather than intestine, these findings indicate that the worm infection can alter
distant microbial communities, likely via soluble products released by the host or worm. In
line with this Doonan et. al., investigated the impact of a protein, ES-62, secreted by the
tissue dwelling helminth Acanthocheilonema vitea32. Subcutaneous delivery of ES-62 was
sufficient to alter the intestinal microbiota and attenuate the severity of collagen-induced
arthritis (CIA). Disease modulation was ablated by antibiotic treatment and the involvement
of SCFAs was postulated by the finding that ES-62 treatment maintained the presence
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of butyrate producing Butyrivibrio bacterial spp in diseased mice (Table 1). It remains
unclear however whether ES-62 treatment prevents CIA by altering the gut microbiota, or
whether it simply prevents inflammation-induced dysbiosis. Further studies, investigating
helminth-microbiome interactions in autoimmune diseases would be of great interest.

A convincing role for helminth-altered microbiomes in modulating the severity of diet-
induced obesity has emerged in recent years (reviewed in 28), and two recent reports
indicate disease modulation involves helminth-microbiota interactions 33:34, Both studies
reported that H. polygyrus infection reduced weight gain and increased adiposity in mice
fed a high fat diet (HFD), correlating with increased expression of uncoupling protein 1
(UCP1) in the visceral adipose tissue. UCP1 is an integral membrane protein expressed

in the mitochondria of brown adipocytes, that can also be upregulated in white adipocytes
in a phenomenon referred to as ‘beiging’. UCP1 activation protects against adiposity by
increasing the utilization of lipids for heat production in response to norepinephrine (NE).
Shimokawa et. al., 3 reported increased concentrations of NE in both the circulation and
feces of H. polygyrusinfected mice and reasoned that the microbiota may contribute to
increased NE that drives UCP1 expression (Table 1). Infection of antibiotic treated mice
fed a HFD did not result in increased fecal NE levels or UCP-1 expression in the adipose
tissue and mice were not protected against weight gain. Additionally, the increased fecal
NE was positivity correlated with the abundance of bacteria belonging to the Baciflus and
Esherichia genera, known NE producers. Su et. al., 33, also utilized H. polygyrusin mice to
invoke protection against HFD-induced obesity and noted that protection required an intact
host type 2 immune responses. A role for the microbiome was demonstrated through fecal
microbiome transfer (FMT) experiments and disease protection correlated with increased
SCFA availability (Table 1). Notably, the microbiome of H. polygyrus infected mice also
afford protection against HFD-induced glucose intolerance. Together these reports provide
tantalizing evidence for a role of helminth-altered microbial communities in modulating host
responses to high fat diet.

In contrast to chemically-induced colitis, the H. polygyrus-modified microbiome can
promote the expansion of a pathogenic bacterium Citrobacter rodentium, and worsen
bacterial-driven colitis 3°. Similarly, Reynolds et. af., 36 observed increased colonisation

of Salmonella Typhimurium in mice harboring H. polygyrus. H. polygyrus infection was
associated with alterations to the intestinal metabolome and this resulted in the loss of
metabolites able to afford protection against bacterial invasion of intestinal epithelial cells,
a process key to the ability of S. Typhimurium to establish infection 36(Table 1). Lastly,
analysis of fecal microbiomes in sheep experimentally infected with the agriculturally
important sheep helminth 7eladorsagia circumcincta or ‘brown stomach worm’ highlighted
an association between the worm infection and the presence of known pathobionts (normally
harmless bacterial species that are associated with chronic inflammation under specific
circumstances). These pathobionts included members of Prevotellaand Porhyromonas
genera and their presence was notable given that 7. circumcinctais a leading cause of
gastroenteritis in sheep 3.
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Helminths also alter host susceptibility to viruses with H. polygyrus infection promoting
immunity to respiratory syncytial virus (RSV) through its ability to induce production of
type 1 interferon 38, Of note, protection required the presence of a complex microbiome

as H. polygyrus infection of germ-free mice did not induce type 1 interferon production or
reduce viral titers following RSV infection. By contrast, infection with 7richinella spirilas or
H. polygyrus enhances host susceptibility to murine norovirus as a result of their ability to
elicit type 2 immune responses, and this occurs independently of helminth-induced changes
to the microbiota 39. How and whether the microbiota impacts on the outcome of other
helminth-microbe co-infections has yet to be determined.

Technological developments in studying helminth — bacterial interactions

Advances in high dimensional assay technologies and computational approaches have been
major driving forces in understanding the influences of the intestinal microbiota. One of the
primary drivers has been sequencing technology. While initial efforts centered around 16S
rRNA sequencing to provide an overview of bacterial populations, more recent studies have
used shotgun metagenomic sequencing to provide a more complete picture of microbiome
content. An advantage of this strategy is the ability to assemble full genomes, as well

as to infer functional gene profiles of from the genomic sequences (Figure 2). However,
microbiome sequencing data is still underrepresented among human populations for which
the helminth infection status is known. Hence, mapping metagenomic sequences obtained
from rural populations where helminth infections are prevalent remains challenging.
Recently, metagenomic data linked with helminth infection status has been compiled as

an online resource to increase data accessibility 40. Also, larger scale metagenomic studies
whereby helminth infection status is known is also now available from Malaysia 8 and
Cameroon 4. The availability of more data from rural, indigenous and non-industrialized
societies will facilitate the assembly of better genome databases for organisms that are
missing in industrialized countries.

Recent advancements in organoid technology may also provide new insights into helminth-
microbe interactions with their mammalian host (Figure 2). Whereas these reductionist

in vitro systems have been used to study virus, bacteria and helminth interactions
independently, investigators have yet to report using organoids to study helminth-microbe
interactions. For example, excretory-secreted (ES) products from H. polygyrus can induce
epithelial cells in organoid cultures to adopt a fetal-like state spheroid state, which blocks
the ability of these cells to differentiate into tuft cells necessary for parasite expulsion 42:43,
Although this system showed that succinate induced tuft cell expansion is inhibited by H.
polygyrus ES #2, other relationships with microbial metabolites or bacteria are unexplored.
These in vitro systems have also been used to examine early events in Trichuris muris
larval infection of caecal epithelial cells, including the intracellular formation of syncytial
tunnels by burrowing through rows of cells 21, but have yet to be combined with bacteria
that trigger the hatching of the eggs to release the larvae. Nonetheless, we are many steps
closer towards recapitulating key events in helminth life cycles /in vitro, with these advances.
Concurrently, technology for co-culturing organoids with bacteria and other microbes are
also providing new insights into host-microbe interactions, reviewed elsewhere 44, For
example, the relationship between mutations in colorectal cancer and specific bacteria
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4546 could be combined with helminth larvae, or ES products, to investigate relationships
between intestinal helminths and colorectal cancer 47 or with viral infections 48. These
complex relationships may begin to be further dissected through this reductionist approach.
Addition of immune cells to organoid cultures #° could then add greater realism these
models.

At a different scale in the /n7 vivo setting, the spatial 3-dimensional relationships

between organisms are in early stages of exploration. The spatial patterns of organisms

in the tissues will determine how they interact at local or more systemic levels. This
biogeography will influence interactions with host tissues and the balance between
pathogenesis and homeostasis 9. Technological advances in microscopy, sequencing and
spatial transcriptomics are beginning to combine high dimensional data with high resolution
spatial localization 1. Such approaches could provide spatial maps of intestinal helminth
interactions with the microbiota in a high dimensional scale (Figure 2). Flow cytometry is
another promising new strategy for bacterial microbiota analysis, with the main advantage of
providing absolute counts 32 and being able to sort for culture 33. Combined with spectral
cytometry that could provide an auto-fluorescent signature of bacterial populations, we have
begun to utilize this approach to characterize changes during helminth infections (Figure 2).

Conclusions and Future perspectives

There is now no doubt that helminth infections can alter the microbiome, the microbiome
can affect helminths directly and that these interactions both depend on the host response
and affect host physiology, homeostasis and disease. However, while there is a conserved
type 2 immune response mounted by the host against almost all helminth infections,
identification of a conserved type 2 bacterial signature in response to helminth infections
is lacking. The type 2 immune response is elicited regardless of the tissues colonized by
different helminths, yet the differential effects of a worm that lives in the colon, compared
to the small intestine or other tissue, on the bacterial communities in the gut appears
substantial. Additionally, the context of the bacterial communities prior to the helminth
infection, shaped by early life, diet and other lifestyle determinants also influences the
downstream consequences of the worm colonization.

The efficacy of deworming treatment may also be influenced by helminth-bacterial
interactions although this remains poorly understood with clear practical implications.
Unlike hookworm and Ascaris, Trichuris infection in humans can have low cure rates

after anthelminthic treatment 4). Interestingly, intestinal bacterial enterotypes pre-treatment
can be associated with the efficacy of deworming treatment in some individuals %°. More
specifically, pre-treatment bacterial populations are correlated with treatment efficacy of
ivermectin based therapy for both 7. trichiuraand hookworms 55, This variability in drug
efficacy could be associated with xenobiotic degradation properties that different bacterial
encoded enzymes may exert on the metabolism of anthelminthic drugs. A major focus of
the potential of helminth-microbiota interactions to modulate human disease is evident in
the literature. Such work, currently in its infancy, needs to be expanded to human settings
before its utility can be judged. Yet the possibility that helminth-altered microbiomes could
represent a ‘treasure trove’ for the identification of novel probiotics or microbe-based
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therapeutic modalities is clear and further work is warranted. However, the complexity of
helminth-microbiota interactions on various inflammatory and metabolic diseases indicates
that there can be both protective, as well as injurious properties of helminth infection.

We suggest that helminth-induced microbiomes can worsen rather than improve important
health outcomes in some settings and believe it would be important to test this hypothesis
for those conditions associated with naturally occurring helminth infection, such as impaired
physical and cognitive development in children.

The biological networks described here are also critical determinants of pathogenesis

for infection with other important pathogens. Little is known about helminth-microbiota
effects on infection with SARS-CoV-2, HIV, TB, malaria and other important pathogens.
Helminths and the microbiota should be considered important environmental contributors
towards the inter-individual heterogeneity of immune responses against other pathogens, as
well as inflammatory diseases prevalent in industrialized societies. Combined with genetic
heterogeneity of the mammalian host, an important direction for the future is to better
understand how the response of individuals are shaped by genetic-environmental interactions
(Figure 2), particularly with regard to infectious challenges and inflammatory diseases. High
dimensional data generated through technological advances in microbial profiling, genomics
and immunology combined with computational innovations will play a vital part in this
future work.
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Figure 1: Predicted mechanisms of helminth-bacterial interactions.
The mechanisms by which helminth infection results in altered intestinal bacterial

communities are many and include indirect and direct interactions. Indirect effects result
from helminth-induced type two immune response in the mammalian host. This response
has been shown to alter intestinal bacterial communities via a number of mechanisms
including; i) increased production of SPRR2A and Relmp proteins that exert antimicrobial
activity against gram-positive and gram-negative bacterial spp, respectively and ii) increased
and altered production of mucins. It is also likely that type 2 cytokine mediated “weep

and sweep’ response, characterised by increased intestinal motility and secretions, impacts
microbial communities along the entire intestinal tract. A direct impact of helminth on
bacterial communities is likely to occur through multiple mechanisms including, but not
restricted to, helminth-induced modulation of bacterial gene expression, the production

of shared metabolites and/or toxic metabolic by-products, or competition for essential
nutrients. Nutrients could be derived from the host diet, the helminth or bacteria and include;
i) macronutrients such as carbohydrates (CHO), lipids and proteins, ii) micronutrients
(minerals and vitamins). “Created with BioRender.com”.
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Figure 2: Technological advances in studying network interactions of helminths, microbes, and

host.

Advances in high dimensional technologies and computational approaches are driving forces
in studying the interactions of microbes and helminths with the host immune system. As
intestinal helminths and the gut microbiota occupy the same ecological niche, the host
intestines have been the major focus of this work. Sequencing technology is a primary
driver of many analytical approaches, with newer strategies providing a comprehensive
picture of the metagenome, virome and transcriptome of the intestinal microbiota. Other
developments include the use of flow cytometry, which can provide absolute count data, as
well as sort bacterial populations of interest. Metabolomic profiling provide insights into
the biochemical language exchange between host, bacteria and helminths. New imaging
and sequencing approaches could enable a better understanding of the biogeography of
helminth-bacterial interactions in the intestine. Intestinal biopsies can be used to generate
organoid cultures, providing /n vitro assay systems to study interactions between helminth
secreted molecules and epithelial cells. Bacteria can also be introduced into the organoids
in this reductionist system. These high dimensional datasets will then have to undergo
extensive data analysis with modern computational biology approaches, including neural
network strategies to discern interaction networks. Finally, this information needs to be
translated to the clinical setting where there is greater heterogeneity at the host level

with many different genetic profiles but has the promise of developing better therapeutic
strategies against helminth infections, as well as inflammatory diseases. “Created with

BioRender.com”.
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Known and predicted impacts of helminth infection on the production of microbial-derived metabolites.

Helminth Host Bacterial metabolite or Consequence for the host Reference
metabolic pathway

Ascaris lumbricoides, I . Predicted to alter host resistance to intestinal

Necator americanus, Homo sapiens TA?}%‘: ;%g?i'scrﬁc'd helminths 23
Trichuris trichiura
T. muris TEthanolamine . -

Mus musculus Utilization * T. muris egg hatching 5
H. polygyrus Mus musculus TSCFA LAllergic airway inflammation 29
H. diminuta Mus musculus TSCFA {Chemical-induced colitis 30
ES-62 secreted by A. vitea  Mus musculus TSCFA I Collagen-induced arthritis 32
H. polygyrus Mus musculus TSCFA VHFD-induced weight gain and glucose intolerance 33
H. polygyrus Mus musculus ™NE TAdipose tissue beiging and Jweight gain with HFD 34
H. polygyrus Mus musculs YUndefined protective TInvasion of intestinal epithelial cells by 36

metabolites

SalmonellaTyphimurium
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