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Abstract The gut biome, a complex ecosystem of micro- and macro-organisms, plays a crucial
role in human health. A disruption in this evolutive balance, particularly during early life, can lead

to immune dysregulation and inflammatory disorders. ‘Biome repletion’ has emerged as a potential
therapeutic approach, introducing live microbes or helminth-derived products to restore immune
balance. While helminth therapy has shown some promise, significant challenges remain in opti-
mizing clinical trials. Factors such as patient genetics, disease status, helminth species, and the
optimal timing and dosage of their products or metabolites must be carefully considered to train
the immune system effectively. We aim to discuss how helminths and their products induce trained
immunity as prospective to treat inflammatory and autoimmune diseases. The molecular repertoire
of helminth excretory/secretory products (ESPs), which includes proteins, peptides, lipids, and RNA-
carrying extracellular vesicles (EVs), underscores their potential to modulate innate immune cells and
hematopoietic stem cell precursors. Mimicking natural delivery mechanisms like synthetic exosomes
could revolutionize EV-based therapies and optimizing production and delivery of ESP will be crucial
for their translation into clinical applications. By deciphering and harnessing helminth-derived prod-
ucts’ diverse modes of action, we can unleash their full therapeutic potential and pave the way for
innovative treatments.

Trained immunity

Trained immunity describes the long-term functional reprogramming of innate host defense mech-
anisms or a de facto innate immune memory, where environmental stimuli, such as the commensal
host biome, their products, or even endogenous molecules, can alter a second immune response by
metabolic or epigenetic reprogramming (Netea et al., 2020).

Immunological memory has been traditionally associated with the adaptive arm of the immune
response in vertebrates. However, unlike vertebrates, most species rely exclusively on innate immunity
for host defense. Therefore, a critical evolutionary attribute like immunological memory is unlikely to
be limited to adaptive immunity and absent in the innate response in the whole spectrum of living
organisms (Divangahi et al., 2021).

In the last decades, this understanding that only adaptive immunity can shape immunological
memory has been increasingly challenged. After facing a primary stimulus, epigenetic and metabolic
alterations of bone marrow progenitor cells and functional changes of tissue immune cell populations
result in enhanced immune responses against a secondary encounter. This long-term reprogramming
process has been named ‘innate immune memory’ or ‘trained immunity’ (Netea et al., 2011), adding
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new complexity to our previous knowledge of immunological memory, an attribute limited to antigen-
specific responses of the adaptive compartment of the immune system (Netea et al., 2016).

The specificity of adaptive immune memory in vertebrates is ensured through immunoglobulin
gene recombination and clonal expansion, while nonspecific trained innate immune response relies
on still not fully understood mechanisms closely intertwined epigenetic, transcriptional, and metabolic
pathways (Vuscan et al., 2024).

In animals, evidence comes from studies showing that vaccination with the tuberculosis vaccine
Bacillus Calmette-Guérin (BCG) - the most commonly used vaccine worldwide - induces T cell-
independent protection against secondary infections with Candida albicans, Schistosoma mansoni,
or influenza (Spencer et al., 1977, Tribouley et al., 1978; van ‘t Wout et al., 1992). In human volun-
teers, BCG vaccination protects against an experimental infection with the yellow fever vaccine virus
(Arts et al., 2018). Moreover, extensive epidemiological studies have reported protective heterolo-
gous effects of both BCG and measles vaccination (Arts et al., 2018, Benn et al., 2013; Goodridge
et al., 2016).

In addition, herpesvirus latency increases resistance to the bacterial pathogens Listeria monocyto-
genes and Yersinia pestis (Barton et al., 2007), with protection achieved through enhanced produc-
tion of IFNy and systemic activation of macrophages. Similarly, infection with the helminthic parasite
Nippostrongylus brasiliensis induces a long-term macrophage phenotype that damages the parasite
and induces protection from reinfection independently of T and B lymphocytes (Chen et al., 2014).

It is also significant to emphasize that while trained immunity is an evolutionary trait that increases
fitness against pathogenic microbes, it may also be maladaptive in the context of chronic inflamma-
tory diseases. Thus, trained immunity may conversely contribute to the pathophysiology of cardiovas-
cular, autoinflammatory, and neurodegenerative diseases. Indeed, in addition to microbial exposure
and products, endogenous molecules can induce trained immunity. For instance, a Western-type diet
prompts trained immunity in animal models of atherosclerosis, which perseveres even after a switch to
a healthy chow diet (Christ et al., 2018).

In addition, it is notable that trained immunity induced by BCG vaccination was associated in the
enhanced induction of immune self-tolerance in models of autoimmunity such as type 1 diabetes
and multiple sclerosis (Ristori et al., 2018). At least in some autoimmune conditions, the advanta-
geous effects of BCG vaccination, denote an interesting aspect of the host-microbe interaction in
the pathophysiology and treatment of immune-mediated diseases. Although the precise molecular
mechanisms are not entirely understood, this data supports the idea that exposure to microbes may
relieve conditions characterized by chronic inflammation and injury of tissues, such as inflammatory
and autoimmune diseases.

The gut biome and chronic inflammatory diseases

The gut biome is the ecosystem composed of bacteria, viruses, fungi, archaea, and helminths that
inhabit our gastrointestinal tract. After millennia of coevolution, humans have established a symbiotic
relationship with their commensal biome, in particular, as an essential contributor to the development
and training of the host immune system (Belkaid and Hand, 2014; Ley et al., 2006; Zheng et al.,
2020). Dysbiosis, defined as an imbalance in the microbiome composition or function due to loss of
beneficial microorganisms, overgrowth of pathogens or loss of overall diversity, has gained attention
in recent years, as evidence suggests it could play a crucial role in the development of inflammatory
diseases (Petersen and Round, 2014; Hand et al., 2016; Alagiakrishnan et al., 2024).

Research suggests that a disturbance in the interaction between host microbes early in life could
leave an imprint on the immune system, leading to excessive reactivity later on, predisposing the indi-
vidual to inflammatory disorders (Al Nabhani and Eberl, 2020). Furthermore, studies demonstrate
that the mode of delivery significantly impacts microbiome composition during the first years of life;
for example, a caesarian section leads to delayed colonization by the phylum Bacteroidetes, which
is associated with reduced T helper 1 cells (Th1) responses during infancy and a higher incidence of
allergies (Jakobsson et al., 2014). In adulthood, the microbiome becomes relatively stable, and it is
generally considered healthy when characterized by high diversity (large number of species) and high
evenness (high abundance of numerous species) (Bradley and Haran, 2024; Odamaki et al., 2016;
Jeffery et al., 2016). The reason appears to be that a more diverse microbiome covers a more signif-
icant number of functional niches, with different species supporting different aspects of the host's
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Box 1.

The Biome Depletion Theory states that the loss of species diversity from the human

body’s ecosystem in modern industrialized countries leads to immune dysregulation and

a subsequent increase in the prevalence of chronic inflammatory-associated diseases. This
paradigm appreciates the importance of an array of microbes and helminths as essential for
immune system development and regulation (Parker and Ollerton, 2013, von Hertzen et al.,
2011).

The Gut-Brain Axis proposed the gut microbiota as a central environmental contributor to
immune-mediated diseases such as multiple sclerosis (MS) (Correale et al., 2022).

health and homeostasis, including nutrition, protection against pathogens, immune system regula-
tion, maintenance of gut barrier integrity, xenobiotic and drug metabolism, among others (Sommer
et al., 2017; Shepherd et al., 2018; Gibbons, 2019).

The last century has witnessed a rise in allergies and inflammatory and autoimmune diseases, with
a higher prevalence in industrialized societies. This was also supported by the observation that people
migrating from an area with a low incidence of immune-mediated diseases to an area with a higher
one increases the likelihood of acquiring such disorders (Bach, 2002; Alter et al., 1978, Bodansky
et al., 1992, Hammond, 2000). The first postulate to explain these observations was the ‘hygiene
hypothesis’, coined in 1988 by David Barker and supported later by David Strachan in 1989 (Barker
et al., 1988; Strachan, 1989; Perkin and Strachan, 2022). Nonetheless, a more comprehensive and
evolutionary explanation emerged in 2003 with the ‘old friends hypothesis’, proposed by Graham
A. W. Rook, which states that a lack of exposure to certain host evolved-dependent organisms that
stimulate immunoregulatory pathways results in an overreactive immune system that targets autoanti-
gens and harmless allergens (Yazdanbakhsh et al., 2002; Rook, 2023; Rook et al., 2004, Scudellari,
2017).

Helminths play a central role in the ‘old friends hypothesis’ because, until the onset of industrial-
ization, our immune system had to evolve alongside the presence of chronic parasitic infections within
the host, as happens in wild animals. The depletion of helminths and other microorganisms from our
biome (see Box 1), coupled with different environmental factors like reduced vitamin D levels and
increased psychological stress, has potentially led to an ‘evolutionary mismatch,” a condition in which
an organism becomes maladapted to a rapidly changing environment. (Parker and Ollerton, 2013,
McSorley and Maizels, 2012, Panelli et al., 2020).

Autoimmune diseases have a multifactorial origin, with genetics playing an important role in deter-
mining predisposition (Patsopoulos et al., 2019; Harroud and Hafler, 2023), however, what some
have termed as an ‘autoimmune epidemic’ can't be solely attributed to gradual genetic changes,
which means that environmental factors play a decisive role. Several environmental agents have been
implicated, including dietary factors, plant, animal, and house environment, vitamin D levels, viral
infections, and the gut biome, among others, (Zhao et al., 2019, Sundaresan et al., 2023, Sirbe
et al., 2022, Zhang et al., 2020); see Figure 1.

The microbiota maintains gut and systemic immune homeostasis by modulating its innate and
adaptive branches. It achieves this through two main pathways: the production of metabolites and
the release of bacterial-derived factors that directly interact with the host's immune system (Zheng
et al.,, 2020). There are three major classes of microbiota-derived metabolites: short-chain fatty acids
(SCFAs), tryptophan (Trp), and bile acid (BA) metabolites (Wang et al., 2023b). SCFAs, carboxylic acids
with less than six carbon atoms, are produced by bacteria as a result of carbohydrate fermentation.
The most common SCFAs are acetate, propionate, and butyrate. Through regulation of epigenetics
and binding to membrane receptors, they have been shown to modulate the immune system and
inflammation by reducing the recruitment of innate immune cells and the differentiation of lympho-
cytes (Yao et al., 2022), see Figure 1. Trp derives from ingested proteins and is transformed into
different metabolites by the gut microbiota, including indole, indole-3-acid-acetic, indole-3-propionic
acid, indoleacrylic acid, and tryptamine. Several of these metabolites contribute to gut homeostasis
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Figure 1. The interplay between gut microbiota, immune system, and environmental factors. Our immune system'’s development, maturation, and
response to challenges are significantly influenced by the composition of our gut biome. This complex ecosystem is shaped not only by host genetics
but also by critical environmental factors such as diet, lifestyle, and exposure to animals, plants, and other individuals. The micro- and macro-biota play a
vital role in maintaining both gut and systemic immune homeostasis by modulating both innate and adaptive immune responses. Helminths can directly
or through the microbiota or metabolic changes educate or train our immune system to promote regulatory networks that benefit from a less aggressive
inflammatory response. A deeper understanding of the intricate interactions between parasites, hosts, and the microbiome is essential to develop
effective strategies for preventing and treating chronic inflammatory diseases. SCFA, a short-chain fatty acid metabolite. This figure was created using

BioRender.com.

and exert anti-inflammatory functions through binding to nuclear receptors: the aryl hydrocarbon
receptor (AhR) and the pregnane X receptor (PXP) (Su et al., 2022). BA is synthesized in the liver
and transported to the intestine, where they are transformed by bacteria, generating BA metabolites
that regulate metabolic and immunological function (Cai et al., 2022). An imbalance in the levels of
microbiota-derived metabolites due to dysbiosis has been associated with a wide range of metabolic
and inflammatory diseases (Hand et al., 2016; Parada Venegas et al., 2019, Ma et al., 2024). As
a result, in recent years, there has been a considerable focus on the development of microbiome-
targeted interventions to restore eubiosis through various approaches, including prebiotics, probi-
otics, dietary modifications, and fecal matter transplants.

In addition to dietary patterns, physical activity, and antibiotics, helminth infection is another
factor that could induce a shift in microbiome composition (Figure 1). Findings on this topic have
been somewhat inconsistent, with some studies reporting changes in microbial diversity and others
indicating no significant effects. A study conducted in a rural village in the Philippines found that
helminth-positive individuals increased Faecalibacterium abundance and that the increase was more
pronounced in subjects co-infected with several helminth species (Gordon et al., 2020). Notably, it
has been reported that Faecalibacterium species have anti-inflammatory properties, promoting the
induction of regulatory T cells (Treg), and are decreased in patients with inflammatory bowel diseases
(Touch et al., 2022). Another study compared the microbiome of indigenous Malaysians from five
villages with different prevalences of helminth infections and found that those living in villages with
a higher rate of helminth infections had more diverse microbiomes and more uncharacterized bacte-
rial species, and in the different villages, the helminth infection was associated with the differential
abundance of distinct bacterial taxa; interestingly, after deworming with albendazole there were no
significant changes in species richness (Tee et al., 2022).

The variability in the results obtained so far could be due to differences in helminth species and
their anatomical site of infection, stage of infection, geographic location, host genetics, lifestyle, and
methodological approaches. Given the implication of the gut biome in the development of chronic
inflammatory diseases and the ability of helminths to induce a state of immune hyporesponsiveness
and regulatory networks in the host to benefit themselves, it's crucial to deepen our understanding of
the complex interactions of parasites, host and the microbiome (Figure 1).
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Helminths and immune regulation

Helminths are organisms with complex life cycles, living up to decades within their hosts. Their life
cycle usually involves migratory phases during the different stages of infection, resulting in damage to
several host tissues. The prototypical immune response to a helminth infection is characterized by type
2 immunity, involving T helper 2 cells (Th2), IgE production, eosinophils, mast cells, basophils, alterna-
tively activated macrophages, type 2 innate lymphoid cells (ILC2) and the cytokines IL-4, IL-5, IL-9 and
IL-13, among others. This response promotes the expulsion of the parasite and tissue repair pathways
(Maizels and Gause, 2023; Smallwood et al., 2017). To be able to establish chronic infections and
promote their survival within the host, helminths have developed an array of immunoregulatory path-
ways, characterized by an expansion of Treg, elevated levels of IL-10 and TGFp, immunoregulatory
monocytes and B-cell class switch to 1gG4, associated with immune tolerance (Maizels et al., 2018;
Gazzinelli-Guimaraes and Nutman, 2018). A balance between the Th2 and the Treg responses is
likely to be essential to allow the survival of both host and parasite since an excess of either would
damage the host due to pathological fibrosis or severe parasite burden (Harris and Loke, 2017,
Everts et al., 2010). Considering also that helminth infections are associated with changes in the
microbiome and that its composition plays a significant role in the development and progression of
inflammatory diseases, as discussed earlier, it is plausible that helminths also induce immunomodu-
lation in the host by altering microbial diversity (Llinas-Caballero et al., 2022, Kupritz et al., 2021).
For example, it was recently demonstrated that infection with an extra-intestinal helminth, Echino-
coccus multilocularis, attenuates colitis in mice through the expansion of colonic Tregs. This effect was
partially mediated by a shift in microbiome composition, resulting in elevated levels of SCFAs (Wang
et al., 2023a).

Helminths have evolved sophisticated mechanisms to modulate the host’s immune system, with ESP
being the primary one. These ESP comprise all the molecules that are actively released or produced as
waste throughout their life cycle, including proteins, small peptides, enzymes, lipids, and glycans, and
they are specific in species and stage (Maizels et al., 2018; van der Zande et al., 2019; Sobotkova
et al., 2019). In the last decades, scientists have invested significant effort in identifying and isolating
bioactive molecules released by helminths due to their potential to be developed as therapeutic
agents. A promising candidate for an ESP-based therapeutic is the TGF-f mimic from the murine
helminth parasite Heligmosomoides polygyrus (Hp-TGM). This molecule, which mimics endogenous
proteins, exhibits potent immunoregulatory properties, including the expansion of Tregs (Johnston
et al., 2017). Interestingly, intranasal and parenteral administration of Hp-TGM has successfully alle-
viated allergic airway inflammation in mice, demonstrating its capacity to control lung inflammation
and allergic pathology (Chauché et al., 2022). More recently, a paradigm shift occurred after discov-
ering that ESP contains EVs, allowing the helminth to deliver fragile cargo, like RNA, to distant cells
(Marcilla et al., 2012).

The concept of ‘biome repletion’ arose as a potential strategy to address the rising prevalence
of inflammatory, allergic, and autoimmune diseases and advocate for the integration of live micro-
biota into standard clinical approaches, including the exploration of helminth administration in clinical
trials (Rook, 2023; Bilbo et al., 2011) or the development of helminth-derived products that target
specific immune response (Maizels et al., 2018; Ditgen et al., 2014). Several studies in mice with
experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis (MS), have
explored the effects of helminth therapy. Preimmunization with eggs of the trematode Schistosoma
mansoni decreased immune cell infiltration into the central nervous system and improved clinical
scores, with these effects being dependent on STAT6, a key mediator in Th2 differentiation (Sewell
et al., 2003). EAE disease severity was also ameliorated by H. polygyrus, in an IL-4Ra-dependent
manner, and that protection requires live helminth infection. It is essential to note that Hp-TGM does
not fully replicate the suppressive effects of live H. polygyrus infection indicating that additional regu-
latory pathways are activated by infection, which could be crucial for EAE (White et al., 2020). In
this model, disease protection is associated with increased Tregs, GATA3 +, and ST2 + cells, reduced
RORyt+and IL-17A cell responses, and a lower level of myeloid cell infiltration into the CNS (White
et al., 2020).

In contrast, another study analyzed the effects of infection with the nematode Strongyloides vene-
zuelensis on the development of EAE in mice and found no alterations in clinical score or inflam-
mation in the central nervous system (Chiuso-Minicucci et al., 2011), whereas infection with the
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nematode Toxocara canis worsened the course of the disease, resulting in higher clinical scores and
increased weight loss (Novak et al., 2022). These studies demonstrate the complex interactions
between different helminths and the host in the context of inflammatory diseases and highlight the
importance of certain helminth species for potential therapeutic applications, as well as the dosage,
timing of inoculation, and life stage of the parasite. Despite the variation of protocols, most of the
research has shown a protective effect of helminths in the context of EAE, especially when adminis-
tered before the onset of disease (Charabati et al., 2020). Further research is needed to elucidate the
specific regulatory pathways underlying each disease and to identify appropriate ESP candidates for
the development of more specific treatment strategies.

Previously, pioneer work in the field studied a cohort of patients with MS in Argentina with
naturally-acquired gastrointestinal helminth infections were followed for 5y and showed a significantly
lower number of relapses, reduced disability scores, and lower Magnetic Resonance Imaging (MRI)
activity compared to uninfected MS patients. Notably, when four of these patients received anthel-
mintic treatment, their disability scores and their exacerbations significantly increased, providing a
direct role of the helminths in the modulation of this autoimmune disease (Correale and Farez, 2007,
Correale and Farez, 2011). Furthermore, our group demonstrated that these natural helminth infec-
tions enhanced a negative regulatory axis, as the tyrosine kinase TYRO3, AXL, and MERTK (TAM)
receptors and their ligands (PROS1 and GAS6), contributing to the dampening of the inflammatory
response in patients with MS (Ortiz Wilczyiiski et al., 2020). In this study, we found first a reduced
levels of TYRO3 in circulating monocytes, dendritic cells, and CD4 lymphocytes in patients with only
MS, compared to healthy donors, denoting a strong influence of the disease condition. Remarkably,
this scenario is reversed in patients with MS who have naturally acquired gastrointestinal helminth
infections, increasing the expression of three TAM receptors in antigen-presenting cells and their
agonist GAS6 in circulating monocytes and CD4 + T cells compared to uninfected MS counterparts.
PROS1 expression was also enhanced on circulating monocytes under the Th2-helminth environ-
ment. Interestingly, CD4 + IL-10+-producing cells from MS patients with helminthic infection showed
higher levels of GAS6 expression than Th17 cells, and GAS6 blockade induced an expansion of Th17
effector genes. Furthermore, adding recombinant GASé6 into activated CD4 + T cells from MS patients
restrains the Th17 gene expression signature. This cohort of patients with naturally occurring helmin-
thic infection unravels a promising regulatory mechanism to control the Th17 inflammatory response
in autoimmunity (Ortiz Wilczynski et al., 2020; Carrera Silva et al., 2025). Altogether, we can specu-
late here that the helminth-type 2 environment along with parasite-derived products, may be training
innate and adaptive immune cells as well as bone marrow precursors.

Almost 20 y of human clinical trials have explored the use of experimental helminth infections to
treat inflammatory and autoimmune diseases, including celiac disease, inflammatory bowel disease
(IBD), MS, rheumatoid arthritis (RA), and psoriasis, based on their masterful skill to modulate immune
responses. Thus far, some of these trials have established that therapy is safe with some evidence of
therapeutic effect (Ryan et al., 2020). However, discordance in mouse-to-human translation is a well-
known challenge in various research fields. Of note, clinical trials in this area have been hindered by
limitations such as small sample sizes, lack of some control groups, and the use of few species as well
non-human-tropic helminths. We will discuss in more detail some specific cases of helminth impact on
human inflammatory diseases in a specific section below.

Trained immunity by helminths

The remarkable ability of parasites to subvert host immunity stems from their manipulation of key
immune components: CD4 + T cell differentiation, Treg cell induction, B switching, and Breg cells
(Smallwood et al., 2017, Maizels et al., 2018). This intricate interplay between host and parasite
drives a complex immune response. However, despite its potential significance, the nature and mech-
anisms of helminth-trained immunity remain relatively unexplored. This phenomenon may be funda-
mental to understanding regulatory mechanisms and tissue repair pathways that do not compromise
acquired immunity while preventing excessive inflammation and autoimmune diseases. Trained immu-
nity can influence T cell fate and function, which in turn can modulate innate cell activity. The initial
insult determines the balance between pro- and anti-inflammatory responses within this bidirectional
synapse, the cytokine microenvironment, and the specific cellular functions induced by trained immu-
nity (Murphy et al., 2021).
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Figure 2. Helminth-induced trained immunity. Early life immune education is crucial for developing a robust and well-regulated immune system.
Humans have evolved a symbiotic relationship with commensal microbiota, and disruptions to this balance can lead to immune dysregulation.

Helminths, with their complex life cycles and prolonged host interactions, can significantly influence host immunity. During infection, tissue damage

caused by migrating helminths triggers the release of alarmins like TSLP, IL-25, and IL-33. These alarmins recruit monocytes and DC, and the Th2

environment promotes the differentiation of anti-inflammatory and tissue repair macrophages. These trained macrophages produce higher levels of IL-
10, IL-4, or TGFB promoting the differentiation of regulatory T cells (Tregs) and suppressing pro-inflammatory Th1 and Th17 responses. Helminth-derived
products, including small peptides, enzymes, lipids, and EVs carrying various molecules like RNA and proteins, can induce central anti-inflammatory

trained immunity. This leads to the generation of long-lasting anti-inflammatory myeloid cells, suggesting a potential impact on bone marrow

hematopoietic progenitors. TSLP, thymic stromal lymphopoietin; DC, dendritic cells; Mac, macrophages; Treg, regulatory T cells; EVs, extracellular

vesicles. This figure was created using BioRender.com.

While most studies have described trained immunity as enhancing pro-inflammatory responses,
recent findings indicate that myeloid cells can be trained towards an anti-inflammatory phenotype
following exposure to helminth products. Macrophages trained in vitro with Fasciola hepatica total
extract (FHTE) exhibited increased production of the anti-inflammatory cytokines IL-10 and IL-1RA
while concomitantly decreasing the production of the pro-inflammatory cytokines TNF and IL-12p40
(Murphy et al., 2021; Quinn et al., 2019). The increased IL-10 could be promoting Tregs differentia-
tion, while IL-1RA suppresses the Th17 response. The reduced production of IL-12p40 and TNF may

also dampen the Th1 cell response Figure 2.

Zakeri et al., 2022 demonstrated that soluble products from the nematode Trichuris suis (TSP)
induce a trained phenotype on bone marrow-derived macrophages (BMDM) that restrains inflammatory
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responses. Treatment of BMDMs with TSP for 24 hr and subsequent stimulation with TLR agonists
after 72 hr increased IL-10 secretion compared with untreated BMDMs. In contrast, IL-6 secretion
was decreased in response to all TLR agonists except one, while TNF secretion yielded mixed results
depending on the agonist used. Metabolic flux analyses revealed that TSP-treated BMDMs had a
higher mitochondrial oxygen consumption rate, indicating increased oxidative phosphorylation than
untreated BMDMs. These results indicate that TSP has the ability to reprogram macrophage metabo-
lism and induce anti-inflammatory trained immunity (Zakeri et al., 2022).

Interestingly, Quinteros et al. demonstrated that a peptide derived from the trematode Fasciola
hepatica, FRHDM-1, could reverse the inflammatory trained phenotype of BMDMs from non-obese
diabetic (NOD) mice (Quinteros et al., 2024). BMDMs from NOD mice showed epigenetic signa-
tures of trained immunity, as well as high glycolytic activity and enhanced secretion of IL-6 and TNF
in response to LPS when compared to BMDMs from control mice, suggesting that progenitor cells in
the bone marrow of NOD mice had immune training. Administration of intraperitoneal injections of
FhHDM-1 and posterior analysis of BMDMs revealed a reduction in glycolytic activity in response to
LPS in contrast to NOD mice not treated with the helminth product. The secretion of IL-6 and TNF
was reduced to the levels observed in control mice, as well as the epigenetic modifications previ-
ously mentioned. This emerging understanding of regulating inflammatory responses through trained
immunity induced by helminths or their products has significant potential for therapeutic strategies in
treating inflammatory and autoimmune disorders Figure 2.

In this regard, Mills and colleagues have made significant discoveries in this field (Quinn et al.,
2019, Cunningham et al., 2021). Their research demonstrated that treating mice with F. _hepatica
ESP induces an anti-inflammatory phenotype in bone marrow hematopoietic stem cells (HSC). This,
in turn, leads to an expansion of the peripheral population of Ly6C"" monocytes, associated with
anti-inflammatory activity, and the generation of BMDMs that secrete more anti-inflammatory cyto-
kines and less pro-inflammatory cytokines after stimulation with various TLR agonists. This confirms
the capacity of helminths ESP to induce central anti-inflammatory trained immunity that gives rise
to anti-inflammatory circulating myeloid cells. More importantly, this mechanism provides protection
against EAE through the generation of anti-inflammatory monocytes that suppress T-cell mediated
autoimmunity, and this effect persists for at least 8 mo (Cunningham et al., 2021), see also Figure 2.

Trained immunity in Th2 responses has also been studied, and Yasuda et al. found that infection by
the nematode Strongyloides venezuelensis induced resistance to a subsequent infection by Nippos-
trongylus brasiliensis, an unrelated nematode, through innate cell-dependent mechanisms in mice
(Yasuda et al., 2018). This effect lasted at least 3 mo and was mediated by training ILC2s in the lung,
a tissue through which the larvae migrate. In vitro stimulation of these cells with PMA and ionomycin,
two potent cell activators, led to enhanced production of the cytokines IL-5 and IL-13 in ILC2s derived
from mice that had been infected with S. venezuelensis. After the infection with N. brasiliensis, the
expression of 1113 and Irf4 mRNAs was significantly higher in ILC2s from mice that had been previously
infected with S. venezuelensis compared to uninfected mice. These findings suggest that ILC2s have
the capacity to acquire a trained phenotype that persists over time in response to helminth infection
and contributes to the host’s resistance in an antigen-independent manner.

Furthermore, helminths induce a systemic innate mucin response that primes peripheral barrier sites
for protection against subsequent secondary helminth infections. Mechanistically, a cross-mucosal
immune mechanism by which intestinal helminths (Trichinella spiralis or Heligmosomoides polygyrus)
may protect their hosts against co-infection by a different parasite (N. brasiliensis) at a distal site via
ILC2s in the gut and circulation of activated CD4 + T cells that can be triggered to release effector
cytokines and mount inflammatory responses by tissue damage-associated alarmins, such as IL-33
priming (Campbell et al., 2019; Filbey et al., 2019, Léser et al., 2019).

Helminth-derived products, such as EVs, may play a pivotal role in training immune cells. However,
the cellular source of EVs, and their route of secretion from the helminth is still not fully character-
ized. While understanding the source and biosynthesis of helminth EVs is crucial, a more pressing
question is their physiological function. Are these EVs released incidentally as a byproduct of parasite
processes, or do they serve a specific purpose in manipulating the host immune response? (Drurey
and Maizels, 2021; Sotillo et al., 2020; Coakley et al., 2016). EVs influence a wide range of biolog-
ical systems, including mammalian immunity, and emerging evidence suggests they play a role in
immune regulation (Kalluri and LeBleu, 2020; Zhou et al., 2020). EVs serve as a crucial mode of
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communication between innate and adaptive immune cells. Given their role in immune signaling, it is
not surprising that pathogens have evolved to exploit EVs for immunosuppression. The malaria para-
site, Plasmodium berghei, secretes EVs that can inhibit T-cell responses (Demarta-Gatsi et al., 2019).
Leishmania donovani exosomes have been found to push monocytes and dendritic cells towards
anti-inflammatory phenotypes, increasing Th2 polarisation and thereby contributing to the disease
(Silverman et al., 2010).

The composition of helminth-derived EVs varies depending on the gender and life cycle stage of
the parasite. While the primary cargo typically includes lipids, nucleic acids, and proteins, the potential
role of these EVs in host immune regulation suggests the presence of some components beyond the
standard EV repertoire. Most analyses of helminth EV content have focused on the proteome (Sotillo
et al., 2020). However, helminth EVs also contain various small RNA species, particularly microRNAs
(miRNAs), which have been implicated in host-helminth interactions and provide some of the most
significant clues for immunomodulation (Sotillo et al., 2020, Wu et al., 2018, Fromm et al., 2017,
Hansen et al., 2019; Yang et al., 2020). Lipids represent another significant component of EVs,
although they are less well-characterized than proteins and small RNAs. Lipids can possess bioactivity,
directly influencing cell uptake and modulating immune responses (Assunco et al., 2017; Magalhaes
et al., 2018). Glycans are another neglected group within helminth EV biology. Both EV proteins and
lipids can be post-translationally glycosylated, which is known to be essential for the regulation of
protein function. Glycans have been identified as key players in the regulation of EV uptake, affecting
the cell tropism of EVs. Glycans may even play a role in the biodistribution of helminth EVs (Drurey
and Maizels, 2021; Whitehead et al., 2020; de la Torre-Escudero et al., 2019).

Most helminth-derived EVs are collected from parasites cultured in vitro and purified from condi-
tioned media. Only some exception involves harvesting EVs from the hydatid cyst fluid of E. gran-
ulosus and comparing them with those generated by the protoscolex stage of the parasite in vitro
(Zhou et al., 2019; Chop et al., 2024; Rodriguez Rodrigues et al., 2021).

Phagocytes, particularly macrophages, have been central to helminth EV research due to their
plasticity in transitioning from a pro-inflammatory to an anti-inflammatory and tissue repair pheno-
type. Similarly, circulating myeloid cells, such as monocytes and adaptive lymphocytes, can be repro-
grammed by EVs at distant sites (Drurey and Maizels, 2021). Intriguingly, recent studies suggest
that trained immunity may even originate at the hematopoietic stem cell stage, (Quinn et al., 2019;
Cunningham et al., 2021), see also Figure 2.

Helminth-derived EVs can also exert a localized immune impact, such as influencing intestinal
epithelial cells as Tuft cells by regulating the release of alarmins like thymic stromal lymphopoietin
(TSLP), IL-25, and IL-33. Additionally, helminths can promote tissue infiltration by releasing cathepsins
and other proteases. Similarly, the migration of hookworm larvae through the lung causes significant
mechanical and enzymatic damage, but rapid tissue repair is observed, potentially facilitated by EVs
to restore homeostasis (Drurey and Maizels, 2021).

Tuft cells have been identified in intestinal and lung tissues (Haber et al., 2017) as rare chemo-
sensory epithelial cells that monitor their environment and relay messages to the surrounding tissue
via secretion of neuro- and immunomodulatory molecules (Strine and Wilen, 2022). These cells have
evolved to perform critical functions in modulating host-microbe interactions, but a critical question
is whether tuft cells can be trained (Chen et al., 2024). Based on their known signaling pathways,
tuft cells have been linked to a wide variety of bodily functions, such as the establishment of T cell
tolerance (Miller et al., 2018), cross-talk with the nervous system (Matsumoto et al., 2011), and
epithelial repair and remodeling (Huang et al., 2024). Given these roles, it is unsurprising that tuft
cells have been implicated in IBD as well as contributing to helminth clearance by activation of the
tuft-ILC2 circuit that results in rapid remodeling of the intestinal epithelium, and protective functions
of IBD manifestations (Yi et al., 2019, Kjeergaard et al., 2021, Qu et al., 2015, Banerjee et al.,
2020). The specific mechanisms by which tuft cells mitigate IBD have not been elucidated, but this
may be microbiome dependent, increased expression of genes that regulate the tricarboxylic acid
cycle, which resulted from microbe production of the metabolite succinate Figure 3. Finally, while
intestinal tuft cells are recognized for their crucial roles in the host defense against intestinal patho-
gens, there remains uncertainty regarding their trainability. In this sense, an interesting work by Chen
et al., 2024 showed that trained immunity of intestinal tuft cells during infancy enhances host defense
against enteroviral infections in mice. The authors showed that tuft cells can be trained by IL-25, which
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Figure 3. Therapeutic potential of helminths and their products. The therapeutic potential of helminths and their products depends on various
factors, including the specific helminth species, the dosage, timing of inoculation, and the parasite’s life stage. Helminths have evolved sophisticated
mechanisms to modulate the host immune system. Their products (ESPs) contain a diverse range of molecules, including proteins, peptides, enzymes,
lipids, glycans, and EVs. These EVs can deliver fragile cargo, like RNA, to distant cells. Identifying and characterizing these molecules and their target
pathways presents a unique opportunity to develop novel, safe, and effective therapeutic strategies inspired by nature. Recent research suggests that
the adaptation of the developing immune system to helminths involves epigenetic and metabolic changes. These adaptations may be lost after a few
generations without helminth exposure. The goal is to identify the optimal combination of patient, genetic factors, disease, and helminth products or
their metabolic byproducts to train the immune system both locally and at the stem cell level. ESPs, excretory/secretory products; EVs, extracellular
vesicles. This figure was created using BioRender.com.

supports faster and higher levels of IL-25 production in response to enteroviral infection and further
exhibits an anti-enteroviral effect (Chen et al., 2024).

Research on helminth-induced trained immunity in humans is limited. However, evidence suggests
certain stimuli can induce centrally trained immunity in humans. For example, BCG vaccination has
been shown to reprogram hematopoietic stem cells (HSCs) at the transcriptomic, epigenetic, and
functional levels, generating trained monocytes for at least 3 mo (Cirovic et al., 2020; Sun et al.,
2024). Despite this progress, our understanding of how specific drivers of trained immunity differen-
tially affect human T cell subsets and disrupt the delicate balance between Treg/Th17 or Th1/Th2 cells
remains limited.

We certainly need to move forward in how helminth-derived products as EVs interact with the
human immune system, particularly considering the long-lasting and often asymptomatic nature of
helminth infections, which are associated with widespread immune downregulation.

Impact on human inflammatory diseases

Chronic inflammatory and autoimmune disorders are characterized by the immune system’s assault on
its own tissues, affecting millions worldwide. With over 80 recognized autoimmune diseases, including
IBD, MS, RA, and type 1 diabetes (T1D), the global health (10%) and economic burden is immense.
Addressing this growing epidemic requires innovative approaches to prevent and treat autoim-
mune diseases (Smallwood et al., 2017; Gutierrez-Arcelus et al., 2016, Hayter and Cook, 2012).
Although genetic predisposition influences susceptibility, some environmental and lifestyle factors
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are likely crucial in triggering or exacerbating these conditions as dysbiosis and loss of helminths
interaction, which promote immunoregulatory mechanisms that could benefit the host by protecting
them from severe inflammatory pathologies (Rook, 2023; Scudellari, 2017; Smallwood et al., 2017).
Many micro and macro organisms responsible for regulating the immune system are derived from our
mothers, families, and the natural environment (including animals), see Figure 1. These organisms,
often symbiotic members of a healthy host biome, contribute to a balanced immune response (Rook,
2023; Scudellari, 2017).

Type 2 immune responses, rooted in ancient defense mechanisms, play a crucial role in protecting
against metazoan endo- and ectoparasites, regulating metabolism, and promoting tissue repair. While
these responses are essential for health, dysregulation can lead to allergic disorders, impaired tissue
healing, and metabolic disturbances (Maizels and Gause, 2023; Gause et al., 2013). The diversity
of these macroparasites and their manifold evasion strategies has demanded a corresponding diver-
sification of defense mechanisms for host survival that are fine-tuned to each threat (Maizels and
Gause, 2023). Most attention in recent years has been given to the pathways of type 2 induction
and its regulation in immunological disorders (Gause et al., 2020, Hammad and Lambrecht, 2015;
McDaniel et al., 2023).

It was once logical to postulate evolved dependence on helminths in the past (Bilbo et al., 2011;
Maizels, 2020); however, it now seems more likely that the adaptation of the developing immune
system to the presence of helminths was largely epigenetic and was lost after a few generations
without them. These reversible epigenetic mechanisms help us to understand the conflicting and
disappointing results of helminth therapy trials. Clinical trials may not yield helpful results, and face
significant challenges until we can precisely identify the optimal combination of patient character-
istics, genetic factors, disease stage, and specific helminth species, ESPs, or metabolic byproducts
for effectively train immune system (Rook, 2023; Smallwood et al., 2017, Ryan et al., 2020; Loke
et al., 2022). To mitigate risks associated with live parasite infections, exploring helminth-derived anti-
inflammatory molecules or ESPs delivered through EVs offers a promising avenue for developing safer
and more controlled therapeutics for chronic inflammatory diseases.

Completed and ongoing therapeutic clinical trials using helminth products in various human disease
contexts are summarized by Ryan et al in their Table 1 (Ryan et al., 2020), focusing on safety, toler-
ability, and efficacy. Some examples of the therapeutic potential of helminth exposure or helminth-
derived products for conditions like IBD, MS, and asthma are discussed below.

Inflammatory bowel diseases (IBD), comprising Crohn's disease (CD) and ulcerative colitis (UC),
are chronic, progressive, inflammatory conditions of the gastrointestinal tract. Nowadays, it is clear
that an imbalance in the gut microbial community, or dysbiosis, represents a critical environment
factors, that results in IBD. Several animal models have shown the beneficial effect of helminth infec-
tions or their products on the microbiota and the immune regulation of IBD (Atagozli et al., 2023;
Shi et al., 2022, Ryan et al., 2022; Rapin et al., 2020). Thus, IBD-associated dysbiosis, marked by
a loss of beneficial Bacteroides and Firmicutes and an increase in pro-inflammatory Enterobacteria-
ceae, is a key feature of the disease. Within this IBD-microbiota-dysbiosis framework, helminths are
of increasing interest due to their capacity to modulate gut microbiota composition, enhance cecal
bacterial diversity, and ameliorate IBD in animal models. A novel discovery and validation pipeline,
detailed by Ryan et al., 2022, led to the identification of numerous anti-inflammatory biologics from
the recombinant secretome of gut-dwelling hookworms. These proteins, representing distinct fami-
lies, demonstrated protective effects against inducible colitis in mice, suggesting they are safe and
promising drug candidates.

Deworming trials have revealed an increased likelihood of developing various autoimmune and
metabolic diseases with the use of antihelminthic drugs. This underscores the importance of consid-
ering the evolutionary context of human-parasite interactions and the potential risks of disrupting
these ancient relationships (Tahapary et al., 2017; Sanya et al., 2020; Flohr et al., 2010, Shute
et al., 2021). In this sense, Shute et al., 2021 demonstrates the critical role of bacterial SCFAs via
free fatty-acid receptor-2 (ffar2) in H. diminuta-induced colitis improvement, the necessity of IL-10 in
upregulating SCFA transporters/receptors, and butyrate’s regulation of IL-10 receptor expression. The
findings suggest that the failure of helminth therapy in some IBD trials may be due to patient-specific
deficiencies in SCFA production, transport, or IL-10 signaling.
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Several clinical trials have been run for over 15 y and have yielded early promising results but also
some disappointing outcomes (Ryan et al., 2020; Atagozli et al., 2023). Furthermore, recent system-
atic reviews summarized the results of these studies into two categories: (a) the efficacy of helminth
therapy and (b) the safety of helminth therapy. Results regarding the efficacy were mixed, and a
conclusive answer could not be reached, as there was not enough evidence to rule out a placebo
effect. Despite this, helminth therapy was safe and tolerable (Ryan et al., 2020; Alghanmi et al.,
2024; Shields and Cooper, 2022; Axelrad et al., 2021). Nonetheless, epidemiological explorations,
basic science studies, and clinical research on helminths can lead to the development of safe, potent,
and novel therapeutic approaches to prevent or treat IBD (Ryan et al., 2020; Ryan et al., 2022; Shute
et al., 2021, Maruszewska-Cheruiyot et al., 2023).

Muiltiple sclerosis (MS) is a highly disabling neurodegenerative autoimmune condition in which
an unbalanced immune response plays a critical role. The etiology of MS remains elusive, but it is
now known that environmental and patient-specific factors and susceptible genes (more than 200
autosomal vulnerability variants) were associated with disease pathogenesis. Accumulating evidence
suggests that the clinical course of multiple sclerosis is better considered as a continuum, where both
inflammatory and neurodegenerative processes occur in all disease courses and cannot be clearly
assigned to separate, sequential disease stages (Kuhlmann et al., 2023; Correale et al., 2017). Accu-
rate diagnosis of MS can be complex in populations from Latin America, Africa, the Middle East,
eastern Europe, southeast Asia, and the Western Pacific. Unique environmental exposures, genetic
predispositions, and varying healthcare access in these regions can significantly influence disease
presentation and diagnostic criteria (Correale et al., 2024). One of the most striking illustrations of
the importance of the environment in MS pathogenesis is its geographic distribution; prevalence rates
are increased in high-latitude regions yet uncommon near the equator (Melcon et al., 2014). The
gut biome is recognized as a critical regulator of immune and nervous system function, significantly
impacting both the onset and progression of MS. It may contribute to and influence the production
of soluble metabolites and immune and neuroendocrine factors (Correale et al., 2022). The potential
role of epigenetics may explain the inconsistent outcomes of helminth therapy trials in MS (Charabati
et al., 2020; Ryan et al., 2020). While natural helminth infections in childhood, more frequent in
South American regions like Argentina (Correale and Farez, 2007, Correale and Farez, 2011), can
halt disease progression, therapeutic helminth administration in populations without a history of such
infections has yielded disappointing results (Ryan et al., 2020; Tanasescu et al., 2020). The treat-
ment of relapsing MS patients with larvae of the nematode Necator americanus was proved to be
safe and well tolerated and induced a significant increase in peripheral blood Tregs. Still, the number
of new/enlarged brain lesions was not different from the placebo group (Tanasescu et al., 2020).
Similarly, results were obtained using eggs from the nematode Trichuris suis, where MS patients toler-
ated the helminth infection, but it didn't show beneficial effects (Voldsgaard et al., 2015). In other
recent study, MS patients receiving TSO treatment established a T. suis-specific T- and B-cell response;
however, with varying degrees of T cell responses and cellular functionality across individuals, which
might account for the overall miscellaneous clinical efficacy in the studied patients (Yordanova et al.,
2021).

Asthma and allergic airway inflammation are described as IgE-mediated diseases, character-
ized by a Th2-driven inflammation where environmental exposures and host factors synergistically
contribute to its pathogenesis. The escalating global prevalence of these conditions (20%) is a
consequence of complex gene-environment interactions that modulate the immune system, and
are strongly linked to modern westernized lifestyles (Murrison et al., 2019). A substantial body
of evidence obtained from experimental studies in mice points towards a protective role due to
the regulatory pathways induced by the parasites that help counteract the immune hyperrespon-
siveness present in allergy and asthma (Smits et al., 2010). Moreover, several ESP derived from
different helminth species have been shown to reduce or suppress allergic airway eosinophilia and
inflammation in mice (Chauché et al., 2022; Zhang et al., 2019, Pitrez et al., 2015; Xu et al.,
2025). However, other studies have shown an exacerbation of allergic asthma in response to the
administration of helminth antigens, unveiling the complexity of the interaction between these type
2 immunity inducers (Ghabdian et al., 2022). On the other hand, the evidence on humans remains
more conflicting. As seen with autoimmune diseases, epidemiological data suggests an inverse
correlation between helminth infections and those of asthma and allergy (Logan et al., 2018);
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however, when considering the parasite species, some like A. lumbricoides have been associated
with an increased risk of asthma and disease severity (Cruz et al., 2017, Arrais et al., 2022). Clinical
trials have been conducted to assess the efficacy of helminth therapy for asthma and allergic rhinitis,
using N. americanus and T. suis ova, respectively. Even though they were proven to be safe and well
tolerated, clinical benefits were minimal. It is speculated that the discrepancy between human and
animal studies could be explained by the fact that helminths are effective at preventing the devel-
opment of allergy, not treating it (Evans and Mitre, 2015). Despite the lack of positive results in
humans thus far, further investigations with improved approaches and protocols are necessary for
the treatment of type 2 inflammatory diseases.

Several inflammatory diseases are associated with the biome depletion theory, and increased
inflammatory diseases and helminth-mediated protection are not restricted to autoimmune and
allergic diseases (Smallwood et al., 2017; Maizels, 2020). There is an inverse relationship observed
between human helminth infection, insulin resistance, and type 2 diabetes, and it has been proposed
that chronic helminth infection results in long-term beneficial effects on host metabolism, especially
on white adipose tissue, intestines, and liver (van der Zande et al., 2019; Wiria et al., 2014).

In developed countries, the successful application of helminth therapy may ultimately depend on
precise patient selection and the careful matching of specific helminth species (Rook, 2023; Small-
wood et al., 2017). Furthermore, the identification and characterization of helminth molecules and
vesicles and the molecular pathways they target in the host represent the most valuable opportunity
to develop tailored drugs inspired by nature that are efficacious, safe, and have minimal immunoge-
nicity (Maizels and Gause, 2023; Maizels et al., 2018; Ryan et al., 2020; Drurey and Maizels, 2021),
Figure 3.

The impressive molecular diversity of helminth excretory/secretory products, including a wide range
of proteins and miRNAs, underscores their potential as therapeutic agents. While the development
of recombinant expression systems for these molecules is crucial, challenges remain in optimizing
production and delivery. The natural delivery of helminth miRNAs via EVs is a particularly intriguing
strategy, and efforts to mimic this process using synthetic exosomes could revolutionize miRNA-based
therapies (Ryan et al., 2020), see Figure 3.

The scientific community calls on the industry to make long-term investments in research aimed
at deciphering and capitalizing on the extraordinary and diverse modes of action exhibited by these
products. By unlocking the full potential of these natural compounds, we can pave the way for devel-
oping a new generation of innovative therapeutics.

Conclusions

The ability of helminths to induce trained immunity offers a fascinating glimpse into the complex inter-
play between the immune system and parasites. By harnessing the power of these ancient organisms,
researchers hope to develop innovative strategies for treating a range of inflammatory and autoim-
mune disorders. |dentifying the specific regulatory pathways that underlie helminth-induced immune
training is a major goal. By targeting these pathways, particularly during early childhood when the
immune system is most malleable, scientists may be able to develop effective interventions, such as
dietary, probiotic therapies, or even biological drugs to promote immune regulatory pathways and
prevent the development of autoimmune diseases. ‘If we could find common pathways, we could
adopt drugs or probiotics to activate [those pathways] to condition the immune system properly in
early life,” says Wills-Karp.

Acknowledgements

This work was supported by the Agencia Nacional de Promociéon de la Investigacion, el Desarrollo
Tecnolégico y la Innovacién (ANPCyT); Fondo para la Investigacion Cientifica y Tecnolégica (FONCYT)
through grants 2021-1-A-00807 and Fundacién Florencio Fiorini to EACS. Consejo Nacional de Inves-
tigaciones Cientificas y Técnicas (CONICET), Argentina, through PIP 2022-0763 to AEEJP. is a recip-
ient of a fellowship from CONICET, Argentina. EACS, and AEE are career investigators of CONICET,
Argentina.

Carrera Silva et al. eLife 2025;14:105393. DOI: https://doi.org/10.7554/eLife.105393 13 of 22


https://doi.org/10.7554/eLife.105393

e Life Review article

Immunology and Inflammation

Additional information

Funding

Funder Grant reference number Author

Agencia Nacional PICT-2021-1-A-00807 Eugenio Antonio Carrera
de Promocién de Silva

la Investigacion, el
Desarrollo Tecnoldgico
y la Innovacion
(ANPCyT); Fondo para la
Investigacién Cientifica y
Tecnologica (FONCYT),

Argentina.

Fundacién Florencio Fiorini 2024 Eugenio Antonio Carrera
Fiorini, Argentina Silva

Consejo Nacional de PIP 2022-0763 Andrea Emilse Errasti

Investigaciones Cientificas
y Técnicas (CONICET),
Argentina

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Eugenio Antonio Carrera Silva, Conceptualization, Supervision, Funding acquisition, Investigation,
Writing — original draft, Writing — review and editing, Visualization; Juliana Puyssegur, Investigation,
Writing — original draft, Writing — review and editing; Andrea Emilse Errasti, Conceptualization, Inves-
tigation, Writing — original draft, Writing — review and editing, Funding acquisition

Author ORCIDs

Eugenio Antonio Carrera Silva ® https://orcid.org/0000-0003-4428-8213
Juliana Puyssegur @ https://orcid.org/0009-0006-3326-272X

Andrea Emilse Errasti ® https://orcid.org/0000-0003-2384-775X

References

Alagiakrishnan K, Morgadinho J, Halverson T. 2024. Approach to the diagnosis and management of dysbiosis.
Frontiers in Nutrition 11:1330903. DOI: https://doi.org/10.3389/fnut.2024.1330903, PMID: 38706561

Alghanmi M, Minshawi F, Altorki TA, Zawawi A, Alsaady |, Naser AY, Alwafi H, Alsulami SM, Azhari AA,
Hashem AM, Alhabbab R. 2024. Helminth-derived proteins as immune system regulators: a systematic review
of their promise in alleviating colitis. BMC Immunology 25:21. DOI: https://doi.org/10.1186/s12865-024-00614-
2, PMID: 38637733

Al Nabhani Z, Eberl G. 2020. Imprinting of the immune system by the microbiota early in life. Mucosal
Immunology 13:183-189. DOI: https://doi.org/10.1038/s41385-020-0257-y, PMID: 31988466

Alter M, Kahana E, Loewenson R. 1978. Migration and risk of multiple sclerosis. Neurology 28:1089-1093. DOI:
https://doi.org/10.1212/wnl.28.11.1089, PMID: 568726

Arrais M, Maricoto T, Nwaru BI, Cooper PJ, Gama JMR, Brito M, Taborda-Barata L. 2022. Helminth infections
and allergic diseases: Systematic review and meta-analysis of the global literature. The Journal of Allergy and
Clinical Immunology 149:2139-2152. DOI: https://doi.org/10.1016/j.jaci.2021.12.777, PMID: 34968529

Arts RJW, Moorlag S, Novakovic B, Li Y, Wang SY, Oosting M, Kumar V, Xavier RJ, Wijmenga C, Joosten LAB,
Reusken C, Benn CS, Aaby P, Koopmans MP, Stunnenberg HG, van Crevel R, Netea MG. 2018. BCG vaccination
protects against experimental viral infection in humans through the induction of cytokines associated with
trained immunity. Cell Host & Microbe 23:89-100. DOI: https://doi.org/10.1016/j.chom.2017.12.010

Assuncao LS, Magalhaes KG, Carneiro AB, Molinaro R, Almeida PE, Atella GC, Castro-Faria-Neto HC, Bozza PT.
2017. Schistosomal-derived lysophosphatidylcholine triggers M2 polarization of macrophages through PPARy
dependent mechanisms. Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids 1862:246—
254. DOI: https://doi.org/10.1016/j.bbalip.2016.11.006

Atagozli T, Elliott DE, Ince MN. 2023. Helminth lessons in inflammatory bowel diseases (IBD). Biomedicines
11:1200. DOI: https://doi.org/10.3390/biomedicines11041200, PMID: 37189818

Axelrad JE, Cadwell KH, Colombel JF, Shah SC. 2021. The role of gastrointestinal pathogens in inflammatory
bowel disease: a systematic review. Therapeutic Advances in Gastroenterology 14:17562848211004493. DOI:
https://doi.org/10.1177/17562848211004493, PMID: 33868457

Carrera Silva et al. eLife 2025;14:105393. DOI: https://doi.org/10.7554/eLife.105393 14 of 22


https://doi.org/10.7554/eLife.105393
https://orcid.org/0000-0003-4428-8213
https://orcid.org/0009-0006-3326-272X
https://orcid.org/0000-0003-2384-775X
https://doi.org/10.3389/fnut.2024.1330903
http://www.ncbi.nlm.nih.gov/pubmed/38706561
https://doi.org/10.1186/s12865-024-00614-2
https://doi.org/10.1186/s12865-024-00614-2
http://www.ncbi.nlm.nih.gov/pubmed/38637733
https://doi.org/10.1038/s41385-020-0257-y
http://www.ncbi.nlm.nih.gov/pubmed/31988466
https://doi.org/10.1212/wnl.28.11.1089
http://www.ncbi.nlm.nih.gov/pubmed/568726
https://doi.org/10.1016/j.jaci.2021.12.777
http://www.ncbi.nlm.nih.gov/pubmed/34968529
https://doi.org/10.1016/j.chom.2017.12.010
https://doi.org/10.1016/j.bbalip.2016.11.006
https://doi.org/10.3390/biomedicines11041200
http://www.ncbi.nlm.nih.gov/pubmed/37189818
https://doi.org/10.1177/17562848211004493
http://www.ncbi.nlm.nih.gov/pubmed/33868457

e Life Review article

Immunology and Inflammation

Bach JF. 2002. The effect of infections on susceptibility to autoimmune and allergic diseases. The New England
Journal of Medicine 347:911-920. DOI: https://doi.org/10.1056/NEJMra020100, PMID: 12239261

Banerjee A, Herring CA, Chen B, Kim H, Simmons AJ, Southard-Smith AN, Allaman MM, White JR,
Macedonia MC, Mckinley ET, Ramirez-Solano MA, Scoville EA, Liu Q, Wilson KT, Coffey RJ, Washington MK,
Goettel JA, Lau KS. 2020. Succinate produced by intestinal microbes promotes specification of tuft cells to
suppress ileal inflammation. Gastroenterology 159:2101-2115. DOI: https://doi.org/10.1053/].gastro.2020.08.
029, PMID: 32828819

Barker DJP, Osmond C, Golding J, Wadsworth MEJ. 1988. Acute appendicitis and bathrooms in three samples
of British children. British Medical Journal 296:956-958. DOI: https://doi.org/10.1136/bmj|.296.6627.956,
PMID: 3129107

Barton ES, White DW, Cathelyn JS, Brett-McClellan KA, Engle M, Diamond MS, Miller VL, Virgin HW. 2007.
Herpesvirus latency confers symbiotic protection from bacterial infection. Nature 447:326-329. DOI: https://
doi.org/10.1038/nature05762, PMID: 17507983

Belkaid Y, Hand TW. 2014. Role of the microbiota in immunity and inflammation. Cell 1567:121-141. DOI: https://
doi.org/10.1016/j.cell.2014.03.011, PMID: 24679531

Benn CS, Netea MG, Selin LK, Aaby P. 2013. A small jab - A big effect: nonspecific immunomodulation by
vaccines. Trends in Immunology 34:431-439. DOI: https://doi.org/10.1016/j.it.2013.04.004, PMID: 23680130

Bilbo SD, Wray GA, Perkins SE, Parker W. 2011. Reconstitution of the human biome as the most reasonable
solution for epidemics of allergic and autoimmune diseases. Medical Hypotheses 77:494-504. DOI: https://doi.
org/10.1016/j.mehy.2011.06.019, PMID: 21741180

Bodansky HJ, Staines A, Stephenson C, Haigh D, Cartwright R. 1992. Evidence for an environmental effect in the
aetiology of insulin dependent diabetes in a transmigratory population. BMJ 304:1020-1022. DOI: https://doi.
org/10.1136/bm;j.304.6833.1020, PMID: 1586783

Bradley E, Haran J. 2024. The human gut microbiome and aging. Gut Microbes 16:2359677. DOI: https://doi.or
g/10.1080/19490976.2024.2359677, PMID: 38831607

Cai J, Rimal B, Jiang C, Chiang JYL, Patterson AD. 2022. Bile acid metabolism and signaling, the microbiota, and
metabolic disease. Pharmacology & Therapeutics 237:108238. DOI: https://doi.org/10.1016/j.pharmthera.
2022.108238

Campbell L, Hepworth MR, Whittingham-Dowd J, Thompson S, Bancroft AJ, Hayes KS, Shaw TN, Dickey BF,
Flamar A-L, Artis D, Schwartz DA, Evans CM, Roberts IS, Thornton DJ, Grencis RK. 2019. ILC2s mediate
systemic innate protection by priming mucus production at distal mucosal sites. The Journal of Experimental
Medicine 216:2714-2723. DOI: https://doi.org/10.1084/jem.20180610, PMID: 31582416

Carrera Silva EA, Correale J, Rothlin C, Ortiz Wilczyfiski JM. 2025. New potential ligand-receptor axis involved
in tissue repair as therapeutic targets in progressive multiple sclerosis. The Journal of Pharmacology and
Experimental Therapeutics 392:100029. DOI: https://doi.org/10.1124/jpet.124.002254, PMID: 39892997

Charabati M, Donkers SJ, Kirkland MC, Osborne LC. 2020. A critical analysis of helminth immunotherapy in
multiple sclerosis. Multiple Sclerosis 26:1448-1458. DOI: https://doi.org/10.1177/1352458519899040, PMID:
31971074

Chauché C, Rasid O, Donachie A-M, McManus CM, Léser S, Campion T, Richards J, Smyth DJ, McSorley HJ,
Maizels RM. 2022. Suppression of airway allergic eosinophilia by Hp-TGM, a helminth mimic of TGF-p.
Immunology 167:197-211. DOI: https://doi.org/10.1111/imm.13528, PMID: 35758054

Chen F, Wu W, Millman A, Craft JE, Chen E, Patel N, Boucher JL, Urban JF Jr, Kim CC, Gause WC. 2014.
Neutrophils prime a long-lived effector macrophage phenotype that mediates accelerated helminth expulsion.
Nature Immunology 15:938-946. DOI: https://doi.org/10.1038/ni.2984, PMID: 25173346

Chen D, Wu J, Zhang F, Lyu R, You Q, Qian Y, Cai Y, Tian X, Tao H, He Y, Nawaz W, Wu Z. 2024. Trained immunity
of intestinal tuft cells during infancy enhances host defense against enteroviral infections in mice. EMBO
Molecular Medicine 16:2516-2538. DOI: https://doi.org/10.1038/s44321-024-00128-9

Chiuso-Minicucci F, Van DB, Zorzella-Pezavento SFG, Peres RS, Ishikawa LLW, Rosa LC, Franca TGD, Turato WM,
Amarante AFT, Sartori A. 2011. Experimental autoimmune encephalomyelitis evolution was not modified by
multiple infections with Strongyloides venezuelensis. Parasite Immunology 33:303-308. DOI: https://doi.org/
10.1111/j.1365-3024.2011.01279.x, PMID: 21477142

Chop M, Ledo C, Nicolao MC, Loos J, Cumino A, Rodriguez Rodrigues C. 2024. Hydatid fluid from Echinococcus
granulosus induces autophagy in dendritic cells and promotes polyfunctional T-cell responses. Frontiers in
Cellular and Infection Microbiology 14:1334211. DOI: https://doi.org/10.3389/fcimb.2024.1334211, PMID:
38817444

Christ A, Gunther P, Lauterbach MAR, Duewell P, Biswas D, Pelka K, Scholz CJ, Oosting M, Haendler K, BaBler K,
Klee K, Schulte-Schrepping J, Ulas T, Moorlag SJC, Kumar V, Park MH, Joosten LAB, Groh LA, Riksen NP,
Espevik T, et al. 2018. Western diet triggers NLRP3-Dependent innate immune reprogramming. Cell 172:162-
175.. DOI: https://doi.org/10.1016/j.cell.2017.12.013, PMID: 29328911

Cirovic B, de Bree LCJ, Groh L, Blok BA, Chan J, van der Velden W, Bremmers MEJ, van Crevel R, Handler K,
Picelli S, Schulte-Schrepping J, Klee K, Oosting M, Koeken V, van Ingen J, Li Y, Benn CS, Schultze JL,
Joosten LAB, Curtis N, et al. 2020. BCG vaccination in humans elicits trained immunity via the hematopoietic
progenitor compartment. Cell Host & Microbe 28:322-334. DOI: https://doi.org/10.1016/j.chom.2020.05.014,
PMID: 32544459

Coakley G, Buck AH, Maizels RM. 2016. Host parasite communications-Messages from helminths for the immune
system: Parasite communication and cell-cell interactions. Molecular and Biochemical Parasitology 208:33-40.
DOI: https://doi.org/10.1016/j.molbiopara.2016.06.003, PMID: 27297184

Carrera Silva et al. eLife 2025;14:105393. DOI: https://doi.org/10.7554/eLife.105393 15 of 22


https://doi.org/10.7554/eLife.105393
https://doi.org/10.1056/NEJMra020100
http://www.ncbi.nlm.nih.gov/pubmed/12239261
https://doi.org/10.1053/j.gastro.2020.08.029
https://doi.org/10.1053/j.gastro.2020.08.029
http://www.ncbi.nlm.nih.gov/pubmed/32828819
https://doi.org/10.1136/bmj.296.6627.956
http://www.ncbi.nlm.nih.gov/pubmed/3129107
https://doi.org/10.1038/nature05762
https://doi.org/10.1038/nature05762
http://www.ncbi.nlm.nih.gov/pubmed/17507983
https://doi.org/10.1016/j.cell.2014.03.011
https://doi.org/10.1016/j.cell.2014.03.011
http://www.ncbi.nlm.nih.gov/pubmed/24679531
https://doi.org/10.1016/j.it.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23680130
https://doi.org/10.1016/j.mehy.2011.06.019
https://doi.org/10.1016/j.mehy.2011.06.019
http://www.ncbi.nlm.nih.gov/pubmed/21741180
https://doi.org/10.1136/bmj.304.6833.1020
https://doi.org/10.1136/bmj.304.6833.1020
http://www.ncbi.nlm.nih.gov/pubmed/1586783
https://doi.org/10.1080/19490976.2024.2359677
https://doi.org/10.1080/19490976.2024.2359677
http://www.ncbi.nlm.nih.gov/pubmed/38831607
https://doi.org/10.1016/j.pharmthera.2022.108238
https://doi.org/10.1016/j.pharmthera.2022.108238
https://doi.org/10.1084/jem.20180610
http://www.ncbi.nlm.nih.gov/pubmed/31582416
https://doi.org/10.1124/jpet.124.002254
http://www.ncbi.nlm.nih.gov/pubmed/39892997
https://doi.org/10.1177/1352458519899040
http://www.ncbi.nlm.nih.gov/pubmed/31971074
https://doi.org/10.1111/imm.13528
http://www.ncbi.nlm.nih.gov/pubmed/35758054
https://doi.org/10.1038/ni.2984
http://www.ncbi.nlm.nih.gov/pubmed/25173346
https://doi.org/10.1038/s44321-024-00128-9
https://doi.org/10.1111/j.1365-3024.2011.01279.x
https://doi.org/10.1111/j.1365-3024.2011.01279.x
http://www.ncbi.nlm.nih.gov/pubmed/21477142
https://doi.org/10.3389/fcimb.2024.1334211
http://www.ncbi.nlm.nih.gov/pubmed/38817444
https://doi.org/10.1016/j.cell.2017.12.013
http://www.ncbi.nlm.nih.gov/pubmed/29328911
https://doi.org/10.1016/j.chom.2020.05.014
http://www.ncbi.nlm.nih.gov/pubmed/32544459
https://doi.org/10.1016/j.molbiopara.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/27297184

e Life Review article

Immunology and Inflammation

Correale J, Farez M. 2007. Association between parasite infection and immune responses in multiple sclerosis.
Annals of Neurology 61:97-108. DOI: https://doi.org/10.1002/ana.21067, PMID: 17230481

Correale J, Farez MF. 2011. The impact of parasite infections on the course of multiple sclerosis. Journal of
Neuroimmunology 233:6-11. DOI: https://doi.org/10.1016/j.jneuroim.2011.01.002, PMID: 21277637

Correale J, Gaitan MI, Ysrraelit MC, Fiol MP. 2017. Progressive multiple sclerosis: from pathogenic mechanisms
to treatment. Brain 140:527-546. DOI: https://doi.org/10.1093/brain/aww258, PMID: 27794524

Correale J, Hohlfeld R, Baranzini SE. 2022. The role of the gut microbiota in multiple sclerosis. Nature Reviews.
Neurology 18:544-558. DOI: https://doi.org/10.1038/s41582-022-00697-8, PMID: 35931825

Correale J, Solomon AJ, Cohen JA, Banwell BL, Gracia F, Gyang TV, de Bedoya FHD, Harnegie MP, Hemmer B,
Jacob A, Kim HJ, Marrie RA, Mateen FJ, Newsome SD, Pandit L, Prayoonwiwat N, Sahraian MA, Sato DK,
Saylor D, Shi F-D, et al. 2024. Differential diagnosis of suspected multiple sclerosis: global health
considerations. The Lancet. Neurology 23:1035-1049. DOI: https://doi.org/10.1016/51474-4422(24)00256-4,
PMID: 39304243

Cruz AA, Cooper PJ, Figueiredo CA, Alcantara-Neves NM, Rodrigues LC, Barreto ML. 2017. Global issues in
allergy and immunology: Parasitic infections and allergy. Journal of Allergy and Clinical Inmunology 140:1217-
1228. DOI: https://doi.org/10.1016/j.jaci.2017.09.005

Cunningham KT, Finlay CM, Mills KHG. 2021. Helminth imprinting of hematopoietic stem cells sustains anti-
inflammatory trained innate immunity that attenuates autoimmune disease. Journal of Immunology 206:1618-
1630. DOI: https://doi.org/10.4049/jimmunol.2001225, PMID: 33579723

de la Torre-Escudero E, Gerlach JQ, Bennett APS, Cwiklinski K, Jewhurst HL, Huson KM, Joshi L, Kilcoyne M,
O'Neill S, Dalton JP, Robinson MW. 2019. Surface molecules of extracellular vesicles secreted by the helminth
pathogen Fasciola hepatica direct their internalisation by host cells. PLOS Neglected Tropical Diseases
13:e0007087. DOI: https://doi.org/10.1371/journal.pntd.0007087, PMID: 30657764

Demarta-Gatsi C, Rivkin A, Di Bartolo V, Peronet R, Ding S, Commere P-H, Guillonneau F, Bellalou J, Briilé S,
Abou Karam P, Cohen SR, Lagache T, Janse CJ, Regev-Rudzki N, Mécheri S. 2019. Histamine releasing factor
and elongation factor 1 alpha secreted via malaria parasites extracellular vesicles promote immune evasion by
inhibiting specific T cell responses. Cellular Microbiology 21:€13021. DOI: https://doi.org/10.1111/cmi.13021,
PMID: 30835870

Ditgen D, Anandarajah EM, Meissner KA, Brattig N, Wrenger C, Liebau E. 2014. Harnessing the helminth
secretome for therapeutic immunomodulators. BioMed Research International 2014:964350. DOI: https://doi.
org/10.1155/2014/964350, PMID: 25133189

Divangahi M, Aaby P, Khader SA, Barreiro LB, Bekkering S, Chavakis T, van Crevel R, Curtis N, DiNardo AR,
Dominguez-Andres J, Duivenvoorden R, Fanucchi S, Fayad Z, Fuchs E, Hamon M, Jeffrey KL, Khan N,
Joosten LAB, Kaufmann E, Latz E, et al. 2021. Trained immunity, tolerance, priming and differentiation: distinct
immunological processes. Nature Immunology 22:2-6. DOI: https://doi.org/10.1038/s41590-020-00845-6,
PMID: 33293712

Drurey C, Maizels RM. 2021. Helminth extracellular vesicles: Interactions with the host immune system.
Molecular Immunology 137:124-133. DOI: https://doi.org/10.1016/j.molimm.2021.06.017, PMID: 34246032

Evans H, Mitre E. 2015. Worms as therapeutic agents for allergy and asthma: understanding why benefits in
animal studies have not translated into clinical success. The Journal of Allergy and Clinical Inmunology
135:343-353. DOI: https://doi.org/10.1016/}.jaci.2014.07.007, PMID: 25174866

Everts B, Smits HH, Hokke CH, Yazdanbakhsh M. 2010. Helminths and dendritic cells: sensing and regulating via
pattern recognition receptors, Th2 and Treg responses. European Journal of Immunology 40:1525-1537. DOI:
https://doi.org/10.1002/€ji.200940109, PMID: 20405478

Filbey KJ, Camberis M, Chandler J, Turner R, Kettle AJ, Eichenberger RM, Giacomin P, Le Gros G. 2019.
Intestinal helminth infection promotes IL-5- and CD4" T cell-dependent immunity in the lung against migrating
parasites. Mucosal Immunology 12:352-362. DOI: https://doi.org/10.1038/s41385-018-0102-8, PMID:
30401814

Flohr C, Tuyen LN, Quinnell RJ, Lewis S, Minh TT, Campbell J, Simmons C, Telford G, Brown A, Hien TT, Farrar J,
Williams H, Pritchard DI, Britton J. 2010. Reduced helminth burden increases allergen skin sensitization but not
clinical allergy: a randomized, double-blind, placebo-controlled trial in Vietnam. Clinical and Experimental
Allergy 40:131-142. DOI: https://doi.org/10.1111/j.1365-2222.2009.03346.x, PMID: 19758373

Fromm B, Ovchinnikov V, Haye E, Bernal D, Hackenberg M, Marcilla A. 2017. On the presence and
immunoregulatory functions of extracellular microRNAs in the trematode Fasciola hepatica. Parasite
Immunology 39:12399. DOI: https://doi.org/10.1111/pim.12399, PMID: 27809346

Gause WC, Wynn TA, Allen JE. 2013. Type 2 immunity and wound healing: evolutionary refinement of adaptive
immunity by helminths. Nature Reviews. Immunology 13:607-614. DOI: https://doi.org/10.1038/nri3476,
PMID: 23827958

Gause WC, Rothlin C, Loke P. 2020. Heterogeneity in the initiation, development and function of type 2
immunity. Nature Reviews. Immunology 20:603-614. DOI: https://doi.org/10.1038/s41577-020-0301-x, PMID:
32367051

Gazzinelli-Guimaraes PH, Nutman TB. 2018. Helminth parasites and immune regulation. F1000Research 7:1685.
DOI: https://doi.org/10.12688/f1000research.15596.1, PMID: 30416709

Ghabdian S, Parande Shirvan S, Maleki M, Borji H. 2022. Exacerbation of allergic asthma by somatic antigen of
Echinococcus granulosus in allergic airway inflammation in BALB/c mice. Parasites & Vectors 15:16. DOI:
https://doi.org/10.1186/s13071-021-05125-2, PMID: 34991711

Carrera Silva et al. eLife 2025;14:105393. DOI: https://doi.org/10.7554/eLife.105393 16 of 22


https://doi.org/10.7554/eLife.105393
https://doi.org/10.1002/ana.21067
http://www.ncbi.nlm.nih.gov/pubmed/17230481
https://doi.org/10.1016/j.jneuroim.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21277637
https://doi.org/10.1093/brain/aww258
http://www.ncbi.nlm.nih.gov/pubmed/27794524
https://doi.org/10.1038/s41582-022-00697-8
http://www.ncbi.nlm.nih.gov/pubmed/35931825
https://doi.org/10.1016/S1474-4422(24)00256-4
http://www.ncbi.nlm.nih.gov/pubmed/39304243
https://doi.org/10.1016/j.jaci.2017.09.005
https://doi.org/10.4049/jimmunol.2001225
http://www.ncbi.nlm.nih.gov/pubmed/33579723
https://doi.org/10.1371/journal.pntd.0007087
http://www.ncbi.nlm.nih.gov/pubmed/30657764
https://doi.org/10.1111/cmi.13021
http://www.ncbi.nlm.nih.gov/pubmed/30835870
https://doi.org/10.1155/2014/964350
https://doi.org/10.1155/2014/964350
http://www.ncbi.nlm.nih.gov/pubmed/25133189
https://doi.org/10.1038/s41590-020-00845-6
http://www.ncbi.nlm.nih.gov/pubmed/33293712
https://doi.org/10.1016/j.molimm.2021.06.017
http://www.ncbi.nlm.nih.gov/pubmed/34246032
https://doi.org/10.1016/j.jaci.2014.07.007
http://www.ncbi.nlm.nih.gov/pubmed/25174866
https://doi.org/10.1002/eji.200940109
http://www.ncbi.nlm.nih.gov/pubmed/20405478
https://doi.org/10.1038/s41385-018-0102-8
http://www.ncbi.nlm.nih.gov/pubmed/30401814
https://doi.org/10.1111/j.1365-2222.2009.03346.x
http://www.ncbi.nlm.nih.gov/pubmed/19758373
https://doi.org/10.1111/pim.12399
http://www.ncbi.nlm.nih.gov/pubmed/27809346
https://doi.org/10.1038/nri3476
http://www.ncbi.nlm.nih.gov/pubmed/23827958
https://doi.org/10.1038/s41577-020-0301-x
http://www.ncbi.nlm.nih.gov/pubmed/32367051
https://doi.org/10.12688/f1000research.15596.1
http://www.ncbi.nlm.nih.gov/pubmed/30416709
https://doi.org/10.1186/s13071-021-05125-2
http://www.ncbi.nlm.nih.gov/pubmed/34991711

e Life Review article

Immunology and Inflammation

Gibbons SM. 2019. Defining microbiome health through a host lens. mSystems 4:15519. DOI: https://doi.org/10.
1128/mSystems.00155-19

Goodridge HS, Ahmed SS, Curtis N, Kollmann TR, Levy O, Netea MG, Pollard AJ, van Crevel R, Wilson CB.
2016. Harnessing the beneficial heterologous effects of vaccination. Nature Reviews. Immunology 16:392-400.
DOI: https://doi.org/10.1038/nri.2016.43, PMID: 27157064

Gordon CA, Krause L, McManus DP, Morrison M, Weerakoon KG, Connor MC, Olveda RM, Ross AG, Gobert GN.
2020. Helminths, polyparasitism, and the gut microbiome in the Philippines. International Journal for
Parasitology 50:217-225. DOI: https://doi.org/10.1016/].ijpara.2019.12.008, PMID: 32135180

Gutierrez-Arcelus M, Rich SS, Raychaudhuri S. 2016. Autoimmune diseases - connecting risk alleles with
molecular traits of the immune system. Nature Reviews. Genetics 17:160-174. DOI: https://doi.org/10.1038/
nrg.2015.33, PMID: 26907721

Haber AL, Biton M, Rogel N, Herbst RH, Shekhar K, Smillie C, Burgin G, Delorey TM, Howitt MR, Katz Y, Tirosh I,
Beyaz S, Dionne D, Zhang M, Raychowdhury R, Garrett WS, Rozenblatt-Rosen O, Shi HN, Yilmaz O, Xavier RJ,
et al. 2017. A single-cell survey of the small intestinal epithelium. Nature 551:333-339. DOI: https://doi.org/10.
1038/nature24489, PMID: 29144463

Hammad H, Lambrecht BN. 2015. Barrier epithelial cells and the control of type 2 immunity. Immunity 43:29-40.
DOI: https://doi.org/10.1016/j.immuni.2015.07.007, PMID: 26200011

Hammond SR. 2000. The age-range of risk of developing multiple sclerosis: Evidence from a migrant population
in Australia. Brain 123:968-974. DOI: https://doi.org/10.1093/brain/123.5.968

Hand TW, Vujkovic-Cvijin |, Ridaura VK, Belkaid Y. 2016. Linking the microbiota, chronic disease, and the immune
system. Trends in Endocrinology and Metabolism 27:831-843. DOI: https://doi.org/10.1016/j.tem.2016.08.003,
PMID: 27623245

Hansen EP, Fromm B, Andersen SD, Marcilla A, Andersen KL, Borup A, Williams AR, Jex AR, Gasser RB,
Young ND, Hall RS, Stensballe A, Ovchinnikov V, Yan Y, Fredholm M, Thamsborg SM, Nejsum P. 2019.
Exploration of extracellular vesicles from Ascaris suum provides evidence of parasite-host cross talk. Journal
of Extracellular Vesicles 8:1578116. DOI: https://doi.org/10.1080/20013078.2019.1578116, PMID:
30815237

Harris NL, Loke P. 2017. Recent advances in Type-2-cell-mediated immunity: insights from helminth infection.
Immunity 47:1024-1036. DOI: https://doi.org/10.1016/j.immuni.2017.11.015, PMID: 29262347

Harroud A, Hafler DA. 2023. Common genetic factors among autoimmune diseases. Science 380:485-490. DOI:
https://doi.org/10.1126/science.adg2992, PMID: 37141355

Hayter SM, Cook MC. 2012. Updated assessment of the prevalence, spectrum and case definition of
autoimmune disease. Autoimmunity Reviews 11:754-765. DOI: https://doi.org/10.1016/j.autrev.2012.02.001,
PMID: 22387972

Huang L, Bernink JH, Giladi A, Krueger D, van Son GJF, Geurts MH, Busslinger G, Lin L, Begthel H, Zandvliet M,
Buskens CJ, Bemelman WA, Lépez-lglesias C, Peters PJ, Clevers H. 2024. Tuft cells act as regenerative stem
cells in the human intestine. Nature 634:929-935. DOI: https://doi.org/10.1038/s41586-024-07952-6, PMID:
39358509

Jakobsson HE, Abrahamsson TR, Jenmalm MC, Harris K, Quince C, Jernberg C, Bjorkstén B, Engstrand L,
Andersson AF. 2014. Decreased gut microbiota diversity, delayed Bacteroidetes colonisation and reduced Th1
responses in infants delivered by caesarean section. Gut 63:559-566. DOI: https://doi.org/10.1136/gutjnl-
2012-303249, PMID: 23926244

Jeffery IB, Lynch DB, O'Toole PW. 2016. Composition and temporal stability of the gut microbiota in older
persons. The ISME Journal 10:170-182. DOI: https://doi.org/10.1038/ismej.2015.88, PMID: 26090993

Johnston CJC, Smyth DJ, Kodali RB, White MPJ, Harcus Y, Filbey KJ, Hewitson JP, Hinck CS, Ivens A,
Kemter AM, Kildemoes AO, Le Bihan T, Soares DC, Anderton SM, Brenn T, Wigmore SJ, Woodcock HV,
Chambers RC, Hinck AP, McSorley HJ, et al. 2017. A structurally distinct TGF-B mimic from an intestinal
helminth parasite potently induces regulatory T cells. Nature Communications 8:1741. DOI: https://doi.org/10.
1038/s41467-017-01886-6, PMID: 29170498

Kalluri R, LeBleu VS. 2020. The biology, function, and biomedical applications of exosomes. Science 367:6977.
DOI: https://doi.org/10.1126/science.aaub977

Kjeergaard S, Jensen TSR, Feddersen UR, Bindslev N, Grunddal KV, Poulsen SS, Rasmussen HB,
Budtz-Jargensen E, Berner-Hansen M. 2021. Decreased number of colonic tuft cells in quiescent ulcerative
colitis patients. European Journal of Gastroenterology & Hepatology 33:817-824. DOI: https://doi.org/10.
1097/MEG.0000000000001959, PMID: 33079783

Kuhlmann T, Moccia M, Coetzee T, Cohen JA, Correale J, Graves J, Marrie RA, Montalban X, Yong VW,
Thompson AJ, Reich DS, International Advisory Committee on Clinical Trials in Multiple Sclerosis. 2023.
Multiple sclerosis progression: time for a new mechanism-driven framework. The Lancet. Neurology 22:78-88.
DOI: https://doi.org/10.1016/S1474-4422(22)00289-7, PMID: 36410373

Kupritz J, Angelova A, Nutman TB, Gazzinelli-Guimaraes PH. 2021. Helminth-induced human gastrointestinal
dysbiosis: a systematic review and meta-analysis reveals insights into altered taxon diversity and microbial
gradient collapse. mBio 12:€0289021. DOI: https://doi.org/10.1128/mBi0.02890-21, PMID: 34933444

Ley RE, Peterson DA, Gordon JI. 2006. Ecological and evolutionary forces shaping microbial diversity in the
human intestine. Cell 124:837-848. DOI: https://doi.org/10.1016/.cell.2006.02.017, PMID: 16497592

Llinas-Caballero K, Helminths CL, Microbiota B. 2022. The interactions of two of humans’ "old friends.
International Journal of Molecular Sciences 23:3358. DOI: https://doi.org/10.3390/ijms232113358

Carrera Silva et al. eLife 2025;14:105393. DOI: https://doi.org/10.7554/eLife.105393 17 of 22


https://doi.org/10.7554/eLife.105393
https://doi.org/10.1128/mSystems.00155-19
https://doi.org/10.1128/mSystems.00155-19
https://doi.org/10.1038/nri.2016.43
http://www.ncbi.nlm.nih.gov/pubmed/27157064
https://doi.org/10.1016/j.ijpara.2019.12.008
http://www.ncbi.nlm.nih.gov/pubmed/32135180
https://doi.org/10.1038/nrg.2015.33
https://doi.org/10.1038/nrg.2015.33
http://www.ncbi.nlm.nih.gov/pubmed/26907721
https://doi.org/10.1038/nature24489
https://doi.org/10.1038/nature24489
http://www.ncbi.nlm.nih.gov/pubmed/29144463
https://doi.org/10.1016/j.immuni.2015.07.007
http://www.ncbi.nlm.nih.gov/pubmed/26200011
https://doi.org/10.1093/brain/123.5.968
https://doi.org/10.1016/j.tem.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27623245
https://doi.org/10.1080/20013078.2019.1578116
http://www.ncbi.nlm.nih.gov/pubmed/30815237
https://doi.org/10.1016/j.immuni.2017.11.015
http://www.ncbi.nlm.nih.gov/pubmed/29262347
https://doi.org/10.1126/science.adg2992
http://www.ncbi.nlm.nih.gov/pubmed/37141355
https://doi.org/10.1016/j.autrev.2012.02.001
http://www.ncbi.nlm.nih.gov/pubmed/22387972
https://doi.org/10.1038/s41586-024-07952-6
http://www.ncbi.nlm.nih.gov/pubmed/39358509
https://doi.org/10.1136/gutjnl-2012-303249
https://doi.org/10.1136/gutjnl-2012-303249
http://www.ncbi.nlm.nih.gov/pubmed/23926244
https://doi.org/10.1038/ismej.2015.88
http://www.ncbi.nlm.nih.gov/pubmed/26090993
https://doi.org/10.1038/s41467-017-01886-6
https://doi.org/10.1038/s41467-017-01886-6
http://www.ncbi.nlm.nih.gov/pubmed/29170498
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1097/MEG.0000000000001959
https://doi.org/10.1097/MEG.0000000000001959
http://www.ncbi.nlm.nih.gov/pubmed/33079783
https://doi.org/10.1016/S1474-4422(22)00289-7
http://www.ncbi.nlm.nih.gov/pubmed/36410373
https://doi.org/10.1128/mBio.02890-21
http://www.ncbi.nlm.nih.gov/pubmed/34933444
https://doi.org/10.1016/j.cell.2006.02.017
http://www.ncbi.nlm.nih.gov/pubmed/16497592
https://doi.org/10.3390/ijms232113358

e Life Review article

Immunology and Inflammation

Logan J, Navarro S, Loukas A, Giacomin P. 2018. Helminth-induced regulatory T cells and suppression of allergic
responses. Current Opinion in Immunology 54:1-6. DOI: https://doi.org/10.1016/j.c0i.2018.05.007, PMID:
29852470

Loke P, Lee SC, Oyesola OO. 2022. Effects of helminths on the human immune response and the microbiome.
Mucosal Immunology 15:1224-1233. DOI: https://doi.org/10.1038/s41385-022-00532-9, PMID: 35732819

Léser S, Smith KA, Maizels RM. 2019. Innate lymphoid cells in helminth infections-obligatory or accessory?
Frontiers in Immunology 10:620. DOI: https://doi.org/10.3389/fimmu.2019.00620, PMID: 31024526

Ma Z, Zuo T, Frey N, Rangrez AY. 2024. A systematic framework for understanding the microbiome in human
health and disease: from basic principles to clinical translation. Signal Transduction and Targeted Therapy
9:237. DOI: https://doi.org/10.1038/s41392-024-01946-6

Magalhaes KG, Luna-Gomes T, Mesquita-Santos F, Corréa R, Assunc¢ao LS, Atella GC, Weller PF,

Bandeira-Melo C, Bozza PT. 2018. Schistosomal lipids activate human eosinophils via toll-like receptor 2 and
PGD, receptors: 15-LO role in cytokine secretion. Frontiers in Immunology 9:3161. DOI: https://doi.org/10.
3389/fimmu.2018.03161, PMID: 30740113

Maizels RM, Smits HH, McSorley HJ. 2018. Modulation of host immunity by helminths: the expanding repertoire
of parasite effector Molecules. Immunity 49:801-818. DOI: https://doi.org/10.1016/j.immuni.2018.10.016,
PMID: 30462997

Maizels RM. 2020. Regulation of immunity and allergy by helminth parasites. Allergy 75:524-534. DOI: https://
doi.org/10.1111/all.13944, PMID: 31187881

Maizels RM, Gause WC. 2023. Targeting helminths: The expanding world of type 2 immune effector
mechanisms. The Journal of Experimental Medicine 220:€20221381. DOI: https://doi.org/10.1084/jem.
20221381, PMID: 37638887

Marcilla A, Trelis M, Cortés A, Sotillo J, Cantalapiedra F, Minguez MT, Valero ML, Sanchez del Pino MM,
Mufoz-Antoli C, Toledo R, Bernal D. 2012. Extracellular vesicles from parasitic helminths contain specific
excretory/secretory proteins and are internalized in intestinal host cells. PLOS ONE 7:€45974. DOI: https://doi.
org/10.1371/journal.pone.0045974, PMID: 23029346

Maruszewska-Cheruiyot M, Szewczak L, Krawczak-Wojcik K, Kierasinska M, Stear M,

Donskow-tysoniewska K. 2023. The impact of intestinal inflammation on nematode’s excretory-secretory
proteome. International Journal of Molecular Sciences 24:14127. DOI: https://doi.org/10.3390/
ijms241814127, PMID: 37762428

Matsumoto I, Ohmoto M, Narukawa M, Yoshihara Y, Abe K. 2011. Skn-1a (Pou2f3) specifies taste receptor cell
lineage. Nature Neuroscience 14:685-687. DOI: https://doi.org/10.1038/nn.2820, PMID: 21572433

McDaniel MM, Lara HI, von Moltke J. 2023. Initiation of type 2 immunity at barrier surfaces. Mucosal
Immunology 16:86-97. DOI: https://doi.org/10.1016/j.mucimm.2022.11.002, PMID: 36642383

McSorley HJ, Maizels RM. 2012. Helminth infections and host immune regulation. Clinical Microbiology Reviews
25:585-608. DOI: https://doi.org/10.1128/CMR.05040-11, PMID: 23034321

Melcon MO, Correale J, Melcon CM. 2014. Is it time for a new global classification of multiple sclerosis? Journal
of the Neurological Sciences 344:171-181. DOI: https://doi.org/10.1016/].jns.2014.06.051, PMID: 25062946

Miller CN, Proekt I, von Moltke J, Wells KL, Rajpurkar AR, Wang H, Rattay K, Khan IS, Metzger TC, Pollack JL,
Fries AC, Lwin WW, Wigton EJ, Parent AV, Kyewski B, Erle DJ, Hogquist KA, Steinmetz LM, Locksley RM,
Anderson MS. 2018. Thymic tuft cells promote an IL-4-enriched medulla and shape thymocyte development.
Nature 559:627-631. DOI: https://doi.org/10.1038/s41586-018-0345-2, PMID: 30022164

Murphy DM, Mills KHG, Basdeo SA. 2021. The effects of trained innate immunity on T cell responses. Clinical
Implications and Knowledge Gaps for Future Research. Frontiers in Immunology 12:706583. DOI: https://doi.
org/10.3389/fimmu.2021.706583

Murrison LB, Brandt EB, Myers JB, Hershey GKK. 2019. Environmental exposures and mechanisms in allergy and
asthma development. The Journal of Clinical Investigation 129:1504-1515. DOI: https://doi.org/10.1172/
JCI124612, PMID: 30741719

Netea MG, Quintin J, van der Meer JWM. 2011. Trained immunity: a memory for innate host defense. Cell Host
& Microbe 9:355-361. DOI: https://doi.org/10.1016/j.chom.2011.04.006

Netea MG, Joosten LAB, Latz E, Mills KHG, Natoli G, Stunnenberg HG, O'Neill LAJ, Xavier RJ. 2016. Trained
immunity: A program of innate immune memory in health and disease. Science 352:aaf1098. DOI: https://doi.
org/10.1126/science.aaf1098, PMID: 27102489

Netea MG, Dominguez-Andrés J, Barreiro LB, Chavakis T, Divangahi M, Fuchs E, Joosten LAB,
van der Meer JWM, Mhlanga MM, Mulder WJM, Riksen NP, Schlitzer A, Schultze JL, Stabell Benn C, Sun JC,
Xavier RJ, Latz E. 2020. Defining trained immunity and its role in health and disease. Nature Reviews.
Immunology 20:375-388. DOI: https://doi.org/10.1038/s41577-020-0285-6, PMID: 32132681

Novak J, Machécek T, Majer M, Kostelanska M, Skulinova K, Cern)'/ V, Kolarova L, Hrdy J, Hordk P. 2022. Toxocara
canis infection worsens the course of experimental autoimmune encephalomyelitis in mice. Parasitology
149:1720-1728. DOI: https://doi.org/10.1017/50031182022001238, PMID: 36050813

Odamaki T, Kato K, Sugahara H, Hashikura N, Takahashi S, Xiao J-Z, Abe F, Osawa R. 2016. Age-related changes
in gut microbiota composition from newborn to centenarian: a cross-sectional study. BMC Microbiology 16:90.
DOI: https://doi.org/10.1186/s12866-016-0708-5, PMID: 27220822

Ortiz Wilczyiiski JM, Olexen CM, Errasti AE, Schattner M, Rothlin CV, Correale J, Carrera Silva EA. 2020. GASé
signaling tempers Th17 development in patients with multiple sclerosis and helminth infection. PLOS
Pathogens 16:€1009176. DOI: https://doi.org/10.1371/journal.ppat. 1009176, PMID: 33347509

Carrera Silva et al. eLife 2025;14:105393. DOI: https://doi.org/10.7554/eLife.105393 18 of 22


https://doi.org/10.7554/eLife.105393
https://doi.org/10.1016/j.coi.2018.05.007
http://www.ncbi.nlm.nih.gov/pubmed/29852470
https://doi.org/10.1038/s41385-022-00532-9
http://www.ncbi.nlm.nih.gov/pubmed/35732819
https://doi.org/10.3389/fimmu.2019.00620
http://www.ncbi.nlm.nih.gov/pubmed/31024526
https://doi.org/10.1038/s41392-024-01946-6
https://doi.org/10.3389/fimmu.2018.03161
https://doi.org/10.3389/fimmu.2018.03161
http://www.ncbi.nlm.nih.gov/pubmed/30740113
https://doi.org/10.1016/j.immuni.2018.10.016
http://www.ncbi.nlm.nih.gov/pubmed/30462997
https://doi.org/10.1111/all.13944
https://doi.org/10.1111/all.13944
http://www.ncbi.nlm.nih.gov/pubmed/31187881
https://doi.org/10.1084/jem.20221381
https://doi.org/10.1084/jem.20221381
http://www.ncbi.nlm.nih.gov/pubmed/37638887
https://doi.org/10.1371/journal.pone.0045974
https://doi.org/10.1371/journal.pone.0045974
http://www.ncbi.nlm.nih.gov/pubmed/23029346
https://doi.org/10.3390/ijms241814127
https://doi.org/10.3390/ijms241814127
http://www.ncbi.nlm.nih.gov/pubmed/37762428
https://doi.org/10.1038/nn.2820
http://www.ncbi.nlm.nih.gov/pubmed/21572433
https://doi.org/10.1016/j.mucimm.2022.11.002
http://www.ncbi.nlm.nih.gov/pubmed/36642383
https://doi.org/10.1128/CMR.05040-11
http://www.ncbi.nlm.nih.gov/pubmed/23034321
https://doi.org/10.1016/j.jns.2014.06.051
http://www.ncbi.nlm.nih.gov/pubmed/25062946
https://doi.org/10.1038/s41586-018-0345-2
http://www.ncbi.nlm.nih.gov/pubmed/30022164
https://doi.org/10.3389/fimmu.2021.706583
https://doi.org/10.3389/fimmu.2021.706583
https://doi.org/10.1172/JCI124612
https://doi.org/10.1172/JCI124612
http://www.ncbi.nlm.nih.gov/pubmed/30741719
https://doi.org/10.1016/j.chom.2011.04.006
https://doi.org/10.1126/science.aaf1098
https://doi.org/10.1126/science.aaf1098
http://www.ncbi.nlm.nih.gov/pubmed/27102489
https://doi.org/10.1038/s41577-020-0285-6
http://www.ncbi.nlm.nih.gov/pubmed/32132681
https://doi.org/10.1017/S0031182022001238
http://www.ncbi.nlm.nih.gov/pubmed/36050813
https://doi.org/10.1186/s12866-016-0708-5
http://www.ncbi.nlm.nih.gov/pubmed/27220822
https://doi.org/10.1371/journal.ppat.1009176
http://www.ncbi.nlm.nih.gov/pubmed/33347509

e Life Review article

Immunology and Inflammation

Panelli S, Epis S, Cococcioni L, Perini M, Paroni M, Bandi C, Drago L, Zuccotti GV. 2020. Inflammatory bowel
diseases, the hygiene hypothesis and the other side of the microbiota: Parasites and fungi. Pharmacological
Research 159:104962. DOI: https://doi.org/10.1016/].phrs.2020.104962

Parada Venegas D, De la Fuente MK, Landskron G, Gonzélez MJ, Quera R, Dijkstra G, Harmsen HJM, Faber KN,
Hermoso MA. 2019. Short chain fatty acids (SCFAs)-mediated gut epithelial and immune regulation and its
relevance for inflammatory bowel diseases. Frontiers in Immunology 10:277. DOI: https://doi.org/10.3389/
fimmu.2019.00277, PMID: 30915065

Parker W, Ollerton J. 2013. Evolutionary biology and anthropology suggest biome reconstitution as a necessary
approach toward dealing with immune disorders. Evolution, Medicine, and Public Health 2013:89-103. DOI:
https://doi.org/10.1093/emph/eot008, PMID: 24481190

Patsopoulos NA, Baranzini SE, Santaniello A, Shoostari P, Cotsapas C, Wong G, Beecham AH, James T,
Replogle J, Vlachos IS, McCabe C, Pers TH, Brandes A, White C, Keenan B, Cimpean M, Winn P, Panteliadis IP,
Robbins A, Andlauer TFM, et al. 2019. Multiple sclerosis genomic map implicates peripheral immune cells and
microglia in susceptibility. Science 365:7188. DOI: https://doi.org/10.1126/science.aav/ 188, PMID: 31604244

Perkin MR, Strachan DP. 2022. The hygiene hypothesis for allergy - conception and evolution. Frontiers in
Allergy 3:1051368. DOI: https://doi.org/10.3389/falgy.2022.1051368, PMID: 36506644

Petersen C, Round JL. 2014. Defining dysbiosis and its influence on host immunity and disease. Cellular
Microbiology 16:1024-1033. DOI: https://doi.org/10.1111/cmi.12308, PMID: 24798552

Pitrez PM, Gualdi LP, Barbosa GL, Sudbrack S, Ponzi D, Cao RG, Silva ACA, Machado DC, Jones MH, Stein RT,
Graeff-Teixeira C. 2015. Effect of different helminth extracts on the development of asthma in mice: The
influence of early-life exposure and the role of IL-10 response. Experimental Parasitology 156:95-103. DOI:
https://doi.org/10.1016/j.exppara.2015.06.004, PMID: 26093162

Qu D, Weygant N, May R, Chandrakesan P, Madhoun M, Ali N, Sureban SM, An G, Schlosser MJ, Houchen CW.
2015. Ablation of doublecortin-like kinase 1 in the colonic epithelium exacerbates dextran sulfate sodium-
induced colitis. PLOS ONE 10:€0134212. DOI: https://doi.org/10.1371/journal.pone.0134212, PMID: 26285154

Quinn SM, Cunningham K, Raverdeau M, Walsh RJ, Curham L, Malara A, Mills KHG. 2019. Anti-inflammatory
trained immunity mediated by helminth products attenuates the induction of T cell-mediated autoimmune
disease. Frontiers in Inmunology 10:1109. DOI: https://doi.org/10.3389/fimmu.2019.01109, PMID: 31178861

Quinteros SL, Snyder NW, Chatoff A, Ryan F, O'Brien B, Donnelly S. 2024. The helminth-derived peptide,
FhHDM-1, reverses the trained phenotype of NOD bone-marrow-derived macrophages and regulates
proinflammatory responses. European Journal of Immunology 54:€2350643. DOI: https://doi.org/10.1002/eji.
202350643, PMID: 38581085

Rapin A, Chuat A, Lebon L, Zaiss MM, Marsland BJ, Harris NL. 2020. Infection with a small intestinal helminth,
Heligmosomoides polygyrus bakeri, consistently alters microbial communities throughout the murine small and
large intestine. International Journal for Parasitology 50:35-46. DOI: https://doi.org/10.1016/j.ijpara.2019.09.
005

Ristori G, Faustman D, Matarese G, Romano S, Salvetti M. 2018. Bridging the gap between vaccination with
Bacille Calmette-Guérin (BCG) and immunological tolerance: the cases of type 1 diabetes and multiple
sclerosis. Current Opinion in Immunology 55:89-96. DOI: https://doi.org/10.1016/}.c0i.2018.09.016, PMID:
30447407

Rodriguez Rodrigues C, Nicolao MC, Chop M, Pl& N, Massaro M, Loos J, Cumino AC. 2021. Modulation of the
mTOR pathway plays a central role in dendritic cell functions after Echinococcus granulosus antigen
recognition. Scientific Reports 11:17238. DOI: https://doi.org/10.1038/s41598-021-96435-z, PMID: 34446757

Rook GAW, Adams V, Hunt J, Palmer R, Martinelli R, Brunet LR. 2004. Mycobacteria and other environmental
organisms as immunomodulators for immunoregulatory disorders. Springer Seminars in Immunopathology
25:237-255. DOI: https://doi.org/10.1007/s00281-003-0148-9, PMID: 15007629

Rook GAW. 2023. The old friends hypothesis: evolution, immunoregulation and essential microbial inputs.
Frontiers in Allergy 4:1220481. DOI: https://doi.org/10.3389/falgy.2023.1220481, PMID: 37772259

Ryan SM, Eichenberger RM, Ruscher R, Giacomin PR, Loukas A. 2020. Harnessing helminth-driven
immunoregulation in the search for novel therapeutic modalities. PLOS Pathogens 16:e1008508. DOI: https://
doi.org/10.1371/journal.ppat.1008508, PMID: 32407385

Ryan SM, Ruscher R, Johnston WA, Pickering DA, Kennedy MW, Smith BO, Jones L, Buitrago G, Field MA,
Esterman AJ, McHugh CP, Browne DJ, Cooper MM, Ryan RYM, Doolan DL, Engwerda CR, Miles K, Mitreva M,
Croese J, Rahman T, et al. 2022. Novel antiinflammatory biologics shaped by parasite-host coevolution. PNAS
119:22202795119. DOI: https://doi.org/10.1073/pnas.2202795119, PMID: 36037362

Sanya RE, Webb EL, Zziwa C, Kizindo R, Sewankambo M, Tumusiime J, Nakazibwe E, Oduru G, Niwagaba E,
Nakawungu PK, Kabagenyi J, Nassuuna J, Walusimbi B, Andia-Biraro |, Elliott AM. 2020. The Effect of helminth
infections and their treatment on metabolic outcomes: results of a cluster-randomized trial. Clinical Infectious
Diseases 71:601-613. DOI: https://doi.org/10.1093/cid/ciz859, PMID: 31504336

Scudellari M. 2017. News Feature: Cleaning up the hygiene hypothesis. PNAS 114:1433-1436. DOI: https://doi.
org/10.1073/pnas.1700688114, PMID: 28196925

Sewell D, Qing Z, Reinke E, Elliot D, Weinstock J, Sandor M, Fabry Z. 2003. Immunomodulation of experimental
autoimmune encephalomyelitis by helminth ova immunization. International Immunology 15:59-69. DOI:
https://doi.org/10.1093/intimm/dxg012, PMID: 12502726

Shepherd ES, DeLoache WC, Pruss KM, Whitaker WR, Sonnenburg JL. 2018. An exclusive metabolic niche
enables strain engraftment in the gut microbiota. Nature 557:434-438. DOI: https://doi.org/10.1038/
s41586-018-0092-4, PMID: 29743671

Carrera Silva et al. eLife 2025;14:105393. DOI: https://doi.org/10.7554/eLife.105393 19 of 22


https://doi.org/10.7554/eLife.105393
https://doi.org/10.1016/j.phrs.2020.104962
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.3389/fimmu.2019.00277
http://www.ncbi.nlm.nih.gov/pubmed/30915065
https://doi.org/10.1093/emph/eot008
http://www.ncbi.nlm.nih.gov/pubmed/24481190
https://doi.org/10.1126/science.aav7188
http://www.ncbi.nlm.nih.gov/pubmed/31604244
https://doi.org/10.3389/falgy.2022.1051368
http://www.ncbi.nlm.nih.gov/pubmed/36506644
https://doi.org/10.1111/cmi.12308
http://www.ncbi.nlm.nih.gov/pubmed/24798552
https://doi.org/10.1016/j.exppara.2015.06.004
http://www.ncbi.nlm.nih.gov/pubmed/26093162
https://doi.org/10.1371/journal.pone.0134212
http://www.ncbi.nlm.nih.gov/pubmed/26285154
https://doi.org/10.3389/fimmu.2019.01109
http://www.ncbi.nlm.nih.gov/pubmed/31178861
https://doi.org/10.1002/eji.202350643
https://doi.org/10.1002/eji.202350643
http://www.ncbi.nlm.nih.gov/pubmed/38581085
https://doi.org/10.1016/j.ijpara.2019.09.005
https://doi.org/10.1016/j.ijpara.2019.09.005
https://doi.org/10.1016/j.coi.2018.09.016
http://www.ncbi.nlm.nih.gov/pubmed/30447407
https://doi.org/10.1038/s41598-021-96435-z
http://www.ncbi.nlm.nih.gov/pubmed/34446757
https://doi.org/10.1007/s00281-003-0148-9
http://www.ncbi.nlm.nih.gov/pubmed/15007629
https://doi.org/10.3389/falgy.2023.1220481
http://www.ncbi.nlm.nih.gov/pubmed/37772259
https://doi.org/10.1371/journal.ppat.1008508
https://doi.org/10.1371/journal.ppat.1008508
http://www.ncbi.nlm.nih.gov/pubmed/32407385
https://doi.org/10.1073/pnas.2202795119
http://www.ncbi.nlm.nih.gov/pubmed/36037362
https://doi.org/10.1093/cid/ciz859
http://www.ncbi.nlm.nih.gov/pubmed/31504336
https://doi.org/10.1073/pnas.1700688114
https://doi.org/10.1073/pnas.1700688114
http://www.ncbi.nlm.nih.gov/pubmed/28196925
https://doi.org/10.1093/intimm/dxg012
http://www.ncbi.nlm.nih.gov/pubmed/12502726
https://doi.org/10.1038/s41586-018-0092-4
https://doi.org/10.1038/s41586-018-0092-4
http://www.ncbi.nlm.nih.gov/pubmed/29743671

e Life Review article

Immunology and Inflammation

Shi W, Xu N, Wang X, Vallée |, Liu M, Liu X. 2022. Helminth therapy for immune-mediated inflammatory diseases:
current and future perspectives. Journal of Inflammation Research 15:475-491. DOI: https://doi.org/10.2147/
JIR.S348079, PMID: 35087284

Shields VE, Cooper J. 2022. Use of helminth therapy for management of ulcerative colitis and Crohn’s disease: a
systematic review. Parasitology 149:145-154. DOI: https://doi.org/10.1017/5S0031182021001670, PMID:
34579797

Shute A, Callejas BE, Li S, Wang A, Jayme TS, Ohland C, Lewis IA, Layden BT, Buret AG, McKay DM. 2021.
Cooperation between host immunity and the gut bacteria is essential for helminth-evoked suppression of
colitis. Microbiome 9:186. DOI: https://doi.org/10.1186/s40168-021-01146-2, PMID: 34517928

Silverman JM, Clos J, Horakova E, Wang AY, Wiesgigl M, Kelly I, Lynn MA, McMaster WR, Foster LJ, Levings MK,
Reiner NE. 2010. Leishmania exosomes modulate innate and adaptive immune responses through effects on
monocytes and dendritic cells. Journal of Immunology 185:5011-5022. DOI: https://doi.org/10.4049/jimmunol.
1000541, PMID: 20881185

Sirbe C, Rednic S, Grama A, Pop TL. 2022. An update on the effects of vitamin D on the immune system and
autoimmune diseases. International Journal of Molecular Sciences 23:9784. DOI: https://doi.org/10.3390/
ijms23179784, PMID: 36077185

Smallwood TB, Giacomin PR, Loukas A, Mulvenna JP, Clark RJ, Miles JJ. 2017. Helminth immunomodulation in
autoimmune disease. Frontiers in Immunology 8:453. DOI: https://doi.org/10.3389/fimmu.2017.00453, PMID:
28484453

Smits HH, Everts B, Hartgers FC, Yazdanbakhsh M. 2010. Chronic helminth infections protect against allergic
diseases by active regulatory processes. Current Allergy and Asthma Reports 10:3-12. DOI: https://doi.org/10.
1007/s11882-009-0085-3, PMID: 20425508

Sobotkova K, Parker W, Levéa J, Riizkova J, Lukes J, Jirkid Pomajbikova K. 2019. Helminth therapy - from the
parasite perspective. Trends in Parasitology 35:501-515. DOI: https://doi.org/10.1016/}.pt.2019.04.009, PMID:
31153721

Sommer F, Anderson JM, Bharti R, Raes J, Rosenstiel P. 2017. The resilience of the intestinal microbiota
influences health and disease. Nature Reviews. Microbiology 15:630-638. DOI: https://doi.org/10.1038/
nrmicro.2017.58, PMID: 28626231

Sotillo J, Robinson MW, Kimber MJ, Cucher M, Ancarola ME, Nejsum P, Marcilla A, Eichenberger RM, Tritten L.
2020. The protein and microRNA cargo of extracellular vesicles from parasitic helminths - current status and
research priorities. International Journal for Parasitology 50:635-645. DOI: https://doi.org/10.1016/].ijpara.
2020.04.010, PMID: 32652128

Spencer JC, Ganguly R, Waldman RH. 1977. Nonspecific protection of mice against influenza virus infection by
local or systemic immunization with Bacille Calmette-Guérin. The Journal of Infectious Diseases 136:171-175.
DOI: https://doi.org/10.1093/infdis/136.2.171, PMID: 894076

Strachan DP. 1989. Hay fever, hygiene, and household size. BMJ 299:1259-1260. DOI: https://doi.org/10.1136/
bmj.299.6710.1259

Strine MS, Wilen CB. 2022. Tuft cells are key mediators of interkingdom interactions at mucosal barrier surfaces.
PLOS Pathogens 18:€1010318. DOI: https://doi.org/10.1371/journal.ppat. 1010318, PMID: 35271673

Su X, Gao Y, Yang R. 2022. Gut microbiota-derived tryptophan metabolites maintain gut and systemic
homeostasis. Cells 11:2296. DOI: https://doi.org/10.3390/cells11152296, PMID: 35892593

Sun SJ, Aguirre-Gamboa R, de Bree LCJ, Sanz J, Dumaine A, van der Velden WJFM, Joosten LAB, Khader S,
Divangahi M, Netea MG, Barreiro LB. 2024. BCG vaccination alters the epigenetic landscape of progenitor
cells in human bone marrow to influence innate immune responses. Immunity 57:2095-2107. DOI: https://doi.
org/10.1016/j.immuni.2024.07.021, PMID: 39153479

Sundaresan B, Shirafkan F, Ripperger K, Rattay K. 2023. The role of viral infections in the onset of autoimmune
diseases. Viruses 15:782. DOI: https://doi.org/10.3390/v15030782, PMID: 36992490

Tahapary DL, de Ruiter K, Martin |, Brienen EAT, van Lieshout L, Cobbaert CM, Soewondo P, Djuardi Y, Wiria AE,
Houwing-Duistermaat JJ, Sartono E, Smit JWA, Yazdanbakhsh M, Supali T. 2017. Effect of anthelmintic
treatment on insulin resistance: a cluster-randomized, placebo-controlled trial in Indonesia. Clinical Infectious
Diseases 65:764-771. DOI: https://doi.org/10.1093/cid/cix416, PMID: 28472383

Tanasescu R, Tench CR, Constantinescu CS, Telford G, Singh S, Frakich N, Onion D, Auer DP, Gran B,

Evangelou N, Falah Y, Ranshaw C, Cantacessi C, Jenkins TP, Pritchard DI. 2020. Hookworm treatment for
relapsing multiple sclerosis: a randomized double-blinded placebo-controlled trial. JAMA Neurology 77:1089—
1098. DOI: https://doi.org/10.1001/jamaneurol.2020.1118, PMID: 32539079

Tee MZ, Er YX, Easton AV, Yap NJ, Lee IL, Devlin J, Chen Z, Ng KS, Subramanian P, Angelova A, Oyesola O,
Sargsian S, Ngui R, Beiting DP, Boey CCM, Chua KH, Cadwell K, Lim YAL, Loke P, Lee SC. 2022. Gut
microbiome of helminth-infected indigenous Malaysians is context dependent. Microbiome 10:214. DOI:
https://doi.org/10.1186/s40168-022-01385-x, PMID: 36476263

Touch S, Godefroy E, Rolhion N, Danne C, Oeuvray C, Straube M, Galbert C, Brot L, Alonso Salgueiro I, Chadi S,
Ledent T, Chatel J-M, Langella P, Jotereau F, Altare F, Sokol H. 2022. Human CD4+CD8a+ Tregs induced by
Faecalibacterium prausnitzii protect against intestinal inflammation. JCI Insight 7:e154722. DOI: https://doi.
org/10.1172/jci.insight.154722, PMID: 35536673

Tribouley J, Tribouley-Duret J, Appriou M. 1978. Effect of Bacillus Callmette Guerin (BCG) on the receptivity of
nude mice to Schistosoma mansoni. Comptes Rendus Des Seances de La Societe de Biologie et de Ses Filiales
172:902-904 PMID: 157204.

Carrera Silva et al. eLife 2025;14:105393. DOI: https://doi.org/10.7554/eLife.105393 20 of 22


https://doi.org/10.7554/eLife.105393
https://doi.org/10.2147/JIR.S348079
https://doi.org/10.2147/JIR.S348079
http://www.ncbi.nlm.nih.gov/pubmed/35087284
https://doi.org/10.1017/S0031182021001670
http://www.ncbi.nlm.nih.gov/pubmed/34579797
https://doi.org/10.1186/s40168-021-01146-2
http://www.ncbi.nlm.nih.gov/pubmed/34517928
https://doi.org/10.4049/jimmunol.1000541
https://doi.org/10.4049/jimmunol.1000541
http://www.ncbi.nlm.nih.gov/pubmed/20881185
https://doi.org/10.3390/ijms23179784
https://doi.org/10.3390/ijms23179784
http://www.ncbi.nlm.nih.gov/pubmed/36077185
https://doi.org/10.3389/fimmu.2017.00453
http://www.ncbi.nlm.nih.gov/pubmed/28484453
https://doi.org/10.1007/s11882-009-0085-3
https://doi.org/10.1007/s11882-009-0085-3
http://www.ncbi.nlm.nih.gov/pubmed/20425508
https://doi.org/10.1016/j.pt.2019.04.009
http://www.ncbi.nlm.nih.gov/pubmed/31153721
https://doi.org/10.1038/nrmicro.2017.58
https://doi.org/10.1038/nrmicro.2017.58
http://www.ncbi.nlm.nih.gov/pubmed/28626231
https://doi.org/10.1016/j.ijpara.2020.04.010
https://doi.org/10.1016/j.ijpara.2020.04.010
http://www.ncbi.nlm.nih.gov/pubmed/32652128
https://doi.org/10.1093/infdis/136.2.171
http://www.ncbi.nlm.nih.gov/pubmed/894076
https://doi.org/10.1136/bmj.299.6710.1259
https://doi.org/10.1136/bmj.299.6710.1259
https://doi.org/10.1371/journal.ppat.1010318
http://www.ncbi.nlm.nih.gov/pubmed/35271673
https://doi.org/10.3390/cells11152296
http://www.ncbi.nlm.nih.gov/pubmed/35892593
https://doi.org/10.1016/j.immuni.2024.07.021
https://doi.org/10.1016/j.immuni.2024.07.021
http://www.ncbi.nlm.nih.gov/pubmed/39153479
https://doi.org/10.3390/v15030782
http://www.ncbi.nlm.nih.gov/pubmed/36992490
https://doi.org/10.1093/cid/cix416
http://www.ncbi.nlm.nih.gov/pubmed/28472383
https://doi.org/10.1001/jamaneurol.2020.1118
http://www.ncbi.nlm.nih.gov/pubmed/32539079
https://doi.org/10.1186/s40168-022-01385-x
http://www.ncbi.nlm.nih.gov/pubmed/36476263
https://doi.org/10.1172/jci.insight.154722
https://doi.org/10.1172/jci.insight.154722
http://www.ncbi.nlm.nih.gov/pubmed/35536673
http://www.ncbi.nlm.nih.gov/pubmed/157204

e Life Review article

Immunology and Inflammation

van der Zande HJP, Zawistowska-Deniziak A, Guigas B. 2019. Immune regulation of metabolic homeostasis by
helminths and their molecules. Trends in Parasitology 35:795-808. DOI: https://doi.org/10.1016/j.pt.2019.07.
014, PMID: 31492623

van ‘t Wout JW, Poell R, van Furth R. 1992. The role of BCG/PPD-activated macrophages in resistance against
systemic candidiasis in mice. Scandinavian Journal of Immunology 36:713-719. DOI: https://doi.org/10.1111/].
1365-3083.1992.tb03132.x, PMID: 1439583

Voldsgaard A, Bager P, Garde E, Akeson P, Leffers AM, Madsen CG, Kapel C, Roepstorff A, Thamsborg SM,
Melbye M, Siebner H, Sendergaard HB, Sellebjerg F, Sgrensen PS. 2015. Trichuris suis ova therapy in relapsing
multiple sclerosis is safe but without signals of beneficial effect. Multiple Sclerosis 21:1723-1729. DOI: https://
doi.org/10.1177/1352458514568173, PMID: 25698173

von Hertzen L, Hanski |, Haahtela T. 2011. Natural immunity: Biodiversity loss and inflammatory diseases are two
global megatrends that might be related. EMBO Reports 12:1089-1093. DOI: https://doi.org/10.1038/embor.
2011.195, PMID: 21979814

Vuscan P, Kischkel B, Joosten LAB, Netea MG. 2024. Trained immunity: General and emerging concepts.
Immunological Reviews 323:164-185. DOI: https://doi.org/10.1111/imr.13326, PMID: 38551324

Wang Y, Guo A, Zou Y, Mu W, Zhang S, Shi Z, Liu Z, Cai X, Zhu X-Q, Wang S. 2023a. Interaction between
tissue-dwelling helminth and the gut microbiota drives mucosal immunoregulation. NPJ Biofilms and
Microbiomes 9:4107. DOI: https://doi.org/10.1038/s41522-023-00410-7

Wang J, Zhu N, Su X, Gao Y, Yang R. 2023b. Gut-microbiota-derived metabolites maintain gut and systemic
immune homeostasis. Cells 12:793. DOI: https://doi.org/10.3390/cells 12050793, PMID: 36899929

White MPJ, Johnston CJC, Grainger JR, Konkel JE, O'Connor RA, Anderton SM, Maizels RM. 2020. The
helminth parasite heligmosomoides polygyrus attenuates EAE in an IL-4Ra-dependent manner. Frontiers in
Immunology 11:1830. DOI: https://doi.org/10.3389/fimmu.2020.01830

Whitehead B, Boysen AT, Mardahl M, Nejsum P. 2020. Unique glycan and lipid composition of helminth-derived
extracellular vesicles may reveal novel roles in host-parasite interactions. International Journal for Parasitology
50:647-654. DOI: https://doi.org/10.1016/].ijpara.2020.03.012

Wiria AE, Sartono E, Supali T, Yazdanbakhsh M. 2014. Helminth infections, type-2 immune response, and
metabolic syndrome. PLOS Pathogens 10:e1004140. DOI: https://doi.org/10.1371/journal.ppat. 1004140,
PMID: 24992724

Wu Z, Wang L, Li J, Wang L, Wu Z, Sun X. 2018. Extracellular vesicle-mediated communication within host-
parasite interactions. Frontiers in Immunology 9:3066. DOI: https://doi.org/10.3389/fimmu.2018.03066, PMID:
30697211

Xu J, Yao Y, Zhuang Q, Li Z, Zhang M, Wang S, Hu H, Ye J. 2025. Characterization of a chitinase from Trichinella
spiralis and its immunomodulatory effects on allergic airway inflammation in mice. Parasites & Vectors 18:6.
DOI: https://doi.org/10.1186/s13071-024-06656-0, PMID: 39806495

Yang Y, Liu L, Liu X, Zhang Y, Shi H, Jia W, Zhu H, Jia H, Liu M, Bai X. 2020. Extracellular vesicles derived from
Trichinella spiralis muscle larvae ameliorate TNBS-induced colitis in mice. Frontiers in Immunology 11:1174.
DOI: https://doi.org/10.3389/fimmu.2020.01174, PMID: 32595641

Yao Y, Cai X, Fei W, Ye Y, Zhao M, Zheng C. 2022. The role of short-chain fatty acids in immunity, inflammation
and metabolism. Critical Reviews in Food Science and Nutrition 62:1-12. DOI: https://doi.org/10.1080/
10408398.2020.1854675, PMID: 33261516

Yasuda K, Adachi T, Koida A, Nakanishi K. 2018. Nematode-infected mice acquire resistance to subsequent
infection with unrelated nematode by inducing highly responsive group 2 innate lymphoid cells in the lung.
Frontiers in Immunology 9:2132. DOI: https://doi.org/10.3389/fimmu.2018.02132, PMID: 30283458

Yazdanbakhsh M, Kremsner PG, van Ree R. 2002. Allergy, parasites, and the hygiene hypothesis. Science
296:490-494. DOI: https://doi.org/10.1126/science.296.5567.490, PMID: 11964470

Yi J, Bergstrom K, Fu J, Shan X, McDaniel JM, McGee S, Qu D, Houchen CW, Liu X, Xia L. 2019. Dclk1 in tuft
cells promotes inflammation-driven epithelial restitution and mitigates chronic colitis. Cell Death &
Differentiation 26:1656-1669. DOI: https://doi.org/10.1038/s41418-018-0237-x

Yordanova IA, Ebner F, Schulz AR, Steinfelder S, Rosche B, Bolze A, Paul F, Mei HE, Hartmann S. 2021. The
worm-specific immune response in multiple sclerosis patients receiving controlled Trichuris suis ova
immunotherapy. Life 11:101. DOI: https://doi.org/10.3390/life 11020101, PMID: 33572978

Zakeri A, Everts B, Williams AR, Nejsum P. 2022. Antigens from the parasitic nematode Trichuris suis induce
metabolic reprogramming and trained immunity to constrain inflammatory responses in macrophages.
Cytokine 156:155919. DOI: https://doi.org/10.1016/j.cyt0.2022.155919, PMID: 35649322

Zhang W, Li L, Zheng Y, Xue F, Yu M, Ma Y, Dong L, Shan Z, Feng D, Wang T, Wang X. 2019. Schistosoma
japonicum peptide SUIMHE1 suppresses airway inflammation of allergic asthma in mice. Journal of Cellular and
Molecular Medicine 23:7819-7829. DOI: https://doi.org/10.1111/jcmm. 14661, PMID: 31496071

Zhang X, Chen B, Zhao L, Li H. 2020. The gut microbiota: emerging evidence in autoimmune diseases. Trends in
Molecular Medicine 26:862-873. DOI: https://doi.org/10.1016/j.molmed.2020.04.001

Zhao CN, Xu Z, Wu GC, Mao YM, Liu LN, Dan YL, Tao SS, Zhang Q, Sam NB, Fan YG, Zou YF, Ye DQ, Pan HF.
2019. Emerging role of air pollution in autoimmune diseases. Autoimmunity Reviews 18:607-614. DOI: https://
doi.org/10.1016/j.autrev.2018.12.010, PMID: 30959217

Zheng D, Liwinski T, Elinav E. 2020. Interaction between microbiota and immunity in health and disease. Cell
Research 30:492-506. DOI: https://doi.org/10.1038/s41422-020-0332-7, PMID: 32433595

Zhou X, Wang W, Cui F, Shi C, Ma Y, Yu Y, Zhao W, Zhao J. 2019. Extracellular vesicles derived from Echinococcus
granulosus hydatid cyst fluid from patients: isolation, characterization and evaluation of immunomodulatory

Carrera Silva et al. eLife 2025;14:105393. DOI: https://doi.org/10.7554/eLife.105393 21 of 22


https://doi.org/10.7554/eLife.105393
https://doi.org/10.1016/j.pt.2019.07.014
https://doi.org/10.1016/j.pt.2019.07.014
http://www.ncbi.nlm.nih.gov/pubmed/31492623
https://doi.org/10.1111/j.1365-3083.1992.tb03132.x
https://doi.org/10.1111/j.1365-3083.1992.tb03132.x
http://www.ncbi.nlm.nih.gov/pubmed/1439583
https://doi.org/10.1177/1352458514568173
https://doi.org/10.1177/1352458514568173
http://www.ncbi.nlm.nih.gov/pubmed/25698173
https://doi.org/10.1038/embor.2011.195
https://doi.org/10.1038/embor.2011.195
http://www.ncbi.nlm.nih.gov/pubmed/21979814
https://doi.org/10.1111/imr.13326
http://www.ncbi.nlm.nih.gov/pubmed/38551324
https://doi.org/10.1038/s41522-023-00410-7
https://doi.org/10.3390/cells12050793
http://www.ncbi.nlm.nih.gov/pubmed/36899929
https://doi.org/10.3389/fimmu.2020.01830
https://doi.org/10.1016/j.ijpara.2020.03.012
https://doi.org/10.1371/journal.ppat.1004140
http://www.ncbi.nlm.nih.gov/pubmed/24992724
https://doi.org/10.3389/fimmu.2018.03066
http://www.ncbi.nlm.nih.gov/pubmed/30697211
https://doi.org/10.1186/s13071-024-06656-0
http://www.ncbi.nlm.nih.gov/pubmed/39806495
https://doi.org/10.3389/fimmu.2020.01174
http://www.ncbi.nlm.nih.gov/pubmed/32595641
https://doi.org/10.1080/10408398.2020.1854675
https://doi.org/10.1080/10408398.2020.1854675
http://www.ncbi.nlm.nih.gov/pubmed/33261516
https://doi.org/10.3389/fimmu.2018.02132
http://www.ncbi.nlm.nih.gov/pubmed/30283458
https://doi.org/10.1126/science.296.5567.490
http://www.ncbi.nlm.nih.gov/pubmed/11964470
https://doi.org/10.1038/s41418-018-0237-x
https://doi.org/10.3390/life11020101
http://www.ncbi.nlm.nih.gov/pubmed/33572978
https://doi.org/10.1016/j.cyto.2022.155919
http://www.ncbi.nlm.nih.gov/pubmed/35649322
https://doi.org/10.1111/jcmm.14661
http://www.ncbi.nlm.nih.gov/pubmed/31496071
https://doi.org/10.1016/j.molmed.2020.04.001
https://doi.org/10.1016/j.autrev.2018.12.010
https://doi.org/10.1016/j.autrev.2018.12.010
http://www.ncbi.nlm.nih.gov/pubmed/30959217
https://doi.org/10.1038/s41422-020-0332-7
http://www.ncbi.nlm.nih.gov/pubmed/32433595

ELlfe Review article Immunology and Inflammation

functions on T cells. International Journal for Parasitology 49:1029-1037. DOI: https://doi.org/10.1016/].ijpara.
2019.08.003, PMID: 31734339

Zhou X, Xie F, Wang L, Zhang L, Zhang S, Fang M, Zhou F. 2020. The function and clinical application of
extracellular vesicles in innate immune regulation. Cellular & Molecular Immunology 17:323-334. DOI: https://
doi.org/10.1038/s41423-020-0391-1

Carrera Silva et al. eLife 2025;14:105393. DOI: https://doi.org/10.7554/eLife.105393 22 of 22


https://doi.org/10.7554/eLife.105393
https://doi.org/10.1016/j.ijpara.2019.08.003
https://doi.org/10.1016/j.ijpara.2019.08.003
http://www.ncbi.nlm.nih.gov/pubmed/31734339
https://doi.org/10.1038/s41423-020-0391-1
https://doi.org/10.1038/s41423-020-0391-1

	Coevolutionary interplay: Helminths-­trained immunity and its impact on the rise of inflammatory diseases
	Trained immunity
	The gut biome and chronic inflammatory diseases
	Helminths and immune regulation
	Trained immunity by helminths
	Impact on human inflammatory diseases
	Conclusions
	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs

	References


