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Abstract: Intestinal parasites, including helminths and protozoa, account for a significant portion of
the global health burden. The gastrointestinal (GI) tract not only serves as the stage for these parasitic
infections but also as the residence for millions of microbes. As the intricacies of the GI microbial
milieu continue to unfold, it is becoming increasingly apparent that the interactions between host,
parasite, and resident microbes help dictate parasite survival and, ultimately, disease outcomes.
Across both clinical and experimental models, intestinal parasites have been shown to impact
microbial composition and diversity. Reciprocally, microbes can directly influence parasitic survival,
colonization and expulsion. The gut microbiota can also indirectly impact parasites through the
influence and manipulation of the host. Studying this host–parasite–microbiota axis may help bring
about novel therapeutic strategies for intestinal parasitic infection as well as conditions such as
inflammatory bowel disease (IBD). In this review, we explore the relationship between intestinal
parasites, with a particular focus on common protozoa and helminths, and the gut microbiota, and
how these interactions can influence the host defence and intestinal immune response. We will also
explore the impact of this tripartite relationship in a clinical setting and its broader implications for
human health.

Keywords: host–parasite–microbiota axis; parasitic infection; intestinal parasites; helminths; protozoa;
gut microbiota; parasitic defence

1. Introduction

Intestinal parasitic infections have been shown to affect approximately 3.5 billion peo-
ple worldwide and pose a significant health and economic burden on both a personal and
global scale [1,2]. Helminths and protozoa represent a substantial portion of the parasitic
infections that can impact the human gastrointestinal tract. These intestinal infections
often result in malnutrition, severe diarrhoea, nausea and vomiting, and pose a significant
health risk, especially in developing children. According to the World Health Organiza-
tion, soil-transmitted helminth infections are estimated to affect 1.5 billion people globally,
which accounts for approximately 24% of the world’s population [1]. Common helminth
infections of the gut include ascariasis (Ascaris lumbricoides), trichuriasis (Trichuris trichiura),
strongyloidiasis (Strongyloides sp.), enterobiasis (Enterobius vermicularis), and schistosomi-
asis (Schistosoma sp.) [1,3,4]. Major intestinally associated protozoan infections include
cryptosporidiosis (Cryptosporidium sp.), cystoisosporiasis (Cystoisospora belli), cyclosporiasis
(Cyclospora cayetanensis), balantidiasis (Balantidium coli), giardiasis (Giardia lamblia), and
amebiasis (Entamoeba histolytica) [3,4].

Across evolutionary history, intestinal parasites have evolved tactics to utilize host
resources, evade the host immune system, and establish an ecological niche. In turn, host
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immune strategies have coevolved increasingly sophisticated mechanisms of detection
and immune pursual [5–7]. For successful parasitism to occur, invaders must be able to
exploit the host, and a sufficiently susceptible host must provide an intestinal ecosystem in
which the parasite can survive and thrive [8–10]. In this way, the conditions of the intestinal
environment and the dynamic interactions between host and parasite play a significant
role in determining pathogenic potential and, ultimately, disease outcome [6–14].

These host–parasite interactions do not occur in isolation and, thus, are preyto the
broader ecological context of the gut, including the commensal microbiota [10]. Evidence
suggests that the gut microbiota is a major mediator of the parasite–host relationship,
not only through direct interactions with the parasitic organism but also by influencing
the host immune response [5,10,15]. Every microbe in the gut ecosystem presents a new
potential set of interactions in the host–parasite–microbe axis that may disrupt the delicate
balance of homeostasis and influence parasitic pathogenicity [5,8,13,16,17]. Through pat-
tern recognition receptors (PRRs) such as toll-like receptors (TLRs) and nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs), the gut microbiota can interact
directly with the host. These receptors sense pathogen or microbially associated molecular
patterns (PAMPS or MAMPs) and help initiate downstream immunoregulatory mecha-
nisms [8]. In turn, surveillance and immunological action by the host through agents such
as antimicrobial peptides (AMPs), local immune cell populations, and mucus layer integrity
controls and manipulates the microbial environment of the gut [18,19]. Immune function at
the mucosal surface can also influence the pathogenic potential of intestinal parasites [8,19].

In relation to parasites, microbially derived products and direct competition from
commensal microbes can shape clearance and infection severity [10,20–22]. In a recip-
rocal fashion, invading parasites can also influence local microbes by sequestering re-
sources and through the direct action of parasite-produced antimicrobial agents such as
excretory–secretory products (ESPs) and extracellular vesicles (ECVs) [23–29]. It should
also be noted that the state of the gut microbiota can also play a major role in host damage
incurred over the course of parasitic infection [8].

Though the multidirectional host–parasite–microbiota relationship is still under in-
vestigation, evidence increasingly suggests that these interactions have a major influence
on host health and disease outcomes. Here, we aim to explore the tripartite relationship
between host, parasite and microbiota in the context of the gastrointestinal (GI) tract and the
implications of this relationship in the immune response and host defence, with a particular
focus on protozoan and helminth infection. We will also explore the broad implications
across clinical and animal models and how these implications may shape public health.

2. The Impact of Intestinal Parasites on the Gut Microbiota

In the complex microcosm of the gut, the commensal microbiota poses an obstacle to
the establishment and survival of invading helminths and protozoa. The gut microbiota
is essential to the development of a functional host immune system [30] and also helps
to provide direct competition and protection from pathogenic organisms [31–33]. Thus,
strategies employed by parasites themselves, either directly on microbes or indirectly via
manipulation of the host, play a role in the establishment of infection. In both clinical and
animal models, the function and composition of the gut microbiota have been shown to be
altered in parasitic infection [34–43].

Microbial changes induced by intestinal parasites have been well documented, particu-
larly in murine models. For instance, infection with the murine helminth Trichuris muris was
shown to drive changes in microbial composition and α- and β-diversity in mice on both
days 14 and 28 post-infection [34]. These changes were characterized by a reduction in the
abundance of the Bacteroidetes taxa, specifically Prevotella and Parabacteroides. Moreover,
91 days following T. muris infection, the microbiome gradually reverted to a composition
similar to that of an uninfected mouse, indicating that the altered microbiota composition is
tied to infection status. Holm and colleagues (2015) found similar results, which identified
that chronic T. muris infection altered the microbiome composition in a way that decreased



Pathogens 2024, 13, 608 3 of 16

the microbial diversity and increased the relative abundance of bacteria from the Lactobacil-
lus genus [36]. Furthermore, in mice administered the parasitic helminth Heligmosomoides
polygyrus, a significant shift in both the relative distribution and abundance of intestinal
bacteria were present in infected mice. Specifically, bacteria from the Lactobacillaceae fam-
ily were significantly increased in the murine ileum [37]. Mice infected with Trichinella
spiralis also show an altered gut microbiome profile compared to controls, with a notable
increase in the relative abundance of Proteobacteria and a reduction in Bacteroidetes and
Clostridiales [38,39]. In addition, Barash et al. (2017) identified that mice infected with the
protozoan Giardia had altered microbial diversity and an increase in aerobic Proteobacteria
as well as decreases in anaerobic Firmicutes and Melainabacteria in both the hindgut and
foregut [40]. Together, these findings indicate that both helminth and protozoan parasitic
infections can alter the gut microbiome in murine models.

In humans, alterations in microbial composition with helminth and protozoan infection
have also been reported. In rural Malaysia, those colonized with helminth parasites dis-
played greater microbial species richness and increased abundance of Paraprevotellaceae [41].
In a Sri Lankan population, beta diversity was significantly increased, while alpha diversity
was unaffected in nematode-infected individuals when compared to uninfected individuals.
In infected individuals, Verrucomicrobiaceae and Enterobacteriaceae were spiked compared
to uninfected controls [42]. A study of over 1200 children in Guinea-Bissau, however,
reported that helminth infection did not alter microbial composition, but for those infected
with protozoa, including Entamoeba and Giardia, the overall composition was significantly
affected [35]. Work conducted in Southwest Cameroon also showed that the presence of
Entamoeba was significantly correlated with changes in microbial composition and diversity
regardless of factors including sex, age, body mass index, ancestry, or location [43]. Though
these findings lend support to the idea that the presence of helminths and protozoa influ-
ence microbiota composition in human populations, regional and environmental factors, as
well as the starting microbial composition prior to infection, must be taken into account.
Many regional studies exploring gut microbiota changes in the presence of parasitic infec-
tion in human populations are conducted with smaller sample sizes, and direct correlations
between specific parasites and microbial changes are often not reported. With that being
said, more work needs to be done exploring how helminth and protozoan infections shape
the microbiota in human populations.

Though the mechanism of action by which helminths can influence the microbiota
is still under investigation, the release of ESPs by these worms has been shown to have
microbiota-modulating effects. ESPs released by helminths participate in several biological
processes, including aiding in evasion as well as acting as immunomodulators and as com-
municatory signals between individual parasites [44–47]. These ESPs come in various forms,
such as immunomodulatory proteins, glycoproteins, and small RNAs [48,49]. Intriguingly,
evidence suggests that these ESPs have antimicrobial activity as well [23–25]. In this way,
helminths can directly impact microbial composition and influence the survival and func-
tion of various microbes [23–27,50]. For instance, recent work by Rooney et al. (2022, 2024)
found that ESPs released by the helminth Teladorsagia circumcincta impacted Escherichia
coli [28] and Bacillus subtilis [29] growth and survival in vitro. Evidence suggests that
helminths and helminth-derived products can also influence host PRR signalling and alter
the expression patterns of TLRs to regulate host recognition of microbes [51–54]. In addition,
helminths can also modulate the responsiveness of immune cells to TLR signalling [55].
The release of ECVs from helminths may also heavily impact microbiome interactions
through antimicrobial properties and host immunomodulation [56].

Additionally, helminth colonization can affect the nutrient and niche availability in
the GI tract. For example, helminth infection can impair epithelial glucose absorption and
promote an environment favouring the growth of certain bacteria [23]. Furthermore, altered
mucus production and goblet cell function, which are hallmarks of several intestinal helminth
infections, can affect the nutrient availability and habitat configuration for certain microbes,
particularly mucus residers [23]. Some species of parasitic protozoa, including E. histolytica,
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Giardia intestinalis, and Tritrichomonas suis, are also able to alter intestinal mucus abundance
and composition by the production of mucolytic enzymes [57,58], which may ultimately affect
the survival of mucophilic bacteria. An overview of the impact that protozoan and helminthic
parasites can have on the microbiota is presented in Figure 1.

Figure 1. Overview of the impact that protozoan and helminthic infection can have on the gut
microbiota. Protozoan and helminth intestinal infections have been reported to induce changes in
microbial composition and diversity in both human and animal models. Helminths have been shown
to impact the gut microbiota in a variety of ways, including (1) the release of excretory–secretory
products (ESPs), (2) the release of extracellular vesicles (ECVs), and (3) modulating the release of
host-derived antimicrobial peptides (AMPs) through toll-like receptors (TLRs). Both protozoan and
helminth infection in the gut can (4) impact nutrient availability and (5) mucus barrier integrity, and
thus, indirectly affect the microbes of the gut.

3. The Impact of the Gut Microbiota on Intestinal Parasites

Interactions between intestinal parasites and the gut microbiota are not unidirectional;
the gut microbiota can directly influence parasitic establishment, survival, colonization, and
expulsion in the host. Studies conducted in germ-free (GF) mice, which lack a microbiota,
exemplify the impact that the presence of microbes has on parasitic infection. In GF mice,
the helminth H. polygyrus has been found to have altered gene expression compared to
worms colonizing specific-pathogen free (SPF) mice, suggesting that the presence and/or
absence of the gut microbiota can manipulate parasitic gene expression patterns [24]. These
changes in the gene expression patterns were correlated with reduced worm fitness in GF
mice, highlighting the contextual impact of the gut microbiota on infection [24].

The microbial load can also impact the establishment of parasitic infection. In vitro
work by Hayes et al. (2010) elucidated that mouse cecum explants, as well as the isolated
bacterial strains E. coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Salmonella ty-
phimurium and the yeast, Saccharomyces cerevisiae, induced T. muris egg hatching and that
direct contact between bacteria and egg is required for hatching to occur [59]. The authors
suggested that this phenomenon is partially mediated, in a species-specific manner, by
bacterial adherence via type 1 fimbriae [59]. Furthermore, in vivo work demonstrated that
in mice treated with the antibiotic enrofloxacin, the establishment of T. muris infection was
disrupted, and mice administered these antibiotics showed a diminished worm burden
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21 days post-infection [59]. Taken together, these findings suggest that the establishment of
T. muris is dependent on the presence and direct signalling of the microbiota in the gut.

Not only does the presence or absence of the microbiota play a key role in parasitic
fitness and establishment but the ability of these organisms to manipulate the intestinal
environment can impact infection as well. Local microbes can impact parasites and the
intestinal environment by sequestering essential nutrients and through the production
of microbially derived products. Funkhouser-Jones et al. (2023) showed that several
microbially derived metabolites have inhibitory effects on the growth of Cryptosporidium
parvum. In particular, indoles seem to impact the growth and intracellular lifecycle of this
protozoan by modulating host mitochondrial function, promoting endoplasm reticulum
stress and impairing the function of the parasitic mitosome. These results were reflected
in vivo; mice supplemented with indoles or indole-producing bacteria displayed improved
C. parvum infection resistance [60].

Intriguingly, the gut microbiota also has a role in adjuvant therapies aimed at pro-
moting helminth expulsion. For instance, β-glucans, a class of polysaccharides, have been
shown to trigger gut microbiota-dependent expulsion of particular helminths [61]. Indeed,
the β-glucan, lentinan (LNT), can serve as an effective adjuvant to the Ts-Serpin vaccine
against T. spiralis [39]. It should be noted that the gut microbiota is both altered by and has
a role in the LNT-induced host defence against this helminth [38]. When T. spiralis-infected
mice are treated with LNT, infection-induced changes in Bacteroidetes and Clostridiales
can be restored to levels found in the control group. Furthermore, T. spiralis-infected mice
treated with both LNT and antibiotics displayed significantly higher worm burdens than
infected mice treated with LNT alone. These findings suggest that the gut microbiota has
an essential role in the effectiveness of LNT as an adjuvant against T. spiralis infections.

Investigations concerning the influence of the gut microbiota on either parasitic colo-
nization or expulsion are not limited to murine models; avian models have also illustrated
this phenomenon. Obligate intracellular parasites belonging to the genus Eimeria, which
most commonly infect chickens [62], disrupt intestinal homeostasis by invading and rup-
turing intestinal epithelial cells, leading to enteritis and, in some cases, hemorrhage [63].
Of the seven species of Eimeria, Eimeria tenalla has been reported to be the most viru-
lent and is responsible for high levels of morbidity and mortality in poultry flocks [62].
Work by Gaboriaud et al. (2020) has investigated whether the gut microbiota influences
E. tenalla infection and clearance in chickens. In animals inoculated with different doses of
E. tenalla oocytes, GF chickens displayed significantly reduced cecal oocyte load at days
6, 7, and 9 post-infection compared to conventionally raised chickens [62]. Furthermore,
the gut microbiota was shown to impact the development and growth of E. tenalla, with
fewer and less developed first- and second-generation schizonts present in GF chickens
compared to conventional animals [62]. These findings collectively suggest that the growth,
development, and survival of the parasite E. tenalla in the intestinal tract of chickens is
dependent on the presence of the gut microbiota.

In humans, common protozoan infections, including Entamoeba, Giardia, Cryptosporid-
ium, and Blastocystis sp., which mainly localize within the intestinal mucosa, interact with
the surrounding gut microbiota [64,65]. Not only do these parasites influence the micro-
bial composition in humans but the gut microbiota itself can influence the colonization,
survival, and pathogenicity of these protozoans. A recent study conducted in humans
examined the gut microbiota profile of asymptomatic and symptomatic individuals with
and without the intestinal protozoa Blastocystis sp. [66]. It was found that regardless of
symptomatology, the presence of Blastocystis sp. ST3 led to significant alterations in the gut
microbiota profile, with greater species diversity in asymptomatic individuals. In addition,
culturing Blastocystis sp. from symptomatic individuals in conjunction with bacteria from
asymptomatic individuals, in vitro, led to a significant increase in the parasite number
and a slight increase in protease activity [66]. Conversely, culturing Blastocystis sp. from
asymptomatic individuals with bacteria from symptomatic individuals was correlated with
a decrease in the parasite number as well as a significant increase in protease activity and
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colonic cell proliferation. Taken together, these findings emphasize the influence of the gut
microbiota on Blastocystis sp. growth and pathogenicity.

Despite multiple studies demonstrating a key role for the gut microbiota in either
helminth colonization or clearance, it should be noted that there are instances when com-
mensal bacteria do not affect the expulsion of intestinal parasites. Hymenolepis diminuta is
an example of one such parasite that can be cleared independent of the gut microbiota [67].
This tapeworm commonly infects rodents and serves as an important model organism for
studying cestodiasis [68]. It is well established that the expulsion of H. diminuta in mice
is dependent on signal transducer and activator of transcription (STAT)-6 signaling [69].
However, recent work by Shute et al. (2020) has explored the idea that the expulsion of this
parasite is not dependent on the gut microbiota. Wild-type BALB/c and C57BL/6 mice
infected with H. diminuta typically expel the worm burden in 9 to 12 days post-infection [67].
Notably, treating infected mice with broad-spectrum antibiotics did not significantly alter
the expulsion of H. diminuta, goblet cell hyperplasia, or eosinophilia. Further investigations
using GF mice demonstrate that, as in SPF mice, H. diminuta is cleared by approximately
day 10 post-infection.

The aforementioned research illustrates the significance of the gut microbiota in both
helminth and protozoan survival and fitness, as well as disease outcomes. Notably, however,
despite their coevolution in the gut ecosystem, microbial-independent mechanisms for
parasite clearance do occur, and clearance in these instances is seemingly more dependent
on host immune function. A summary of the effects of the gut microbiota on parasitic
fitness is found in Figure 2.

Figure 2. Summary of the potential ways the gut microbiota can impact parasite fitness and infec-
tivity. The gut microbiota can both directly and indirectly impact intestinal parasite establishment,
survival, colonization and expulsion within the host. Microbes have been shown to (1) induce
altered gene expression in helminths, (2) directly impact helminth fitness, and (3) promote helminth
egg hatching. The microbiota can also (4) inhibit the growth of particular protozoa through the
production of metabolites such as indoles. Further, microbes can influence the overall environment of
the gut by (5) impacting mucus layer integrity and (6) sequestering nutrients, both of which impact
parasite fitness.
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4. Modulation of Host Immune Responses and Parasitic Defence via
Microbial Manipulation

In addition to the direct effects of the gut microbiota on certain parasitic infections
discussed so far, multiple studies have demonstrated that the gut microbiota can influence
parasitic clearance indirectly through modulation of the host immune response and host
defensive adaptations.

The impact of the microbiota, via host immune modulation, on parasitic infection is
neatly illustrated in instances where the influence of these microbes is absent. Reynolds
et al. (2014) highlighted this phenomenon with work utilizing H. polygyrus. When infected
with this helminth, GF mice, which lack a gut microbiota, displayed altered regulatory
T cell (Tregs) populations and an altered Th2/Treg ratio in the small intestine compared
to SPF controls. Under normal infection conditions, H. polygyrus promotes the activation
of Tregs in order to suppress the host immune response, including host-protective Th2.
Further, in conventionally raised susceptible mice, the presence of Lactobacillus was altered
with the administration of H. polygyrus, a change that was not found in mice able to clear the
infection [70]. Intriguingly, supplementation with the commensal Lactobacillus taiwanensis
in resistant mice promoted H. polygyrus infection, likely through the expansion of the
aforementioned Treg populations. Rausch et al. (2018) also paralleled these findings in GF
mice and found that in the absence of a gut microbiota, the ratio of Th2/Treg was increased,
a factor that may account for the decreased parasite fitness found in these mice [24]. Work
by Su et al. (2017) has also shown that H. polygyrus infection can significantly alter microbial
composition, with a marked increase in the abundance of Bacteroidetes and decreases in
Firmicutes and Lactobacillales [71]. When transferred to antibiotic-treated recipient mice,
this altered microbiota increased susceptibility and exacerbated colitis associated with the
bacterial pathogen Citrobacter rodentium [71]. This effect was ascribed to a shift in the levels
of IL-10 and Tregs [71], resulting in a dysregulated antimicrobial response. Additionally,
infection with H. polygyrus bakeri in GF mice resulted in an increased worm burden and
altered parasitic distribution due to changes in intestinal motility attributed to the absence
of the microbiota [72]. These results, taken as a whole, suggest that by influencing the host
immune system, the gut microbiota can alter parasitic infection susceptibility.

The gut microbiota can also mediate host-derived physical changes in the intestinal
environment, particularly those in the mucus layer, which can aid in parasitic expulsion.
One such example is the effect of microbial species on the establishment of the parasitic
roundworm T. spiralis [38]. In humans, T. spiralis infection mainly occurs through the
consumption of raw or undercooked pork and is considered a major global health bur-
den [73,74]. The successful expulsion of this helminth during the early stages of infection is
mediated through host goblet cell hyperplasia and increased mucin production [75]. By
influencing mucus, the gut microbiota can sway the host’s ability to expel T. spiralis; ad-
ministration of the butyrate-producing bacteria Clostridium tyrobutyricum has been shown
to increase mucin secretion and the number of goblet cells, and to significantly reduce
T. spiralis worm burden in C57BL/6J mice [38]. Previous work from our lab has shown that
in T. muris infection, treatment with the bacteria Lactobacillus rhamnosus JB-1 influences host
defence, enhances worm expulsion and modulates goblet cell biology via host IL-10 pro-
duction [76]. We have also previously reported the importance of the microbiome-sensing
intracellular NOD proteins in shaping the mucus layer and altering host defence against
T. muris infection [77]. In our work, mice deficient in both NOD1 and NOD2 displayed
significantly diminished goblet cell numbers and MUC2 expression, key contributors to
parasite clearance. Lower numbers of goblet cells and MUC2 were also found in GF mice,
and treatment with NOD1 and NOD2 agonists recovered this effect, emphasizing the role
of the microbiota in host innate defence and clearance in intestinal parasitic infection [77].

The mucus layer also serves as a source of nutrition for the protozoan parasite E. his-
tolytica. Infection with this parasite can result in amebic colitis and liver abscesses by
penetrating the mucus layer and intestinal mucosa. E. histolytica can also feed on and
interact with resident microbes, directly impacting commensals such as Faecalibacterium



Pathogens 2024, 13, 608 8 of 16

prausnitzii and Bifidobacterium longum [78]. The severity of infection with E. histolytica
has been found to be attenuated by the presence or absence of the microbiome. In both
Muc2−/− and Muc2+/+ mice treated with antibiotics, E. histolytica induced heavy mucus
secretions and upregulated the proinflammatory cytokines IFN-γ and TNF-α compared
to nonantibiotic-treated mice; however, fecal transplants in these antibiotic-treated mice
attenuated this parasitic induced hyperactive host response [79]. These findings empha-
size that pathogenicity and normal host defensive responses are often dependent on the
presence of a healthy, intact colonic microbiota, as GF mice are unable to produce a robust
innate defensive response to infection [78]. The relationship between E. histolytica, the
host immune response and the microbiota has been extensively covered in a review by
Leon-Coria et al. (2020) [78].

In the intestinal environment, secreted AMPs serve as a key component of pathogenic
defence. Despite the vast array of AMPs, nearly all function to kill or inactivate microorgan-
isms by targeting their cell wall or membranes and, ultimately, prevent them from interact-
ing with and invading the underlying epithelium [80,81]. A recent study has demonstrated
the antimicrobial properties of a unique host-derived bactericidal protein, small proline-rich
protein 2A (SPRR2A), in the context of helminth infection [82]. SPRR2A expression is up-
regulated in response to various helminth infections, including T. spiralis, Nippostrongylus
brasiliensis, and H. polygyrus. This upregulation was found to be mediated by type 2 cy-
tokines such as IL-4 and IL-13, which play a vital role in helminth clearance. The gut
microbiota can also influence SPRR2A expression; in conventionally raised mice, Bacteroides
thetaiotaomicron administration increased SPRR2A expression to varying magnitudes. This
microbiota-induced upregulation of SPRR2A expression was found to be mediated via
the TLR-MyD88 signalling pathway. Reciprocally, SPRR2A itself alters the gut microbiota
composition and prevents the colonization of certain bacterial species; SPRR2A-deficient
mice (Sprr2a−/−) exhibited an increased relative abundance of Gram-positive bacteria in
the small intestine compared to wild-type mice, with a notable increase in Lactobacillus,
Turicibacter, and Candidatus Arthromitus. Furthermore, H. polygyrus-infected Sprr2a−/− mice
harboured a greater bacterial load within intestinal tissue compared to wild-type mice, sug-
gesting a key role for SPRR2A in preventing bacterial invasion during helminth infection.
Overall, these findings illustrate that SPRR2A is both influenced by and interacts with the
intestinal microbiota and modulates host defence capabilities during helminth infections.

It should also be noted that in certain contexts, helminth infections provide benefi-
cial stimulation of the host’s immune responses and gut microbiota. This is exhibited in
NOD2-knockout mice chronically infected with T. muris or H. polygyrus [83]. As touched on
above, NOD2 is mainly a bacterial sensor, which triggers inflammatory and antimicrobial
gene expression in response to the muramyl dipeptide present in the cell walls of both
Gram-negative and Gram-positive bacteria [84]. Mutations in NOD2 are associated with
chronic inflammation, defects in goblet cell morphology and function, and the onset and
progression of Crohn’s disease [85]. However, these abnormalities seemed to be reversed in
NOD2−/− mice infected with either T. muris or H. polygyrus. These mice exhibit a restora-
tion of goblet cell number and morphology, as well as reduced inflammatory markers,
including antimicrobial lectin, RegIII-β, and interferon (IFN)-γ+ CD8+ intraepithelial lym-
phocytes [83]. Changes in the gut microbiota may be responsible for these effects as both
helminths reduced the Bacteroides vulgatus levels, which are characteristically elevated in
the small intestine of NOD2−/− mice.

Taken as a whole, the research discussed above emphasizes how, via microbial manipu-
lation, modulation of the host immune responses and the intestinal environment can greatly
impact parasitic infection outcomes (summarized in Figure 3). Though the exploration of
this topic is still in its infancy, and more work needs to be done, the tripartite relationship
between host–microbiota–parasite has clear implications in the realm of public health.
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Figure 3. Overview of the various ways microbial manipulation can modulate host immune responses
and parasitic defence. In addition to the direct manipulation of the luminal environment, the gut
microbiota can also indirectly impact parasitic fitness and clearance through interactions with the
host. These include, but are not limited to, (1) impacting the development of the immune system,
(2) altering intestinal motility, impacting the mucus barrier integrity and mucin production through
(3) NOD1/2 signalling and the production of (4) short-chain fatty acids (SCFAs). Microbes can also
impact (5) the ratios of Th2/Treg cells, Treg proliferation and the production of the anti-inflammatory
cytokine, IL-10. (6) The gut microbiota has also been shown to, through the TLR-MyD88 pathway,
alter the production of IL-4 and IL-13 and, subsequently, the release of antimicrobial peptides like
SPRR2A, key factors in parasite clearance.

5. Clinical Implications of the Host–Parasite–Microbiota Axis
5.1. Microbial Manipulation in Parasitic Infection

On a global scale, intestinal helminths and protozoa account for millions of infections
every year, particularly in the developing world [1,3,4]. The consequences of these infec-
tions including, malnutrition, growth stunting, and dehydration, pose significant health
risks and greatly impact quality of life [1,3,4]. Both helminth and protozoan intestinal
parasites, including Ascaris, Entamoeba, Toxoplasma, Cyclospora, Giardia, and Cryptosporidium,
are among the top contributors to the global disease burden [3,4,86]. Thus, controlling and
treating these infections is of great importance to public health.

Current public health measures, including encouraging handwashing and sanitary
food preparation practices, and providing access to clean water to interrupt transmission,
have been at the forefront of controlling parasitic infection [3,4,87]. On a population level,
public health policies and practices influence the evolutionary arms race between parasite
and host, and shape the gut microbiota [8]. Chemotherapeutic strategies, such as the
popular antihelminth drug praziquantel, have also been deployed to rapidly decrease indi-
vidual parasite load and control transmission [3,88–91]. Mass drug administration (MDA)
can be deployed in areas where helminth or protozoan infections are common; however,
this strategy is expensive to administer, provides only a short-term solution, and has an
efficacy that often does not span different parasitic species [87]. These chemotherapeutic
strategies also pose a major risk of drug resistance, reinfection post-treatment, and issues
with longer-term control [3,88–90]. Thus, developing alternative strategies is crucial and
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studying the relationship between host, parasite, and microbiota may give rise to novel
treatment options for those with parasitic infection.

Capitalizing on the direct or indirect effects of microbial manipulation on intestinal
parasites may be one such strategy. Indeed, administration of the probiotic bacterial strains
Lactobacillus casei and Enterococcus faecium has yielded encouraging results in controlling
amoebiasis (E. histolytica). A significant reduction in parasitic survival, particularly when
these microbes are used in combination, has been reported; in vitro work suggests that the
administration of these probiotics in coculture with Entamoeba can affect growth, prolifera-
tion, and, ultimately, survival [92]. In animal models, L. casei and L. rhamnosus have also
proven beneficial in the clearance of Giardia [93,94]. Probiotics may also help increase the
efficacity of traditional drugs; clinical studies have shown that administration of the yeast
Saccharomyces boulardii in combination with metronidazole, a popular anti-bacterial and
anti-protozoan drug, is more efficacious than metronidazole alone across multiple types
of protozoan infection [95–97]. In addition to probiotics, the impact antibiotics may indi-
rectly have on the intestinal environment via promoting microbial dysbiosis is also under
consideration for controlling both protozoan and helminth infection [78]. Reintroducing
lost “old friends” or heirloom species with known immunoregulatory properties [17,98],
nutritional interventions aimed at altering the microbiota [99], and supplementing with
post-biotics or bacterially derived products, such as SCFA, may all provide exciting new
avenues of research.

Manipulating the microbiota present in nematodes themselves may also prove an
interesting therapeutic approach; targeting microbes that specifically colonize nematodes
may disrupt worm development and survival and, subsequently, impact infectivity and
disease outcomes [99]. Strategies such as the utilization of specific bacteriophages to target
these microbes may be an option for future treatment and prevention [100].

Overall, probiotics and other microbial manipulating strategies may provide alternative
or supplemental ways of combating intestinal parasitic infection. Probiotics can modulate host
immunity, increase competition in the gut, shape intestinal niches and, significantly, mitigate
the ever-building drug resistance promoted by traditional chemotherapeutic drugs [3,10,101].

5.2. Utilization of Intestinal Parasites in Immunoregulatory Conditions

Suppressing the host immune system is an important survival strategy for parasites.
As “old friends” of the mammalian gut, helminths may have helped blunt overzealous
immune reactions and may have provided essential immunoregulatory priming for the
host [17]. When these immune-regulating organisms are no longer active participants
in the gut, as in modern industrialized society, unchecked and persistent inflammation
may be a consequence [17,98,101]. In this way, the eradication of helminth infections may
have implications for autoimmune diabetes, allergies and other immunologically driven
conditions, like inflammatory bowel disease (IBD) [17,98,101–106].

IBD is an umbrella term for conditions characterized by chronic inflammation of the
GI tract, including ulcerative colitis (UC) and Crohn’s disease (CD). Though the cause
of and cure for these conditions are presently unknown, current thinking suggests a mix
of genetics, environmental factors, dysregulated immune responses and, increasingly,
alterations in the gut microbiota to contribute to the pathogenesis [107,108].

As the incidence of IBD increases worldwide, particularly in Westernized coun-
tries [109,110], treatment with helminths has been increasingly explored as an alterna-
tive therapeutic option. Exploiting the immunoregulatory properties of helminths and
helminth-derived products may provide a way to balance the overactive and inappropri-
ate immune responses prevalent in IBD [111]. Indeed, in animal models, treatment with
helminth species has supported potential anti-colitic effects [111]. For instance, T. spiralis
infection prior to the administration of dinitrobenzene sulfonic acid (DNBS) conferred
protective benefits in this model of colitis by manipulating the balance of Th1 and Th2
cytokines [112]. Further, mice administered antigens from this same parasite displayed
minimized effects of DNBS-induced intestinal pathology, which was associated with down-
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regulated levels of IL-1β and upregulated IL-13 [113]. These findings support the notion
that helminth and helminth-derived products, at least in part, work by rebalancing the
immunological milieu in persistent intestinal inflammation. In humans, early clinical trials
utilizing Trichuris suis yielded promising results as a potential therapy for both UC and
CD [114,115]. Since then, small-scale clinical trials have also reported some success with
helminth-based therapies [111,116]; however, a new emphasis on microbial considerations
must be taken into account.

Recent work by Shute et al. (2021) has emphasized the idea that the gut microbiota
plays a role in conferring protective benefits from helminths in IBD-like states. Shute et al.
reported that mice infected with the tapeworm H. diminuta and administered DNBS to
induce colitis showed ameliorated colitis severity in comparison to controls [117]. In-
triguingly, the protection conferred by H. diminuta was dependent on the presence of the
microbiota, as this protection was not seen in antibiotic-treated or GF mice. When treated
with bacterial filtrates from mice infected with H. diminuta that were high in the SCFAs,
acetate and butyrate, recipient mice were also protected from colitis. The authors showed
that these microbial changes helped confer protection by influencing the anti-inflammatory
cytokine IL-10. These findings emphasize the importance of microbial composition and
function as a consideration when utilizing helminths in the context of IBD. It should be
noted that, despite this work, the role the microbiota plays in helminth-derived protection
in inflammatory bowel conditions has not been extensively studied, and further research
investigating whether the anti-colitic effects conferred from helminth administration are
exclusive to the helminth themselves or are derived from helminth-induced microbial
changes is warranted.

Thus, the use of particular helminths or helminth-derived products may prove benefi-
cial by restoring balance in the dysregulated immune environment characteristic of IBD,
allergies [118], and potentially, metabolic conditions like type 2 diabetes [119]. Research
suggests that these benefits may be, at least in part, mediated through the intestinal micro-
biota. Though the details of these potential treatments are beyond the scope of this review,
an extensive overview of helminth-based therapies in experimental colitis and IBD can be
found in the recent papers by Arai et al. (2022) and Shields et al. (2022) [111,116].

6. Conclusions and Future Directions

Globally, intestinal helminth and protozoan infections are responsible for significant
economic and personal burdens and disproportionality affect those in the developing
world. Over an intertwined evolutionary history, interactions between parasite and host
have undoubtedly shaped the biology of both organisms. However, these interactions do
not occur in isolation. In the context of the gut, bacteria and other microbes influence both
the host and invading parasites. In turn, both the host and parasite can shape the gut
microbiota. Studying this multidirectional relationship not only deepens our understanding
of the dynamics of parasitic infection but may also, in the future, aid in the development of
microbially focused treatments. Considering the impact of intestinal parasites on livestock,
companion animals and ecosystems, these treatments may have a major impact on the
global economic burden brought about by parasitic infection. In conjunction with public
health measures and current chemotherapeutic strategies, these therapies may also provide
a more holistic approach to controlling protozoan and helminth infection in humans on both
an individual and population scale. In addition, elucidating this complex relationship may
also shape future utilization of helminth and/or helminth-derived products as protective
or ameliorative agents in immune- and microbial-driven conditions like IBD. Though this
area of inquiry is still in its infancy and only growing as we dive deeper into the world
of the gut microbiota, studying the host–parasite–microbiota axis may, ultimately, have
profound implications for global human health.
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68. Sulima-Celińska, A.; Kalinowska, A.; Młocicki, D. The Tapeworm Hymenolepis diminuta as an Important Model Organism in the
Experimental Parasitology of the 21st Century. Pathogens 2022, 11, 1439. [CrossRef] [PubMed]

69. Mckay, D.M.; Khan, W.I. STAT-6 Is an Absolute Requirement for Murine Rejection of Hymenolepis diminuta. J. Parasitol. 2003,
89, 188–189. [CrossRef] [PubMed]

70. Reynolds, L.A.; Smith, K.A.; Filbey, K.J.; Harcus, Y.; Hewitson, J.P.; Redpath, S.A.; Valdez, Y.; Yebra, M.J.; Brett Finlay, B.; Maizels,
R.M. Commensal-Pathogen Interactions in the Intestinal Tract: Lactobacilli Promote Infection with, and Are Promoted by, Helminth
Parasites. Gut Microbes 2014, 5, 522–532. [CrossRef] [PubMed]

71. Su, C.; Su, L.; Li, Y.; Long, S.R.; Chang, J.; Zhang, W.; Walker, W.A.; Xavier, R.J.; Cherayil, B.J.; Shi, H.N. Helminth-Induced
Alterations of the Gut Microbiota Exacerbate Bacterial Colitis. Mucosal Immunol. 2017, 11, 144–157. [CrossRef]

https://doi.org/10.1186/S13071-021-04613-9
https://doi.org/10.1016/j.ijpara.2012.11.011
https://www.ncbi.nlm.nih.gov/pubmed/23291463
https://doi.org/10.1038/ncomms6488
https://doi.org/10.1016/j.jprot.2011.06.002
https://doi.org/10.1371/journal.pntd.0000403
https://doi.org/10.1007/s12026-008-8079-0
https://doi.org/10.1186/1756-3305-4-186
https://www.ncbi.nlm.nih.gov/pubmed/21943110
https://doi.org/10.1016/j.exppara.2011.12.002
https://www.ncbi.nlm.nih.gov/pubmed/22209940
https://doi.org/10.3109/08830185.2015.1096936
https://www.ncbi.nlm.nih.gov/pubmed/27120222
https://doi.org/10.1016/j.pt.2022.06.003
https://www.ncbi.nlm.nih.gov/pubmed/35820945
https://doi.org/10.1016/S0169-4758(00)01773-7
https://www.ncbi.nlm.nih.gov/pubmed/11063858
https://doi.org/10.3390/pathogens2010055
https://www.ncbi.nlm.nih.gov/pubmed/25436881
https://doi.org/10.1126/science.1187703
https://www.ncbi.nlm.nih.gov/pubmed/20538949
https://doi.org/10.1016/j.celrep.2023.112680
https://www.ncbi.nlm.nih.gov/pubmed/37384526
https://doi.org/10.1016/j.carbpol.2021.118719
https://doi.org/10.3389/fcimb.2020.632556
https://doi.org/10.1002/vms3.799
https://www.ncbi.nlm.nih.gov/pubmed/35384356
https://doi.org/10.1016/j.diagmicrobio.2023.115954
https://www.ncbi.nlm.nih.gov/pubmed/37267741
https://doi.org/10.1128/IAI.00101-17
https://www.ncbi.nlm.nih.gov/pubmed/28584161
https://doi.org/10.1371/journal.pntd.0011170
https://www.ncbi.nlm.nih.gov/pubmed/36989208
https://doi.org/10.1080/19490976.2019.1688065
https://www.ncbi.nlm.nih.gov/pubmed/31928118
https://doi.org/10.3390/pathogens11121439
https://www.ncbi.nlm.nih.gov/pubmed/36558772
https://doi.org/10.1645/0022-3395(2003)089[0188:SIAARF]2.0.CO;2
https://www.ncbi.nlm.nih.gov/pubmed/12659328
https://doi.org/10.4161/gmic.32155
https://www.ncbi.nlm.nih.gov/pubmed/25144609
https://doi.org/10.1038/mi.2017.20


Pathogens 2024, 13, 608 15 of 16

72. Moyat, M.; Lebon, L.; Perdijk, O.; Wickramasinghe, L.C.; Zaiss, M.M.; Mosconi, I.; Volpe, B.; Guenat, N.; Shah, K.; Coakley, G.; et al.
Microbial Regulation of Intestinal Motility Provides Resistance against Helminth Infection. Mucosal Immunol. 2022, 15, 1283–1295.
[CrossRef]

73. Robertson, L.J. Parasites in Food: From a Neglected Position to an Emerging Issue. Adv. Food Nutr. Res. 2018, 86, 71–113.
[CrossRef] [PubMed]

74. Rawla, P.; Sharma, S. Trichinella spiralis Infection. In Textbook of Medical Parasitology; StatPearls Publishing [Internet]:
Treasure Island, FL, USA, 2023. [CrossRef]

75. Coakley, G.; Harris, N.L. The Intestinal Epithelium at the Forefront of Host–Helminth Interactions. Trends Parasitol. 2020,
36, 761–772. [CrossRef] [PubMed]

76. McClemens, J.; Kim, J.J.; Wang, H.; Mao, Y.-K.K.; Collins, M.; Kunze, W.; Bienenstock, J.; Forsythe, P.; Khan, W.I. Lactobacillus
rhamnosus Ingestion Promotes Innate Host Defense in an Enteric Parasitic Infection. Clin. Vaccine Immunol. 2013, 20, 877–881.
[CrossRef] [PubMed]

77. Wang, H.; Kim, J.J.; Denou, E.; Gallagher, A.; Thornton, D.J.; Sharif Shajib, M.; Xia, L.; Schertzer, J.D.; Grencis, R.K.;
Philpott, D.J.; et al. New Role of Nod Proteins in Regulation of Intestinal Goblet Cell Response in the Context of Innate Host
Defense in an Enteric Parasite Infection. Infect. Immun. 2016, 84, 275–285. [CrossRef] [PubMed]

78. Leon-Coria, A.; Kumar, M.; Chadee, K. The Delicate Balance between Entamoeba Histolytica, Mucus and Microbiota. Gut Microbes
2020, 11, 118–125. [CrossRef] [PubMed]

79. Leon-Coria, A.; Kumar, M.; Moreau, F.; Chadee, K. Defining Cooperative Roles for Colonic Microbiota and Muc2 Mucin in
Mediating Innate Host Defense against Entamoeba histolytica. PLOS Pathog. 2018, 14, e1007466. [CrossRef] [PubMed]

80. Mukherjee, S.; Hooper, L.V. Antimicrobial Defense of the Intestine. Immunity 2015, 42, 28–39. [CrossRef] [PubMed]
81. Gallo, R.L.; Hooper, L.V. Epithelial Antimicrobial Defence of the Skin and Intestine. Nat. Rev. Immunol. 2012, 12, 503–516.

[CrossRef] [PubMed]
82. Hu, Z.; Zhang, C.; Sifuentes-Dominguez, L.; Zarek, C.M.; Propheter, D.C.; Kuang, Z.; Wang, Y.; Pendse, M.; Ruhn, K.A.;

Hassell, B.; et al. Small Proline-Rich Protein 2A Is a Gut Bactericidal Protein Deployed during Helminth Infection. Science 2021,
374, eabe6723. [CrossRef]

83. Ramanan, D.; Bowcutt, R.; Lee, S.C.; Tang, M.S.; Kurtz, Z.D.; Ding, Y.; Honda, K.; Gause, W.C.; Blaser, M.J.; Bonneau, R.A.; et al.
Helminth Infection Promotes Colonization Resistance via Type 2 Immunity. Science 2016, 352, 608–612. [CrossRef]

84. Liu, Z.; Zhang, Y.; Jin, T.; Yi, C.; Ocansey, D.K.W.; Mao, F. The Role of NOD2 in Intestinal Immune Response and Microbiota
Modulation: A Therapeutic Target in Inflammatory Bowel Disease. Int. Immunopharmacol. 2022, 113, 109466. [CrossRef] [PubMed]

85. Ramanan, D.; Tang, M.S.; Bowcutt, R.; Loke, P.; Cadwell, K. Bacterial Sensor Nod2 Prevents Inflammation of the Small Intestine
by Restricting the Expansion of the Commensal Bacteroides vulgatus. Immunity 2014, 41, 311–324. [CrossRef] [PubMed]

86. Pullan, R.L.; Smith, J.L.; Jasrasaria, R.; Brooker, S.J. Global Numbers of Infection and Disease Burden of Soil Transmitted Helminth
Infections in 2010. Parasites Vectors 2014, 7, 37. [CrossRef] [PubMed]

87. Blair, P.; Diemert, D. Update on Prevention and Treatment of Intestinal Helminth Infections. Curr. Infect. Dis. Rep. 2015, 17, 12.
[CrossRef] [PubMed]

88. Molyneux, D.H.; Hotez, P.J.; Fenwick, A. “Rapid-Impact Interventions”: How a Policy of Integrated Control for Africa’s Neglected
Tropical Diseases Could Benefit the Poor. PLoS Med. 2005, 2, e336. [CrossRef] [PubMed]

89. Horton, J. Global Anthelmintic Chemotherapy Programs: Learning from History. Trends Parasitol. 2003, 19, 405–409. [CrossRef]
[PubMed]

90. Jones, K.E.; Patel, N.G.; Levy, M.A.; Storeygard, A.; Balk, D.; Gittleman, J.L.; Daszak, P. Global Trends in Emerging Infectious
Diseases. Nature 2008, 451, 990–993. [CrossRef] [PubMed]

91. Farthing, M.J.G. Treatment Options for the Eradication of Intestinal Protozoa. Nat. Clin. Pract. Gastroenterol. Hepatol. 2006,
3, 436–445. [CrossRef] [PubMed]

92. Sarjapuram, N.; Mekala, N.; Singh, M.; Tatu, U. The Potential of Lactobacillus casei and Entercoccus faecium Combination as a
Preventive Probiotic Against Entamoeba. Probiotics Antimicrob. Proteins 2017, 9, 142–149. [CrossRef]

93. Shukla, G.; Devi, P.; Sehgal, R. Effect of Lactobacillus casei as a Probiotic on Modulation of Giardiasis. Dig. Dis. Sci. 2008,
53, 2671–2679. [CrossRef]

94. Shukla, G.; Goyal, N.; Tiwari, R.P. Lactobacillus rhamnosus GG as an Effective Probiotic for Murine Giardiasis. Interdiscip. Perspect.
Infect. Dis. 2011, 2011, 795219. [CrossRef]

95. Dinleyici, E.C.; Eren, M.; Dogan, N.; Reyhanioglu, S.; Yargic, Z.A.; Vandenplas, Y. Clinical Efficacy of Saccharomyces boulardii
or Metronidazole in Symptomatic Children with Blastocystis hominis Infection. Parasitol. Res. 2011, 108, 541–545. [CrossRef]
[PubMed]

96. Eren, M.; Dinleyici, E.C.; Vandenplas, Y. Clinical Efficacy Comparison of Saccharomyces boulardii and Yogurt Fluid in Acute
Non-Bloody Diarrhea in Children: A Randomized, Controlled, Open Label Study. Am. J. Trop. Med. Hyg. 2010, 82, 488–491.
[CrossRef] [PubMed]

97. Mansour-Ghanaei, F.; Dehbashi, N.; Yazdanparast, K.; Shafaghi, A. Efficacy of Saccharomyces boulardii with Antibiotics in Acute
Amoebiasis. World J. Gastroenterol. 2003, 9, 1832. [CrossRef] [PubMed]

98. Sonnenburg, E.D.; Sonnenburg, J.L. The Ancestral and Industrialized Gut Microbiota and Implications for Human Health. Nat.
Rev. Microbiol. 2019, 17, 383–390. [CrossRef] [PubMed]

https://doi.org/10.1038/s41385-022-00498-8
https://doi.org/10.1016/BS.AFNR.2018.04.003
https://www.ncbi.nlm.nih.gov/pubmed/30077225
https://doi.org/10.5005/jp/books/10920_12
https://doi.org/10.1016/j.pt.2020.07.002
https://www.ncbi.nlm.nih.gov/pubmed/32713764
https://doi.org/10.1128/CVI.00047-13
https://www.ncbi.nlm.nih.gov/pubmed/23536695
https://doi.org/10.1128/IAI.01187-15
https://www.ncbi.nlm.nih.gov/pubmed/26527214
https://doi.org/10.1080/19490976.2019.1614363
https://www.ncbi.nlm.nih.gov/pubmed/31091163
https://doi.org/10.1371/journal.ppat.1007466
https://www.ncbi.nlm.nih.gov/pubmed/30500860
https://doi.org/10.1016/j.immuni.2014.12.028
https://www.ncbi.nlm.nih.gov/pubmed/25607457
https://doi.org/10.1038/nri3228
https://www.ncbi.nlm.nih.gov/pubmed/22728527
https://doi.org/10.1126/science.abe6723
https://doi.org/10.1126/science.aaf3229
https://doi.org/10.1016/j.intimp.2022.109466
https://www.ncbi.nlm.nih.gov/pubmed/36435061
https://doi.org/10.1016/j.immuni.2014.06.015
https://www.ncbi.nlm.nih.gov/pubmed/25088769
https://doi.org/10.1186/1756-3305-7-37
https://www.ncbi.nlm.nih.gov/pubmed/24447578
https://doi.org/10.1007/s11908-015-0465-x
https://www.ncbi.nlm.nih.gov/pubmed/25821189
https://doi.org/10.1371/journal.pmed.0020336
https://www.ncbi.nlm.nih.gov/pubmed/16212468
https://doi.org/10.1016/S1471-4922(03)00171-5
https://www.ncbi.nlm.nih.gov/pubmed/12957517
https://doi.org/10.1038/nature06536
https://www.ncbi.nlm.nih.gov/pubmed/18288193
https://doi.org/10.1038/ncpgasthep0557
https://www.ncbi.nlm.nih.gov/pubmed/16883348
https://doi.org/10.1007/s12602-016-9232-z
https://doi.org/10.1007/s10620-007-0197-3
https://doi.org/10.1155/2011/795219
https://doi.org/10.1007/s00436-010-2095-4
https://www.ncbi.nlm.nih.gov/pubmed/20922415
https://doi.org/10.4269/ajtmh.2010.09-0529
https://www.ncbi.nlm.nih.gov/pubmed/20207879
https://doi.org/10.3748/wjg.v9.i8.1832
https://www.ncbi.nlm.nih.gov/pubmed/12918131
https://doi.org/10.1038/s41579-019-0191-8
https://www.ncbi.nlm.nih.gov/pubmed/31089293


Pathogens 2024, 13, 608 16 of 16

99. Cortés, A.; Rooney, J.; Bartley, D.J.; Nisbet, A.J.; Cantacessi, C. Helminths, Hosts, and Their Microbiota: New Avenues for
Managing Gastrointestinal Helminthiases in Ruminants. Expert Rev. Anti. Infect. Ther. 2020, 18, 977–985. [CrossRef] [PubMed]
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