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Abstract

Intestinal trematodes constitute a major group of helminths that parasitize humans and
animals with relevant morbidity and mortality. Despite the importance of the intestinal
trematodes in medical and veterinary sciences, immunology and pathology of these
helminth infections have been neglected for years. Apart from the work focused on the
members of the family Echnistomatidae, there are only very isolated and sporadic
studies on the representatives of other families of digeneans, which makes a compi-
lation of all these studies necessary. In the present review, the most salient literature on
the immunology and pathology of intestinal trematodes in their definitive hosts in
examined. Emphasis will be placed on members of the echinostomatidae family, since
it is the group in which the most work has been carried out. However, we also review
the information on selected species of the families Brachylaimidae, Diplostomidae,
Gymnophallidae, and Heterophyidae. For most of these families, coverage is considered
under the following headings: (i) Background; (i) Pathology of the infection; (iii)
Immunology of the infection; and (iv) Human infections.

1. Introduction

Most studies on the immunology and pathology of intestinal hel-
minth infections have been carried out using nematodes as experimental
models. Despite the intestinal trematodes are the commonest parasitic
infections in humans and animals, these infections have been neglected and
little studied, both in the field and in laboratory conditions. It is estimated
that more than one billion people are at risk of infection (Fiirst et al., 2012).
Almost 100 species belonging to 14 families have been recorded infecting
humans (Table 1) (Toledo et al., 2019). Moreover, the impact of intestinal
trematodes in wildlife is significant and these parasites play an important
role as causative agents of disease and even death in wildfowl and other
animals. Intestinal trematode infections have been often correlated with
death of animals in the wild (Roscoe and Huffman, 1982, 1983; Bolek
et al., 2019; Toledo et al., 2006a).

Apart from the interest of intestinal trematodes in medical and veter-
inary sciences, several trematodes may serve as experimental models for the
study of the host-parasite relationships, with emphasis on the immunology
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Table 1 Families of intestinal trematodes reported in intestinal humans and the
number of species involved, sources of infection and geographical distribution.

Family Number of  Source of infection Geopgraphical
species cited distribution of
in humans human cases

Brachylaimidae 1 Terrestrial snails Oceania

Cathaemaciidae 1 Not known Asia

Diplostomidae 1 Snakes, frogs, tadpoles  Asia

Echinostomatidae 23 Freshwater fish, frogs, Africa, Asia,

mussels, snails, tadpoles Europe

Fasciolidae 1 Aquatic vegetables, Asia

contaminated water

Gastrodiscidae 1 Aquatic vegetables, Africa, Asia,

crustaceans, molluscs, Europe
amphibians

Gymnophallidae 1 Opysters Asia

Heterophyidae 30 Freshwater fishes Africa, America,

Asia, Europe

Lecithodendriidae 3 Dragontlies Asia

Microphallidae 2 Shrimps, crabs Asia

Nanophyetidae 1 Salmonid fishes America, Europe

Paramphistomidae 2 Aquatic plants Africa, Asia

Plagiorchiidae 4 Insect larvae Asia

Strigeidae 1 Not known Asia

and pathology of intestinal infections. The use of these helminths as

experimental models may serve to new studies to gain further insight in the

responses that determine the susceptibility or the resistance to intestinal
helminth infections (Toledo and Fried, 2005).
The purpose of this review is to examine the significant literature on

pathological and immunological effects of intestinal trematodes in their

definitive hosts. Herein, we update the data from a previous review

(Toledo et al., 2006a). The main goal of our review is to acquaint and

update readers on the published information on these topics in recent years.
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For this reason, most of the review is focused on the representatives of the
Echinostomatidae family and, more specifically, on one species, Echinostoma
caproni. Most of the studies published in the last 20 years have been carried
out using this species of echinostomatid as an experimental model. These
studies have allowed us to deepen our knowledge of the regulation of the
immune response against intestinal helminths and the determining factors
of susceptibility or, on the contrary, resistance to these parasites.

2. Family Echinostomatidae
2.1 Background

The family Echinostomatidae includes digeneans characterized by the
presence of a prominent cephalic collar of spines. Adult echinostomatids
are also characterized by the presence of spine-like structures, two post-
ovarian testes in tandem located in the posterior part of the body and oral
and ventral suckers that are close to each other (Fig. 1).
Echinostomatidae is a heterogeneous group with a long history of
controversy in relation to its systematics and taxonomy (Kostadinova and
Gibson, 2000; Kostadinova, 2005; Esteban and Mufoz-Antoli, 2009).
Adult echinostomatids are predominantly found in birds, but also parasitize
mammals, including humans, and occasionally reptiles and fishes. Members

Fig. 1 Adult worm of Echinostoma caproni from an experimental infected mouse at 28
days post-infection: (A) Stained with Grenacher’'s Borax Carmine; (B) Low-Magnification
scanning electron microphotograph; (C) Low-Magnification sacaning electron micro-
photograph of the forebody. Scale bars: 200 um.
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of the Echinostomatidae follow a 3-host life cycle. The first intermediate
hosts are aquatic snails in which a sporocyst, two generations of rediae and
cercariae develop. Emerged cercariae infect the second intermediate host,
which may be several species of snails, clams, frogs and even fishes. The
definitive host becomes infected after ingestion of the second intermediate
host harboring the encysted metacercariae (Toledo et al., 2006a, 2009).
Human echinostomiasis is endemic in South-east Asia and the Far East, but
human infections have been reported worldwide. There are about 23
species belonging to eight genera of Echinostomatidae involved in human
disease (Toledo and Esteban, 2016; Toledo et al., 2019).

Immunology and pathology of echinostome infections have been
reviewed in several papers (Toledo et al., 2006a; Toledo, 2009; Toledo
et al., 2009). In the present review we will examine the most salient lit-
erature published after those revisions. Most of the studies have been
performed using Echinostoma caproni as an experimental model (Toledo and
Fried, 2005). We are going to focus the present review on this species,
although we will comment on aspects of other species of echinostomatids
when required.

2.2 Host parasite relationships

Immunology and pathology of echinostome infections have been exten-
sively studied in laboratory rodents. Rodents are able to express various
types of resistance against echinostomes. Hosts of high compatibility or
susceptible hosts, such as mice or hamsters, are characterized by a high
worm establishment and growth, elevated parasite egg output and
fecundity and, moreover, the infection becomes chronic in these hosts. In
contrast, the infections in hosts of low compatibility, such as rats, is
characterized by lower values in all these biological features and a rapid
rejection of the worms (Toledo and Fried, 2005; Toledo, 2009; Toledo
et al., 2009). Infection in hosts of high compatibility is characterized by a
high worm establishment and egg output and a long survival of the worms.
In contrast, rat as a low compatible or resistant host is able to rapidly reject
the parasites (Hansen et al., 1991; Toledo et al., 2004a; Trelis et al., 2011;
Sotillo et al., 2014). Comparative studies on the development of infection
in each type of definitive host have contributed to understanding the
determining factors of the expulsion of parasites or the development of
chronic infections.

Furthermore, it has been shown that primary infection primary infec-
tion with the echinostome E. caproni in ICR mice induces acquired
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immunity against subsequent homologous infection which is manifested in
reduced infection rate, worm recovery and growth (Mufoz-Antoli et al.,
2016a, b), allowing comparisons between each condition in the same host.
This fact has converted the E. caproni/ICR mouse system an excellent
model for the study of the mechanisms generating acquired immunity
against intestinal helminths.

2.3 Regulation of the immune response in echinostome infections

Echinostoma/rodent, especially E. caproni, model constitutes an excellent

model to analyze the regulation of the immune response in intestinal

helminth infections since resistance or susceptibility are each associated
with a different process of the regulation of the immune response:

i. Hosts of high compatibility or susceptible are characterized by the
development of chronic infections with high worm establishment and
growth, elevated parasite egg output and fecundity in relation to a Th1
response. In contrast, the infections in hosts of low compatibility or
resistant to infection is characterized by lower values in all these bio-
logical features and a rapid rejection of the worms in association with a
Th2/Th17 immune response (Toledo and Fried, 2005; Munoz-Antoli
et al., 2007; Toledo, 2009; Toledo et al., 2004a, 2006a,b; Sotillo et al.,
2011; Trelis et al., 2011).

ii. Unlike other intestinal helminths, E. caproni primary infections in ICR
mice induce a local Th1 response with increased expression of IFN-y in
association with the development of chronic infections. However,
primary infection induces partial resistance against subsequent homo-
logous infections in mice associated to a Th2 response with elevated
levels of IL-13 (Munoz-Antoli et al., 2016a).

2.3.1 Immune response to echinostome infections
Resistance to intestinal helminths is based on the generation of Th2
responses in a complex process that involves the interaction between innate
and adaptative mechanisms (Grencis, 2015; Cortés et al., 2017a; Harris,
2017). Protective Th2 immunity against intestinal helminths is initiated
and amplified by the epithelial-derived alarmin cytokines including IL-25,
[L-33 and thymic stromal lymphopoietin (TSLP), though the immune
mechanisms behind the development of these responses are poorly
understood (Cortés et al., 2017a; Smith et al., 2018).

In the case of echinostome infections, resistance or susceptibility appears
to be strongly associated with the process of Th differentiation in response
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to the infection (Toledo and Fried, 2005). The establishment of chronic
E. caproni infections in hosts of high compatibility such as mice is depen-
dent upon a local Th1 response with elevated production of IFN-y (Trelis
et al., 2011). In contrast, the resistance to infection in hosts of low com-
patibility is associated with the development of a local Th2 phenotype with
high levels of IL-13 and IL-5, (Brunet et al., 2000; Sotillo et al., 2011;
Trelis et al., 2011). Brunet et al. (2000) showed that cultured mouse
splenocytes failed to respond to E. caproni antigens and mesenteric lymph
nodes (MLN) produced IFN-y and to a lesser extent IL-4 and IL-5.
Moreover, the worm burden was reduced in mice infected with anti- IFN-
v antibodies, suggesting that this cytokine is essential for the development
of chronic infections. In the related species Isthmiophora hortensis (designated
as Echinostoma hortense in the original studies), the rejection of worms
appeared to be related with the development of a Th2 phenotype with
increase in the expression of IL-4 and IL-5 in cultured spleen cells after
antigenic stimulation (Cho et al., 2007; Riyang et al., 2007).

At the local level, Trelis et al. (2011) studied in vivo cytokine profile in
response to E. caproni infection through the analysis of mRNA expression of
a large group of cytokines primarily involved in both Th1l- and Th2-type
responses. The early rejection of E. caproni adults in the host of low com-
patibility was associated with augmented expression of Th2-type cytokines,
basically IL-13 and IL-4 at Peyer’s patches and MLNs, whereas in the
intestine host protection was related to marked increases of IL-13, IL-5 and
IL-6. Sotillo et al. (2011) reported that protection against E. caproni was
mediated by the expansion of Th2 lineage, concomitantly with Th17 lineage
at the expense of Thl. Moreover, up-regulation of TGF-f mRNA was
noticed in Peyer’s patches and, especially, in the intestinal tissue. This fact,
together with previously reported IL-10 up-regulation in rats (Trelis et al.,
2011), suggests an important role of the Treg lineages in the generation of
these responses. Therefore, E. caproni infection in rats induces an early biased
Th17/Th2 response that results in the subsequent worm expulsion.

The fact that susceptibility of mice to E. caproni primary infections is
due to their inability to respond with IL-25 leading to the development of
a Th1 phenotype was confirmed by studies of challenge infections. Primary
infection of mice with E. caproni does not elicit IL-25 upregulation.
However, pharmacological curation of the primary infection induced a
marked overexpression of IL-25. Due to these elevated levels of IL-25,
mice became resistant to a challenge infection at 2 wppt (weeks post
praziquantel treatment), concomitantly with the development of a robust



8 Rafael Toledo et al.

Th2 response (Mufioz-Antoli et al., 2016a,b; Alvarez—lzquierd() et al.,
2020a). In resistant secondary infections against E. caproni there were an
expansion of the populations of tuft cells and GATA3+ cells. The eftector
mechanisms activated in the resistance response against E. caproni appeared
to be dependent on the expansion of the tuft cells, thereby promoting the
overexpression of IL-25 and activation of group 2 innate lymphoid cells
(ILC2) and Th2 cells. In an environment of helminth infection, IL-25 acts
as a mediator of the activation of ILC2s promoting the polarization of the
immune response towards a Th2 phenotype with elevated levels of 1L-4
and IL-13 (Mufioz-Antoli et al., 2016a; Alvarez-Izquierdo et al., 2020a).

The crucial role of tuft cells and IL-25 in the generation of Th2
responses in E. caproni infections was confirmed by Munoz-Antoli et al.
(2016a), Treatment of mice with rIL-25 resulted in complete resistance
against the primary infections and all rIL-25-treated mice were refractory
to infection. Exogenous IL-25 induced tuft cell expansion together with a
strongly polarized Th2 environment with elevated levels of IL-13. It is well
known that IL-25 inhibits Th1 differentiation facilitating Th2 differentia-
tion and protecting against intestinal helminth infections (Munoz-Antoli
et al., 2016a2). In the absence of IL-25, the early production of both sub-
units of IL-12 (IL-12p35 and IL-12p40) may be essential for the deter-
mination of the susceptibility to infection. IL-12 (or IL-12p70) is a key
pro-inflammatory cytokine that promotes the differentiation toward a Th1
phenotype and stimulates IFN-y production inhibiting the expression of
[L-13 leading to susceptibility (Mufioz-Antoli et al., 2016a).

2.3.2 The role of IL-25 in resistance to echinostome infections

Traditionally, the role of IL-25 in resistance against intestinal helminth
infections has been exclusively attributed to its immune regulatory activity.
It was accepted that IL-25 promotes Th2 immunity with production of
IL-4 and/or IL-13 which, in turn, induce STAT6-mediated intestinal
alterations determining parasite rejection (Fallon et al., 2006; Owyang
et al.,, 2006; Zhao et al., 2010; Angkasekwinai et al., 2013, 2017). Upon
helminth establishment, intestinal tuft cell populations expand and non-
specific release of IL-25 that activate a variety of immune cells to initiate
type 2 responses and promote Th2-cell-mediated immunity. In response to
IL-25 and other alarmins, ILC2 produce large amounts of IL-13 that
polarize naive CD4+ T cells into Th2. Antigen-presenting cells, such as
basophils and dendritic cells, are also activated and induce Th2 polarization
through different mechanisms (Gerbe et al., 2016; von Moltke et al., 2016;
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Cortés et al., 2017a). However, studies with the E. caproni/mice model

have suggested that the regulatory role of IL-25 may be secondary and this

cytokine operates autonomously from Th2 response in the generation of
resistance against E. caproni (Alvarez-Izquierdo et al., 2020a).

It was observed that the involvement of IL-25 in intestinal helminth
infections could be more complex than previously expected. Commonly, it
was accepted that the role of IL-25 in resistance against intestinal helminths
was due to its regulatory ability leading the response to Th2 and associated
with IL-4-independent mechanisms and based on IL-13 activity and
STAT6 activation. IL-4 and IL-13 share a common receptor, the IL-4R
chain, but IL-13 also uses IL-13Ral for signaling via JAK1 and JAK2.
IL-13 binds 13Ra1 which complexes with IL-4Ra to form the type 1
receptor signaling, but IL-13 also binds the cell surface and soluble forms of
the monomeric type 2 receptor (IL-13Ras2 chain). However, IL-13Ras2
has a decoy effect, lacking signal transduction machinery and limiting the
activity of IL-13 since binds the cytokine making it unavailable for acti-
vating type 1 receptor (Andrews et al., 2006; McCormick and Heller,
2015; Giuffrida et al., 2019; Bieber, 2020).

Alvarez-Izquierdo et al. (2020a) showed that:

i. IL-25 is not required for the development of Th2 responses in sec-
ondary infections and the differentiation toward this phenotype could
be related to a memory response. Blocking of IL-25 reverted resistance
to E. caproni challenge infection in mice despite the development of a
Th2 phenotype;

ii. despite the development of a type 2 response, mice are susceptible to
secondary infection in absence of IL-25, indicating that IL-25 acts
autonomously from Th2 response in the parasite clearance. Blocking
of the IL-13 receptors induced a significant reduction of STAT6
phosphorylation, though both control animals and those with the
blocked IL-13 receptors were refractory to primary infection if they
were treated with exogenous IL-25. Furthermore, Treatment of mice
with rIL-4 or rIL-13 did not provide of resistance to a primary
E. caproni infection in relation to the lack of IL-25, despite the
development of a Th2 response.

2.3.3 Origin of the IL-25 in echinostome infections

It is well established that IL-25 is produces by the intestinal tuft cells in
response to the damage induced by a helminth (Gerbe et al., 2016; von
Moltke et al., 2016; Cortés et al., 20172a). However, a striking feature of
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E. caproni infections in mice is that tuft cell hyperplasia and the subsequent
IL-25 overexpression exclusively occurs as a consequence of the healing of
the infection. Howitt et al. (2016) suggested that IL-25 upregulation in
intestinal helminth infection is initiated during colonization by the
recognition of parasite compounds by tuft cells via taste chemosensory
pathways. To this purpose, tuft cells possess multiple taste-chemosensory
G protein coupled receptors and many of them require the G protein
subunit gustducin and the transient receptor potential cation channel
subfamily M member 5 (TRMP5) to transduce the signals (Huang et al.,
2015). The lack of IL-25 expression in both E. caproni primary and chal-
lenge infections suggests that parasite components do not activate taste
chemosensory pathways in tuft cells of mice which explain the suscept-
ibility to both type of infections. A striking fact observed in infections of
mice with E. caproni was that the primary infection induced hyperplasia of
tuft cells, but this was not accompanied by the production of IL-25. This
cytokine only was produced as a consequence pharmacological curation of
the primary infections and before secondary infection, suggesting that
IL-25 production and, consequently, mechanisms of resistance to infection
are initiated by parasite-independent signals (Munoz-Antoli et al., 2016a;
Alvarez-Izquierdo et al., 2022).

Alvarez-lzquierdo et al. (2022) showed that treatment of mice with a
cocktail of antibiotics abrogated the IL-25 response after the curation of the
primary E. caproni infection concomitantly with a decrease in bacterial
abundance in feces and susceptibility to challenge infection, suggesting that
resident microbiota could be involved in the of IL-25. These authors
detected important changes in the resident microbiota of mice in relation
to the primary E. caproni infection, pharmacological healing and the sub-
sequent challenge infection. Both primary and challenge infection depleted
the presence of members of Verrucomicrobia that only appeared in
response to the curation of the primary infection, in parallel with the
upregulation of IL-25 and the subsequent resistance to infection.

2.4 Effector mechanisms

Although the relationship between IL-25 and resistance to echinostome
infections seems well established, the effector mechanisms through which
the parasites are rejected are not well determined and, possibly, expulsion is
the result of a complex interaction of different mechanisms.
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2.4.1 Antibody responses

It is well known that echinostomes elicit robust antibody responses in their
hosts (Toledo et al., 2006a). However, they do not appear to be deter-
minant in the course of the infection.

Agger et al. (1993) analyzed the kinetics of IgM, IgA and IgG in the
serum and intestinal wall of E. caproni-infected mice. Elevated levels of
IgM, IgA and IgG were detected in the serum and intestinal wall, and only
an increased level of IgA was detected in the intestinal luminal content.
Regarding the IgG subclasses, Brunet et al. (2000) analyzed the profiles
of IgG1 and IgG2a in the serum of mice experimentally infected with
E. caproni and a weak increase of IgG2a was noted.

Sotillo et al. (2007) showed that both host species, mice and rats,
developed specific antibody responses against E. caproni. Moreover, the
absence of detectable levels of albumin in the intestinal fluids of infected
rats and mice indicated that antibodies detected in these samples were
produced locally. In general, mice developed earlier and more intense
reactions than rats in both serum and intestinal samples.

The early response in serum was of the IgM class in both host species,
showing the maximum IgM values at 1 and 2 weeks post-infection in rats
and mice, respectively. This agreed with the study of Agger et al. (1993) in
which a significant increase of IgM levels was detected at 2 weeks post-
infection in E. caproni-infected mice. The rapid and intense IgM response,
together with the low levels of IgG detected in rats, suggested the presence
of thymus independent antigens in E. caproni adult worms. This was sup-
ported by the intense IgG3 response observed in mice. Responses mediated
by IgG3 are related to carbohydrate epitopes (Sotillo et al., 2007, 2008,
2014). Considering that E. caproni infections in mice are characterized by a
high expression of IFN-y, the intense IgG3 response observed in mice
could be related to carbohydrate antigens released from adult worms and
adsorbed throughout the intestinal mucosa (Andresen et al., 1989; Toledo
et al., 2005, 2006b; Sotillo et al., 2007; Trelis et al., 2011).

In this sense, Sotillo et al. (2014) analyzed the effect of glycosylation in
E. caproni antigens in antibody responses against the parasite in experi-
mentally infected mice. IgG subclass responses generated in mice against
E. caproni were essentially due to glycoproteins, being the IgG1 the most
affected subclass. The authors suggested that these features could be
implicated in the Th1/Th2 biasing. The reactivity significantly decreased
after any of the deglycosylation treatments and the N-glycans appears to be
of greater importance than O-glycans. Interestingly, the IgM response
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increased after N-deglycosylation suggesting that carbohydrates may mask
peptide antigens.

Although IgM can be produced locally, intestinal responses were slower
and less intense than those in the serum. Agger et al. (1993) did not detect
IgM in the intestinal content of E. caproni-infected mice at 4 weeks post-
infection. The late rise of the intestinal IgM observed in the present study
might be an explanation of the negative results obtained by Agger et al.
(1993). However, the lack of intestinal IgM responses in rats and the earlier
worm rejection in this host indicate that the role of local IgM response in
parasite clearance could be considered only as secondary and other effector
mechanisms should be implicated.

The serum IgG response was markedly greater in mice than in rats,
probably in relation to a greater intestinal antigen uptake in relation to a
higher local inflammation. Sotillo et al. (2007) found significant total IgG
responses concurrently with high circulating antigen levels in mice. In
contrast, the infection in rats were characterized by a weak systemic IgG
response and low levels of circulating E. caproni antigens. The presence of
circulating E. caproni antigens has been associated with the intestinal
inflammatory responses induced by the parasite (Toledo et al., 2004b,
2006a,b). The results obtained by Sotillo et al. (2007) showed a markedly
greater local inflammation response in mice than in rats, and this could be
responsible for the greater IgG systemic response observed in mice. Under
inflammatory conditions, the maintenance of the epithelial barrier is dis-
rupted resulting in increased passage of worm antigens through the
intestinal mucosa. Toledo et al. (2006b) demonstrated in an immunohis-
tochemical study a greater passage of E. caproni antigens through the
intestinal mucosa of hamsters (susceptible host) than in rats (resistant host)
concomitantly with a higher local inflammation. Thus, the higher IgG
systemic appeared to be related to the higher local inflammation observed
in this host species.

The kinetics of serum IgG1 and [gG2a were also different between both
host species. The results on IgG subclasses obtained suggest a markedly
biased response toward Th2 phenotype in mice and characterized by a
strong production of IgG1 from 3 weeks post-infection. In rats, the
responses were markedly weaker. However, an initial dominance of IgG2a
response was observed. Moreover, slight increase of IgG1 was detected
from 7 weeks post-infection suggesting that early expulsion of E. caproni
could be associated with balanced Th1/Th2 responses. Brunet et al. (2000)
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analyzed the IgG1 and IgG2a profiles in the serum of E. caproni-infected
mice and found a weak dominance of IgG2a from 3 weeks post-infection.

The IgG1 and IgG2a intestinal responses in mice and rats were slower
and of lesser intensity than in serum. In mice, increases in both IgG1 and
IgG2a subclasses were observed which could reflect a balanced Th1/Th2
local response. In contrast, rats only developed IgG2a responses, which
suggests that local cellular responses could be of importance in the parasite
expulsion. Interestingly, the worm expulsion coincides with the pike of
IgG2a observed in rats at 7-8 weeks post-infection (Sotillo et al., 2007;
Trelis et al., 2011).

Sotillo et al. (2008) confirmed the antigenicity nature of the excretory/
secretory products (ESP) of E. caproni using an immunoproteomic
approach to identify the E. caproni major antigenic proteins recognized by
IgM, IgA, total IgG, IgG1 and/or IgG2a. A total of four proteins (enolase,
70 kDa heat-shock protein (HSP-70), actin and aldolase) were accurately
identified. Enolases appear to be the most antigenic proteins in ESP of
E. caproni. A total of 8 spots were identified as enolase. Strikingly, one of
the enolase isoforms was highly glycosylated. Strikingly, the glycosylation
of enolase also affected the antibody response against E. caproni. The non-
glycosylated enolase was recognized by IgG, IgG/IgG1 and IgA, suggesting
that these isoforms could be involved in the responses during chronic
phases of the infection. In contrast, the glycosylated form of enolase only
generated IgM responses, confirming that the glycosylation processes can
be responsible for the early IgM responses against E. caproni observed. The
authors suggested that glycosylated forms of E. caproni enolase may be
involved in the early thymus-independent responses against the parasite.
The early IgM responses were also generated by actin and the 70 kDa heat-
shock protein which suggested that these proteins were exposed early to
the host and may be of importance in parasite establishment. The IgA
responses also appeared to be mediated by the 70 kDa heat-shock protein
and aldolase which could be related to close contact of these proteins with
the host mucosal surface (Sotillo et al., 2008).

Despite the strong antibody responses generated by echinostome
infections, their role in the course on the infections is unclear. Antibody
responses appear to be simply a collateral consequence of the inflaimmation
and damage caused by the parasite in the intestinal mucosa. Weaker anti-
body responses and higher seroantigen levels were observed in those host
species in which the parasite was rejected earlier and associated with lesser
intestinal damage (Toledo et al., 2004b, 2005). Toledo et al. (2004b, 2005)
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associated the different levels of E. caproni seroantigens detected in sus-
ceptible and resistant hosts with different intestinal responses to the parasite
that may be involved in the dynamics of worm rejection observed in each
host species. In fact, Toledo et al. (2006b) attributed the greater levels of
seroantigens to an increased worm antigen uptake due to a greater local
inflammatory response. Under inflammatory conditions, the maintenance
of the epithelial barrier is disrupted resulting in increased passage of worm
antigens through the intestinal mucosa. Thus, the antibody production to
E. caproni infection in each host species appears to be related to the kinetics
of seroantigens. The intestinal absorption of E. caproni antigens induces
systemic antibody responses by B-cell stimulation (Toledo et al., 2004b).

2.4.2 Cellular responses

The cellular changes induced by echinostome infections that may be related
to resistance can be summarized as follow: (i) eosinophilic infiltration; (ii)
increase in the number of mucosal neutrophils and mononuclear inflam-
matory cells in the mesentery (iil) mastocytosis and increasing in goblet cell
numbers; (iv) the subsequent alteration of goblet cell function by mod-
ification of the mucin’s terminal sugar; and (v) activation of macrophages.

The role of eosinophils in gastrointestinal helminth infections is con-
troversial. Eosinophilic infiltration is a common feature in mice infected
with E. caproni (Bindseil and Christensen, 1984; Munoz-Antoli et al., 2007)
and E. trivolvis (Fujino et al., 1993), though the life span of each echi-
nostome markedly differs in the mice. Ryang et al. (2007) showed that
immunosuppressant treatment of I. hortensis inhibited the local eosinophilia
but this only resulted in slight changes in the worm recovery. Herein,
similar kinetics in the populations of local eosinophils in mice and rats has
been observed, though the survival of E. caproni in each host was markedly
different (Toledo et al., 2006b; Munoz-Antoli et al., 2007). Thus, the role
of local esoinophils does not seem to be relevant for the expulsion of
E. caproni adult worms.

Local inflammatory infiltrations rich in neutrophils is a common feature
in susceptible host to E. caproni such as mice or hamsters. Neutrophils
are an important source of proinflammatory cytokines such as IL-12 and
TNEF-a as well a free radicals and several chemokines. This raises the
possibility that neutrophil infiltration and the consequences in the
inflammatory response are essential in the longer survival of E. caproni.
However, these facts appear to be more related to the pathology caused by
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the infection than to the resistance to infection (Cortés et al., 2014, 2016a;
Munoz-Antoli-et al., 2016a).

Mucosal goblet and mast cell, together with augmented expression of
mucins, have been often involved in resistance against intestinal helminths
(Toledo et al., 2006a,b; McGuckin et al., 2011). In the case of echinos-
tomes, available data are somewhat confused. Several studies showed that
elevated levels of N-acetyl-D-glucosamine (GlcNAc) and N-acetyl-D-
galactosamine (GalNAc) residues induced by E. caproni primary infection
prevented heterologous or superimposed infection. In C3H mice, the
expulsion of E. trivolvis was associated with goblet cell hyperplasia together
with strong expression of GalNAc and a-L-Fucose (Fuc) residues on the
surface of the intestinal villi and GalNAc, a-L-Fuc and GIcINAc in the
goblet cells content. Moreover, it was suggested that these changes may
mediate the rapid expulsion of E. caproni in a heterologous secondary
infection (Fujino and Fried, 1993b; Fujino et al., 1996a.b). In contrast,
Cortés et al. (2015a) studied the goblet cells and extracellular mucus (gel-
forming mucins) was investigated in susceptible (mice) and resistant (rats)
hosts. The results showed altered glycosylation patterns in the intestine of
E. caproni-infected mice and rats. In both host species, enhanced expression
of GlcNAc and GalNAc residues were detected in the glycocalyx of
intestinal epithelial cells, goblet cells vesicles and extracellular mucus,
suggesting a limited involvement in parasite rejection.

The development of chronic infections in mice has been associated
with the up-regulation of several mucin genes, whereas the early expulsion
of worms in rats occurs concomitantly with low levels of mucins expression
(Cortés et al., 20152). Gene expression of most of the mucins analyzed
were found to be down-regulated in the ileum of infected rats (i.e. Mucl,
Muc2, Mucb5ac, Muc13, Muc16 and Muc 20), whereas the remainder ones
(i.e. Muc3, Muc, 4 and Muc15) were unaltered (Cortés et al., 2015a). This
suggests that, E. caproni is able to alter mucin expression in low-compatible
hosts as described for other infectious agents.

Cortés et al. (2015a) observed marked differences in the staining
kinetics with SNA lectin, which binds a-2,6-sialic acid. The intensity of
the staining was trivial during the complete experiment in mice, but a
marked decrease in the signal intensity was observed at 2 weeks post-
infection in rats. The staining level in rats was recovered at 4 weeks post-
infection. The authors suggested that this alteration could affect the
rheological properties of the mucus barrier at early infection in rats. Sialic
acids occupying terminal positions on mucus glycoproteins have been seen



16 Rafael Toledo et al.

to elevate the viscosity of mucus and desylation of mucins may lead to the
degradation of mucus matrix (Yusuf et al., 2005). The decrease of SNA
staining observed in the ileum of E. caproni-infected rats at 2 weeks post-
infection might be induced by the parasites themselves in an attempt to
facilitate their establishment in a hostile environment with goblet cell
hyperplasia and a Th2/Th17 immune profile.

Recent studies have shown that activation of macrophages may play an
important role in the susceptibility or resistance to echinostome infections.
Primary infections of mice with E. caproni (associated with susceptibility)
are characterized by the development of a Th1 environment with elevated
levels of IFN-y and markers of classical activation of macrophages (INOS).
In contrast, pharmacological healing of the primary infection changed this
picture to a Th2 milieu with elevated production of IL-25 and markers of
alternative activation of macrophages such as Argl and Ym-1, con-
comitantly with resistance to homologous secondary infections (Munoz-
Antoli et al., 2016a; Alvarez—lzquierdo et al., 2020a,b).

[L-25 induces alternative activation of macrophages and that this way of
activation may be an important mechanism for parasite rejection (Smith
et al., 2018; Li et al., 2019). It was suggested that upregulation of Argl in
E. caproni secondary infections was protective by enhancing the generation
of polyamines in addition to competitive inhibition of iNOS. Modulation
of the balance between iINOS and Argl, and the arginase-ornithine dec-
arboxylase metabolic pathway may represent a strategy for regulating
intestinal inflammation. Moreover, polyamines and Ym-I are useful for the
repair of tissue damage. In this context, The healing and regeneration
processes of the intestinal mucosa that begin after the primary infection has
been cured may be decisive in resistance to subsequent infections (Mufoz-
Antoli et al., 2016a; Alvarc‘z—lzquic‘rdo et al., 2020a,b).

2.4.3 Mucosal responses
Several studies have analyzed the mucosal changes induced by E. caproni in
primary infection in relation to susceptibility (in mice) and resistance (in
rats) and the results suggest that processes related to mucosal healing and
regeneration activated by the infection are involved in resistance to
infection (Munoz-Antoli et al., 2014; Cortés et al., 2015b,c; Alvarez-
[zquierdo et al., 2020b).

Cortés et al. (2015¢), using a bromodeoxyuridine pulse-chase
approach, showed that primary infection induced in both, rat and mice,
alterations in the small intestine epithelial cell turnover. However, the
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magnitude and kinetics in each host was markedly different. In mice, the
susceptibility was associated with tissue hyperplasia related to dysfunction
on normal epithelial renewal caused by the parasite and characterized by
high levels of crypt-cell proliferation and a slow rate of epithelial turnover
leading to alterations in the tissue homeostasis. In contrast, cell migration
rate in rats was about two times higher in the ileum of infected rats
compared with controls, with no changes in tissue structure and the
maintenance of the epithelial homeostasis. In view of this results,
the authors concluded that an accelerated cell turnover can be an effective
mechanism for the expulsion of intestinal helminths by enhancing the
maintenance of tissue homeostasis.

The kinetics of cell turnover and, consequently, was related to the dif-
ferent pathology and mucosal changes induced by E. caproni in each host.
The greater inflammation and tissue damage caused by the parasite in mice
would be the cause of the dysregulation of the intestinal homeostasis leading
to alteration of balance and tissue architecture associated with susceptibility.
In E. caproni-infected mice the slow cell turnover and tissue hyperplasia
would enable more stable interactions, thereby favoring the development of
chronic infections. Conversely, Th2 response in resistant hosts, and especially
IL-13, was suggested as a key immune mediator due to role in regulating the
epithelial cell turnover. an accelerated epithelial cell turnover may hinder the
establishment of proper host-parasite interactions at molecular level,
impairing the development of long-lasting infections. However, the role of
[L-25 appears to be more relevant.

Alvarez-Izquierdo et al. (2020b) studied the effect of rIL-25 in the
ileum and its potential relation to resistance to infection in sensibilized
mice. To this purpose, they analyzed the ileal proteomic changes in IL-25-
trated mice. Al the treated mice were refractory to infection, concomitantly
with alteration were those involved in the preservation and healing of the
epithelial architecture enhancing the maintenance of the epithelium.

All the above exposed suggest that mechanisms enhancing the main-
tenance of the intestinal homeostasis seems to be essential for resistance to
infection, being probably the most important element in this resistance by
making the establishment of the parasite difficult.

2.5 Pathology of the infection

Pathological features associated with echinostome infections are difficult to
analyze since they depend on a variety of factors including the parasite and
the host species (Toledo and Fried, 2005; Toledo et al., 2006b Munoz-
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Fig. 2 Adult worm of Echinostoma caproni attached by oral sucker at the intestinal
mucosa of a mouse at 28 days post-infection; stained with Giemsa. Scale bar: 100 um.

Antoli et al., 2007). Gross pathology observed in echinostome infections is
mainly due to mechanical eftects due to the fixation of adult worms to the
intestinal mucosa. The attachment sites consist of a plug of grasped mucosa
occupying the cavity of the ventral sucker (Toledo et al., 2006a,b) (Fig. 2).

Microvilli atrophy, including fusion, destruction and/or erosion of
microvilli, is a fact described in mice infected with E. caproni (Weinstein
and Fried, 1991; Fujino and Fried, 1993a,b; Toledo et al., 2006b).
Moreover, infection with E. caproni of susceptible hosts, such as the mouse,
is characterized by hyperplasia and increased mitosis in intestinal crypts
(Fujino and Fried, 1993a,b). Strikingly, this damage is regenerated more
quickly in susceptible host than in hosts resistant to infection, probably in
relation to the rapid activation of tissue regeneration processes activated by
the greater damage induced in the mucosa, as mentioned above (Toledo
et al., 2006b; Cortés et al., 2015a) (Fig. 3).

An intense infiltration of inflammatory cells was observed along with
elevated neutrophil counts in the intestinal mucosa in susceptible hosts.
However, in rats, no evidence of a local inflammatory response was
observed. This fact suggests that the development of intense local inflam-
matory responses is associated with the establishment of chronic infections
with E. caproni.

The elevated level of IFN-y expression, and the subsequent NO pro-
duction, in susceptible hosts has been regarded as the main responsible for
the inflammation and tissues damage (Toledo et al., 2006b; Trelis et al.,
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Fig. 3 (A) Eroded villi of a mice infected with Echinostoma caproni at 28 days post-infection
(stained with Giemsa); (B) goblet cell hyperplasia in a mice infected with Echinostoma
caproni at 28 days post-infection (stained with Alcian blue). Scale bars: 100 um.

2011). However, Cortes et al. (2014) suggested that IFN-y can play a
dichotomous role in the infection facilitating the parasite establishment, but
it may also benefit mice since it protects the mice from morbidity and
mortality induced by the parasite. The authors studied the role of IFN-y in
E. caproni infections in several strains of mice including ICR (a susceptible
host for E. caproni), BALB/c (a prototypical Th2 strain), and BALB/c
deficient for IFN-y mice (IFN-y-/-). Worm recovery was similar in all the
strains, though marked differences were observed in relation to the clinical
signs induced by the infection. ICR mice did not show evidences of illness
after infection, and the general aspect was similar to that of the controls. In
contrast, evident signs of disease were reported in BALB/c mice and,
especially, in the mice of the IFN- y deficient strain concomitantly with the
low levels of IFN-y production. It was finally suggested that [FN-y may
participate in the preservation of the mucosal architecture preventing a
severe form of disease as. In contrast, the lack of [IFN-y could led to a lethal
outcome due to a disruption of the mucosal homeostasis.

Studies on the intestinal proteomic changes induced by the infection
have contributed to better understanding the pathological processes in
echinostome infections. Cortés et al. (2015 Plos) analyzed the proteomic
changes induced by a primary E. caproni infection in a susceptible host, such
as the mice. The results confirmed that the establishment of chronic
infections was associated with the development of early and strong
inflammatory responses and tissue damaged together with elevated pro-
duction of IFN-y. This response was characterized by a rapid and intense
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mitochondrial dysfunction and a shift of cell metabolism to an anaerobic
use of glucose, limited respiration, ATP production and b-oxidation,
leading to accumulation of reactive of oxygen and nitrogen species and
fatty acids causing injury and cell death. Moreover, several proteins
implicated in the epithelial restitution were observed to be also over-
expressed. These facts, together, with the alterations in cell deaths processes
may contribute to the homeostatic dysregulation in the intestinal epithe-
lium that characterize the development of chronic infections.

In contrast, changes associated with primary infections in a resistant host
(rats) appear to be related to the regeneration of the ileal epithelium
throughout an augmented proliferation and differentiation of enterocytes.
The alterations observed in the ileum of rats enabled the preservation of the
functional integrity of epithelial barrier, thereby limiting the generation of
tissue injury in this host. This may be crucial for parasite expulsion, as this
physical barrier constitutes a major defense line against intestinal helminths.
In this sense, the elevated levels of IL-13 expression generated in the ileum
of rats after E. caproni infection could be responsible for the induction of
effector mechanisms such as changes in intestinal epithelial cell function
and accelerated epithelial renewal, which could lead to the early expulsion
of this parasite from the rat intestine (Munoz-Antoli et al., 2014).

2.6 Antigenic characterization

The first attempts of antigenic characterization of echinostomatids were
based on SDS-PAGE and western blot analysis. Andresen et al. (1989)
identified four tegumental antigens of E. caproni, weighing 26, 66, 78 and
88 kDa, that were suggested as the main responsible for the immune
response. Toledo et al. (2004¢) also defined by western-blot a total of 11
and 7 polypeptides in the crude and excretory-secretory extracts of
E. caproni and demonstrated that some of these polypeptides were speci-
fically produced in the early stages of the infection. Carpena et al. (2007)
reported that host species may affect the protein expression of Echinostoma
friedi. Several common and specific bands were detected in excretory-
secretory products of E. friedi adult worms collected from hamster and rat.
Higon et al. (2008) demonstrated a higher level of transcription and
secretion of a 70 kDa heat-shock protein from E. caproni in a susceptible
(hamster) than in a resistant host (rat). Since no differences were observed
in the amount of protein either in somatic lysates or surface materials, the
increase in transcription in E. caproni from hamsters could be related to a
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higher secretion of the molecule, which in turn could facilitate the parasite
establishment in the host, and/or modulate the host response.

Bernal et al. (2006) identified structural actin-like proteins, tropomyosin,
and paramyosin; glycolytic enzymes like enolase, glyceraldehyde 3P dehy-
drogenase (GAPDH), and aldolase; detoxifying enzymes like GSTs; and the
70kDa heat-shock protein in the secretome of E. friedi. Moreover, these
authors also showed that actin and the 70 kDa heat-shock protein exhibited
differential expression patterns depending on the definitive host (susceptible or
resistant), suggesting that these proteins may play a role in the survival within
the host (Bernal et al., 2006). Moreover, Marcilla et al. (2004) showed post-
translational modifications in the protein pattern of echinostomes proteins
including tyrosine phosphorylation in response to different stimulus.

A total of 39 parasite proteins were accurately identified by shot-gun
liquid chromatography/tandem mass spectrometry (Sotillo et al., 2010).
Metabolic enzymes, and particularly glycolytic enzymes, were the most
represented protein families in the secretome of E. caproni adult worms.
Moreover, proteins involved in parasite structure, response against stress,
chaperones, calcium-binding, and signal transduction were also identified.

Garg et al. (2013) described the first transcriptome of the adult stage of
E. caproni. 557,236 raw sequence reads were assembled into 28,577 contiguous
sequences and 23,296 putative proteins were characterized based on homology,
gene ontology and/or biochemical pathways. Comparisons of this transcriptome
with those of other trematodes revealed similarities in the transcription pattern of
molecules inferred to have key roles in parasite-host interactions. Enzymatic
proteins like kinases and peptidases were the most abundant.

2.7 Immune evasion mechanisms

Several mechanisms to evade the host immune response have been
described in echinostome infection. For example, it was shown that anti-
bodies bound to the surface of E. caproni are rapidly lost probably in relation
to a rapid rate of surface antigens turnover (Simonsen and Andersen, 1986;
Andresen et al., 1989; Simonsen et al., 1990).

The effect of the antibodies bound to the surface of E. caproni was
studied by Cortés et al., (2017b). They showed that, instead of being shed
from the surface of the parasite as previously suggested, the antibodies
become trapped and covered within a layer of excretory/secretory products
that covers the parasite (Fig. 4). Furthermore, antibodies were subsequently
degraded by parasite-derived peptidases. Cortés et al. (2019) observed that
cathepsin L-like peptidases active in the excretory-secretory products of
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Fig. 4 Antibody trapping: (A) 3D surface modeling of the Echinostoma caproni adult
worms showing antibodies (green) covering o the surface and the excretory/secretory
products of the parasite (red) and the merger area (yellow); (B) after incubation,
excretory/secretory products have trapped the bound antibodies (scale bars = 20 um);
(C) Transmission electron micrographs of the extracellular secretions of E. caproni
adult worms with double immunogold staining using rabbit sera against E. caproni
excretory/secretory products (detected by a secondary antibody coupled to 12 nm
colloidal gold) and an anti-mouse IgG conjugated with 18 nm colloidal gold. Images
show antibody trapping by secreted products on the worm surface (encircled). Scale
bars =100 nm.

E. caproni were involved in the degradation of surface-trapped antibodies,
suggesting that cysteine peptidases are not only crucial for tissue-invading
trematodes, but they can be equally relevant at the parasite-host interface in
gut-dwelling flukes. Antibody trapping was suggested as a potential
mechanism for parasite immune evasion, alleviating the deleterious effects
of antibodies and promoting parasite survival (Cortés et al., 2017b).
Recent studies showed that E. caproni adult worms to modulate their
proteome and secretome to enhance their survival in a hostile environ-
ment. Cortés et al. (2016b) reported that E. caproni is able to modify its
proteome in response to the milieu to enhance its survival. The results
suggested a better adaptation of the parasite to the Thil-type environment
developed in the intestine of susceptible hosts, thereby enabling its chronic
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establishment. Furthermore, Cortés et al. (2018) compared the secretome
of E. caproni in mice in primary infections exposed to a Thl milieu with
that of in challenge infections in a Th2 environment. Adult worms exposed
to a primary infection upregulated several proteins involved in detox-
ification processes, response to stress, and enhancement of parasite survival.
In contrast, Th2 milieu did not induce significant upregulation of any
protein in the secretome of E. caproni, concomitantly with an early
rejection of worms. This ability to modulate the secretome in a hostile Th1
milieu in primary infections in mice may serve to withstand this envir-
onment, with inflammatory response and oxidative stress, resulting in the
development of chronic infections.

2.8 Human infections

Human infections with echinostomes have been reviewed by Toledo and
Esteban (2016) and Toledo et al. (2019, 2022), among others. Human
echinostomiasis is endemic in Southeastern and Notheastern Asia, though
occasional cases may occur worldwide (Toledo et al., 2022). The number
of species that can cause infections in humans is confusing due to the
problematics regarding the taxonomy of the group. Toledo et al. (2022)
compiled a total of 23 species of Echinostomatidae causing human infec-
tions (Table 2).

Geographical distribution of human echinostomiasis is strongly deter-
mined by eating habits. Humans become infected by eating raw or
undercooked freshwater or brackish water molluscs, fishes, snakes crusta-
ceans or amphibians harboring the metacercariae. Traditional eating habits
in Asia facilitate infections.

The current incidence of human echinostomiasis is not known. Most of
the available information is based on sporadic reports with scarce infor-
mation and, in many cases, lacking specific identification as mentioned
above. Moreover, microscopists may misinterpret echinostome eggs, par-
ticularly considering that eggs of different echinostome species markedly
resemble making difficult specific diagnosis (Esteban et al., 2019; Chai
et al., 2020). The only estimate available is the one made by WHO (2004)
for I hortensis (50,000 people infected), Echinoschasmus japonicus (about
5000 cases) and Echinostoma cinetorchis and Acanthoparyphium tyosenense (with
about 1000 cases each).

Knowledge on the immunology and pathology of human echinostome
infections is scarce and based on erratic reports. The clinical symptoms may
depend on the worm burden, but they can cause more severe symptoms
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Table 2 Species of Echinostomatidae involved in human infections, main source of

infection and geographical distribution.

Species Source of Geographical distribution
infection
Acanthoparyphium Brackish snails Korea
tyosenense
Artyfechinostomum Freshwater snails Cambodia, India, Indonesia,
malayanum’ Lao PDR, Malaysia,

Philippines, Singapore,
Thailand

Artyfechinostomum oraoni

Freshwater fishes

India

Artyfechinostomum
sufrartyfex

Freshwater fishes

India

) L
Echinochasmus caninus’

Freshwater fishes

Lao PDR, Thailand

Echinochasmus fujianensis

Freshwater fishes

China

Echinochasmus japonicus

Freshwater fishes

China, Korea, Lao PDR

Echinochasmus jiufoensis

Freshwater fishes

China

Echinochasmus liliputanus

Freshwater fishes

China

Echinochasmus perfoliatus

Freshwater fishes

China, Japan, Korea

Echinoparyphium Freshwater snails Egypt, Indonesia, Korea,
recurvatum Taiwan

Echinostoma aegyptica Not known China

Echinostoma angustitestis Freshwater fishes China

Echinostoma cinetorchis

Freshwater
fishes/snails

China, Japan, Korea, Taiwan

Echinostoma ilocanum

Freshwater snails

Cambodia, China, India,
Indonesia, Malaysia,

Philippines, Thailand

Echinoastoma lindoense®

Freshwater snails

Indonesia, Lao PDR

Echinostoma macrorchis

Freshwater snails

Japan, Korea, Lao PDR

Echinostoma mekongi

Freshwater snails

Cambodia
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Echinostoma revolutum Freshwater snails Cambodia, China, Egypt,
Indonesia, Lao PDR, Russia,
Europe
Himasthla muehlensi Brackish bivalves USA"
Hypoderaeum conoideum Freshwater snails Thailand
Lsthmiophora hortensis® Freshwater China, Japan, Korea
fishes/tadpoles
Lsthmiophora melis Freshwater China, Rumania, Taiwan
fishes/tadpoles

*Syn. Echinostoma malayanum
°Syn. Episthmi i
yn. Episthmium caninum
“Syn. Echinostoma echinatum
YImported infection
“Syn. Echinostoma hortense
Source: Adapted from Toledo, R., Alvarez-Izquierdo, M., Esteban, J.G., Mufoz-Antoli, C. (2022).
Neglected food-borne trematodiases: echinostomiasis and gastrodiscoidiasis. Parasitology 149,
1319-1326.

than other intestinal trematodes. The most common signs are unspecific
symptoms such as diarrhea, loss of body weight, epigastric and abdominal
pain or easy fatigue. However, additional symptoms may include local
eosinophilia, anemia, edema and anorexia (Graczyk and Fried, 1998;
Toledo et al., 2006a, 2019, 2022; Toledo and Esteban, 2016).

Severe anemia has also been associated with echinostomiasis in a
coinfection of a child with Echinostoma sp., Trichuris trichiura and Ascaris
lumbricoides in India (Khanna et al., 2019). In I hortensis-infected patients
also appeared nausea and vomiting, headache, acid belching and urinary
incontinence (Chang et al., 2005). Mucosal damage may include signs of
chronic gastritis, infiltration of inflammatory cells, mucosal erosion and
bleeding and lesions similar to adenocarcinoma (Chang et al., 2005).

3. Family Brachylaimidae
3.1 Background

Brachylaimidae is a complex family of terrestrial digeneans with a long
history of confusion regarding its systematics and taxonomy (Pojmansha,
2002). Brachylaimids commonly infects mammals, birds and reptiles
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Fig. 5 Adult worm of Brachylaima sp. from a naturally infected mouse, Mus musculus;
the worm was stained in Grenacher’s Borax Carmine. Scale bar: 50 um. Reproduced
with permission from Toledo, R. Esteban, J.G., Fried, B, 2006a. Immunology and
pathology of intestinal trematodes in their definitive hosts. Adv. Parasitol. 63, 285-365.
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(Gibson and Bray, 1994). The most representative genus within this family
is Brachylaima. However, this is a problematic genus and includes a large
number of species, but many of them are poorly known. This problem is
aggravated by the fact that many species have been described simply on the
basis of the morphology of the adult worm and the similarity between
different species is great (Fig. 5). Species of Brachylaima follow a 3-host
terrestrial life cycle (Yamaguti, 1975). The first and second intermediate
hosts of brachylaimids are either the same or two different species of ter-
restrial snail species. The definitive host can be either a mammal or a bird.
Humans have also been reported as an incidental definitive host for one
species in the genus, Brachylaima cribbi (Butcher et al., 1996, 1998).

3.2 Immunology of the infection

Currently there are very few studies on the immunology of Brachylaima
infections and focused on B. ¢ribbi infections in mice. The main evidences
on the relevance of the immune response in B. ¢ribbi infections comes from
the fact that the course of the infection varies depending on the strain of
infected mouse and a partial degree of resistance to secondary infections.
Moreover, it is well known that B. cribbi infections elicit significant anti-
body responses. Using an indirect ELISA based on crude antigens from
B. cribbi adult worms, Butcher et al. (2003) demonstrated that primary
infections in mice provoked 4- to 7-fold increases in antibody levels in the
serum of experimentally infected mice.

Butcher et al. (2002a) showed that CB57BL/6] is the most susceptible
strain of Mus musculus to B. cribbi infection. Although, there was variability
in susceptibility in relation to gender and maturity of mice (Butcher et al.,
2002b), this strain exhibited the highest levels of egg release and the longest
duration of infection. Mature female CB57BL/6] mice were significantly
more resistant to B. ¢ribbi infection that older mature females and adolescent
females in terms of reduced worm burden, fecundity and egg fertility.
These changes were attributed to physiological factors, suggesting that sex
hormones provided a significant level of protection to B. cribbi infection
(Butcher et al., 2002b).

The course of the infection in immunocompetent CB57BL/6] and
immunodeficient NOD SCID mice re-infected with B. cribbi was assessed
by comparing faecal egg release of the re-infected mice with age- and
sex-matched mice receiving only a primary infection. In the case of
CB57BL/6] mice, there were significant differences in the mean faecal eggs
per gram of faeces and worm fecundity, having lower egg counts and
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reduced fecundity with the challenge infections. In contrast, no significant
differences were observed in NOD SCID mice between primary and
challenge infections (Butcher et al., 2003).

There are no studies on the pathology of infections with brachylaimid
species either in natural or experimental infections.

3.3 Human infections

Only B. cribbi has been reported infecting humans and all the cases (three)
were reported in South Australia, where the life cycle of B. ¢ribbi is main-
tained between mice and helicid and hygromiid snails (Butcher et al., 1996).
Two of the cases were in 21-month-old children who used to eat raw snails
in which eggs were detected in feces (Butcher et al., 1996). The third case
corresponds to a 78-year-old woman who had a history of intermittent
diarrhea for 18 months. Examination of her stools revealed the presence of
brachylaimid eggs. She ate raw vegetables which had been contaminated
with helicid snails. After treatment with praziquantel a degenerate adult
Brachylaima species was recovered in her stools (Butcher et al., 1998). The
parasite was identified as B. cribbi (Butcher and Grove, 2001).

4, Family Diplostomidae
4.1 Background

The family Diplostomidae includes a group of digeneans that parasitize
numerous orders of birds and mammals, including humans. This family
comprises a total of 41 genera grouped into four subfamilies (Alariinae,
Codonocephalinae, Crassiphialinae and Diplostominae) that are mainly
differentiated on the basis of the host specificity, forebody shape, extension
of the vitellarium and type of metacercariac (Dubois, 1970; Yamaguti,
1971; Gibson, 1996; Niewiadomska, 2002).

Most of the species of Diplostomidae have a three-host life cycle. Fork-
tailed cercariae, produced in sporocysts in the snail first intermediate host,
emerge from the gastropod and penetrate amphibians, molluscs, fishes or
annelids, in which it forms the metacercariae. Definitive host becomes
infected after eating the second intermediate host harboring the meta-
cercariae. Adult worms usually inhabit the duodenum but may extend to
the jejunum and ileum in heavy infection. Eggs shed with feces of the
definitive host hatch and penetrate the first intermediate host (Hong,
1982). In some cases, the life cycle in expanded by the incorporation of a
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Fig. 6 (A) Neodiplostomum seoulense: Adult worm from an experimentally infected rat
necropsied at 7 days post-infection; the worm was stained in acetocarmine; (B) Small
intestine of a rat experimentally infected with Neodiplostomum seoulense and
necropsied at 28 days post-infection; the preparation was stained with hematoxylin
and eosin. Scale bars: 100 um. Photomicrographs courtesy Jong-Yil Chai. Reproduced
with permission from Toledo, R. Esteban, J.G. Fried, B, 2006a. Immunology and
pathology of intestinal trematodes in their definitive hosts. Adv. Parasitol. 63, 285-365.

fourth (paratenic) host, usually snakes, that harbors an unencysted larval
stage called mesocercaria, infective for the definitive host (Cribb, 2003).

Studies on the immunology of Diplostomidae only have been per-
formed on a single species (Neodiplostomum seoulense) belonging to the
Diplostominae (Fig. 6A). This species has been frequently reported in
humans in Korea (Chai and Lee, 2002; Chai and Jung, 2020; Toledo et al.,
2019), which have stimulated the work on this topic.

4.2 Immunology of the infection

Immune response against N. seoulense has been mainly studied on labora-
tory rodents. This response in BLAB/c mice is characterized by a mixed
Th1/Th2 balance resulting in the induction of humoral and cellular
reactions against the parasite (Shin et al., 2007). Infection of BALB/c
mice caused a continuous increase of TCD4+ and TCD8+ cells both in
the spleen and MLN during the course of the infection. However, the
response of Thl cytokines appeared to be stronger than that of Th2
cytokines. Production of IFN-y and IL-12 was significantly greater than
that of IL-4 or IL-10 from 7 to 28 days post-infection (Shin et al., 2007).

Antibody response in mice and rats is characterized by the production
of elevated serum levels of IgA, IgG and IgM from 7 days post-infection
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(Kho etal., 1990; Shin et al., 2007; Han et al., 2008). Similar levels of IgG1
and IgG2a were observed, reflecting the mixed response that induces
N. seoulense (Shin et al., 2007). At local level, increased levels of IgA were
also detected in the lamina propria and submucosa but these responses were
non-specific. These antibody responses were not related to worm expul-
sion since significant decreases in worm recoveries were not observed
during the experiment (Huh et al., 1995).

Regarding the cellular responses, most of the studies have been focused
on mucosal mast cells and goblet cells. Although several experiments have
shown that N. seoulense infection in rats and mice induces mucosal mast cell
hyperplasia, no relationships with neither worm expulsion nor resistance to
infection has been observed. Worm expulsion concomitantly occurred
with intestinal mastocytosis (mainly in the duodenum) in Sprague-Dawley
rats (Kho et al., 1990; Shin et al., 2003) and mice (Chai et al., 1998).
However, the kinetics and degree of mastocytosis were different in each
host species, suggesting that the role of mucosal mast cells is different in
mice and rats. The highly susceptible strain of BALB/c mice showed a
greater mucosal mast cell reaction than C3H mice at 7 days post-infection
but they did not expel the worms until 28 days post-infection. Therefore,
proliferation of mucosal mast cell in the two strains of mice was regarded as
local host responses rather than a responsible effector mechanism for worm
expulsion (Chai et al., 1998). These observations were confirmed by Kook
et al. (1998) by infecting mast cell-deficient W/ Wv mice and their normal
littermate +/+ mice with 200 metacercariaec of N. seoulense. The parasite
was highly lethal for both strains of mice, but +/+ mice showed a sig-
nificantly greater level of worm recovery than W/Wv mice, suggesting that
mucosal mast cells are not involved in the protective mechanisms.

Depletion of mastocytosis using antiallergic drugs (hydroxyzine,
cimetidine, cyclosporin-A, and prednisolone) in Sprague-Dawley rats
infected with N. seoulense did not change the kinetics of worm rejection.
Only in hydroxyzine- and cimetidine-treated mice (a histamine receptor
H1 and H2 blockers, respectively) slightly delayed worm expulsion were
observed. This was surprising since mucosal mast cells are the main source
of histamine and, thus, intestinal smooth muscle contraction was suggested
to play a major role in N. seoulense expulsion (Shin et al., 2003). Hydro-
xyzine and cimetidine inhibit the smooth muscle contraction by blocking
the histamine receptors and, consequently, could delay the worm expulsion
regardless of the level of mastocytosis.



Immunology and pathology of echinostomes and other intestinal trematodes 31

The intestinal goblet cell hyperplasia in N. seoulense infections was studied
in BALB/c and C3H mice by Chai et al. (1998). Goblet cell hyperplasia was
observed in the duodenum of BALB/c mice during the course of the
infection but was not seen in C3H mice. Mucin activation also was noted in
both strains of mice, especially in BALB/c mice, bat no relationship with the
worm recovery rate kinetics in each strain of mice was noted.

Macrophages could be of greater interest in possible resistance to
infections. Significant increase in the number of splenic macrophages and
heavy infiltration of macrophages in the small intestine mucosa have been
observed in BALB/c mice infected with N. seoulense. Furthermore, it was
shown that macrophages were able to in vitro kill N. seoulense adult worms
via antibody-dependent cell-mediated cytotoxicity (Shin et al., 2007).

4.3 Pathology of the infection

The pathology of N. seoulense human infections has been poorly studied
and most of the data proceeds from studies in laboratory rodents. N.
seoulense infections appear to be more harmful than other intestinal flukes.
In fact, N. seoulense is highly pathogenic, producing severe anatomical and
functional damage, and lethal to mice (Kook et al., 1998; Chai et al., 2000).
However, pathology appears to be related with the worm burden and the
genetic background of the host (Huh et al., 1988; Kook et al., 1998).

In the intestine of the definitive host, adult worms of N. seoulense entrap
the host villi using their ventral curvature of the anterior forebody, with the
tribocytic organ piercing the villous stroma (Fig. 6B). Villous changes can
be observed from the first week of infection. They are characterized by
shortening, widening and fusion of the villi. There was also a reduction of
the goblet cell numbers adjacent to the worms, hemorrhage, capillary
congestion, lymphatic dilation and inflammatory cell infiltration. The
inflammatory cells involved were lymphocytes, plasma cells, eosinophils
and occasional giant cells (Lee et al., 1985). In other Diplostomidae, such as
Pharyngostomum cordatum, pass of the metacercaria through the intestinal
wall to the peritoneal cavity of rodents and migration to the diaphragm,
intercostal muscles and other organs such as the lung, heart and brain have
been observed (Shin et al., 2001).

However, pathology appears to be related with the worm burden and the
genetic background of the host (Huh et al., 1988; Kook et al., 1998). Huh
et al. (1988) compared the course of the infections in ICR mice with 500 and
1000 metacercariae per host. Despite the histopathological findings were
similar, cyst inoculum of 500 did not affected mouse survival. In contrast,
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infections with 1000 metacercariae induced a severe course of infection with
diarrhea, occult blood and a gradual weight loss and, finally, a fatal outcome.
Death of the infected mice began at 11 days post-infection, and at 16 days post-
infection all the mice were dead. Intestinal malabsortion induced by mucosal
changes and intestinal bleeding were suggested as the main causes of the earlier
death in the heavily infected mice. Similarly, Kook et al., (1998) showed that
survival of C3H/HeJ] mice was inversely related to the dose of metacercariae.
In heavier infections, length of the intestine was significantly shortened and
charcoal meal transit was significantly quicker after 14 days post-infection.

Genetic background of the host may also contribute to the pathology
and resistance to infection. Kook et al. (1998) experimentally infected two
strains of mice (BALB/cA and C3H/HeJ) and their F; hybrid. BALB/cA
mice showed the greatest worm intensities, but mice of this strain were
resistant to pathogenesis and mortality due to the infection. In contrast,
C3H/He] and F; mice showed marked intestinal paralysis. Moreover, the
survival of BALB/cA mice was significantly higher than that observed in
the other mouse strains. Chai et al. (2000) observed that a greater pro-
portion of C3H/He (H-2k) succumbed to N. seoulense infection despite
having fewer worms and shorter duration of the infection than BALB/c
(H-2a2) and C57BL/6 (H-2b) mice. It was suggested that resistance to
N. seoulense infection was dependent upon H-2 gene product differences.

Apart from the intestinal damage, Pyo et al. (2012) showed that
N. seoulense can downregulate the production of the neuronal growth
associated protein (GAP)-43 in mice suggestin that neuronal damage can be
elicited. Moreover, Shin et al. (2016) reported that N. seoulense may reduce
the fecundity of mice in relation to destruction of gonad tissues. This
damage was expressed by reductions in the fertility rate, birth time and
number of litters. Gonadal tissue destruction was associated with a pre-
dominance of Th1 responses to the infection.

4.4 Antigenic characterization

Little is known about the antigenic composition of N. seoulense. Han et al.
(2008) analyzed the antigen composition of crude antigens of N. seoulense by
western-blot using rea from ICR, BALB/c and C3H experimentally
infected mice. About 14 protein bands, from 30kDa to 100 kDa in size,
were recognize by IgG from infected mice. However, nothing is known
about the identity and characteristics of these antigens. Previous studies using
thin sections of N. seoulense adult worms treated with sera from immunized
mice had shown a high antibody concentration over the rough endoplasmic
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reticulum of the cells of the tribocytic organ, spermatozoa in the seminal
vesicle, microvilli of the caecum, and vitelline follicles (Lee et al., 1997a,b).
Using serum from experimentally infected mice, the most reactive structure
was the vitelline follicle, suggesting that the most antigenic components in
infections were the excretory/secretory products originated from the vitel-
line follicles as described for other intestinal trematodes (Ahn et al., 1991).
Choi et al. (1999) purified a 54 kDa protease from crude antigens of N.
seoulense adult worms. This enzyme was able to degrade extracellular matrix
proteins such as type I collagen and fibronectin with difterent cleaving
activities, suggesting that this protein play an important role in parasite
survival and pathogenesis in vivo. Moreover, Choi et al. (1999) suggested a
possible role in nutrient uptake by degrading host tissue proteins.

4.5 Human infections

Members of 3 genera of Diplostomidae (Alaria, Neodiplostomum, and
Fibricola) have beenrecorded infecting humans. In the case of Alaria spp.,
humans only serve as paratenic hosts harboring mesocercariae in different
tissues (Fernandes et al., 1976; Freeman et al., 1976; Beaver et al., 1977;
McDonald et al., 1994; Kramer et al., 1996). At the intestinal level, only N.
seoulense and F. cratera have been found parasitizing humans.

Human infection with F. cratera, a trematode species indigenous to
North America can be considered as anecdotal since the only one record is
an experimental infection of a human volunteer with 100 metacercariae
(Shoop, 1989). Experimental infection produced a patent infection that
lasted for 40 months with periods of epigastric discomfort, loose stools and
flatulence, especially during the first year of the infection.

More common are the human infections with N. seoulense. in Korea
(Chai and Jung, 2020). This species was first implicated when a 25-year old
male suddenly suftered severe gastrointestinal symptoms (Seo et al., 1982).
Another 26 cases were reported among Korean soldiers, probably infected
during their survival training. In the infections were associated with con-
sumption of improperly cooked snakes and/or frogs (Seo et al., 1982;
Hong et al., 1984a,b). Chai and Lee (2002) estimated the total number of
human cases as 1000 in the Republic of Korea. Commonly, symptoms of
the infections were mild which was attributed to relatively low number of
adults worms in the intestine (Hong et al., 1984a). However, (Seo et al.,
1982) reported the case of a patient with epigastric discomfort, fullness and
pain, anorexia, diarrhea, fever and tenderness. After treatment and purga-
tion, a total of 79 worms were collected.
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Fig. 7 (A) Adult worm of Gymnophalloides seoi collected from a naturally infected human
and stained in acetocarmine (scale bar: 50 um); (B) Small intestine of a mouse experi-
mentally infected with Gymnophalloides seoi and necropsied at 5 days post-infection
stained with hematoxylin and eosin (scale bar: 100 um). Photomicrographs courtesy Jong-Yil
Chai. Reproduced with permission from Toledo, R, Esteban, J.G., Fried, B, 2006a. Immunology
and pathology of intestinal trematodes in their definitive hosts. Adv. Parasitol. 63, 285-365.

5. Family Gymnophallidae
5.1 Background

Gymnophallidae is a family that includes a small group of digeneans that
may occur in the intestine, gall-bladder and bursa Frabricii of marine birds
and the intestine of mammals (Scholz, 2002). Furcocercous cercariae and
metacercariae that never encyst are characteristics of the group. Tipically,
bivalves act as the first and second intermediate host. Moreover, poli-
chaetes, gastropods and brachiopods also can act as the second intermediate
host. Definitive host becomes infected after ingestion of the second
intermediate host harboring the unencysted metacercariae (Cremonte
et al., 2013).

Although five genera are accepted in the family, only one species,
Gymnophalloides seoi (Fig. 7A), has been found infecting humans and all the
studies in relation to the immunology of the infection have been referred to
this species (Toledo et al., 2019).
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5.2 Immunology and pathology of the infection

Apparently, G. seoi induces less severe damage than other intestinal trema-
todes, though it depends on the host species (Chai et al., 2001). Adult worms
inhabit the duodenum and jejunum where they are fixed by grabbing or
pinching the epithelial surface with the oral suction cup. This induces villous
atrophy and crypt hyperplasia with inflammation of the villous stroma and
the crypt (Chai et al., 2001; Toledo et al., 2006a). A marked goblet cell
hyperplasia dependent on CD4+ T-helper cells along the villous epithelia
was observed, mainly in the jejunum (Chai et al., 2001; Guk et al., 2009).
Moreover, inflammatory responses in reactins in the villous stroma and the
crypt have been described (Chai et al., 2001) (Fig. 7B).

Interestingly, histopathology is similar in immunocompetent and
immunosuppressed C3H/HeN mice, although much more accentuated in
the case of immunosuppressed mice, suggesting a relevant role of the host
immune response (Lee et al., 1997a,b; Chai et al., 1999; Seo et al., 2003).
Mucosal changes in immunocompetent mice were characterized by
marked goblet cell hyperplasia, especially in the jejunum. the destruction of
the villi adjacent to the worms was more severe than in immunocompetent
mice. Moreover, no remarkable hyperplasia was observed in immuno-
suppressed mice (Chai et al., 2001).

In mice, G. seoi infections are spontaneously expelled within 3 weeks
post-infection but the course of the infection differs depending on the
strain of mice (Lee et al., 1997a,b; Chai et al., 1999) indicating a genetic
background in the resistance to infection. C3H/HeN is the most suscep-
tible strain in terms of greater worm recovery rates, worm growth, and
uterine egg counts. In contrast, C57BL/6 mice rejected the worms more
rapidly than the other strains (Lee et al., 1997a,b; Seo et al., 2003).

Resistance to G. seoi infection appears to be mediated by both T-cell
dependent and independent mechanisms including goblet cell hyperplasia
and changes in mucin glycosylation. Worm expulsion was associated with
high numbers of mucosal goblet cells in C57BL/6 mice together with
changes in the terminal sugar chain of mucins and high levels of IL-4 and
IL-5 mRNA expression in mesenteric lymph nodes. CD4 T-helper cells
play an important role as a mediator of goblet cell hyperplasia, but not for
functional activation of these cells (Guk et al., 2009). Strong goblet cell
responses were observed at 3—7 days post-infection in immunocompetent
C3H/HeN mice and most of the worms were expelled at 7-14 days post-
infection. In immunosuppressed C3H/HeN mice, only relatively low
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levels of goblet cell hyperplasia were observed concomitantly with a higher
survival of the worms (Chai et al., 2001). Seo et al. (2003) studied the
goblet cell hyperplasia and the secretion of mucus in relation to worm
recovery in immunocompetent and immunosuppressed C56BL/6 mice. A
significant reduction in goblet cell hyperplasia and mucins together with a
greater worm recovery rate was observed in immunosuppressed mice with
respect to immunocompetent mice.

Furthermore, Lee et al. (2014) showed that G. seoi infection in C57BL/6
mice induces overexpression of STAT6 and IL-13 enhancing goblet cell
hyperplasia responsible for the worm expulsion. Increased intestinal epithelial
cell turnover, and increased intestinal motility should be important mucosal
defense mechanisms in G. seoi-infected mice (Lee et al., 2014). Products
released from the parasite could be essential for the development of pro-
tective responses. Lee et al. (2010) showed that G. seoi antigen significantly
induced expression of TLR2 and MUC?2 in cultured HT29 cells. In this
context, exosomes from the metacercariae appeared to be the responsible for
the overexpression of those genes (Song et al., 2018).

5.3 Antigenic characterization

Studies on the antigenic composition of G. seoi are limited to the char-
acterization of two cysteine proteases. Choi et al. (1998a) identified a
16 kDa cysteine protease from G. seoi metacercariae that showed the ability
to degrade human immunoglobulins. The protease only degraded partially
IgG2a after incubation overnight. However, heavy chains of IgA were
completely degraded and a significant degradation of light chains was also
observed. Moreover, this protease also degraded extracellular matrix pro-
teins such as collagen or fibronectin. It was suggested that this protein may
also be involved in the nutrition of G. seoi by degrading extracellular matrix
proteins. Choi et al. (1998b) described another cysteine protease weighing
40 kDa from adult crude extracts of G. seoi that showed similar enzymatic
activity.

5.4 Human infections

Human infections with G. seoi only have been recorded in the Republic of
Korea (Fried et al., 2004; Chai et al., 2009; Toledo et al., 2019; Chai and
Jung, 2020). This fluke was first discovered in 1988 in a Korean woman
suffering pancreatitis and gastric discomfort (Lee et al. 1993a; Chai et al.,
2003). Currently, it is now known to be distributed in 25 seashore villages
of western and southern coastal islands and 3 coastal inlands of South Korea
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(Chai et al., 2009). Oysters, Crassostrea gigas were verified to be the second
intermediate hosts (Chai et al., 2003). Consumption of raw oysters is the
main mode of human infection Chai and Jung (2020).

Although symptomatology induced by G. seoi in humans may vary
greatly between patients, it appears to be considerably greater than in
laboratory rodents. Gastrointestinal discomfort and indigestion are the most
common symptoms. Moreover, fever, anorexia, weight loss, easy fatigue and
weakness can also appear (Chai et al., 2003). It has been also suggested that
G. seoi infection increases the levels of amylase in the serum and urine. In
two patients, the infection was accompanied by diabetes mellitus suggesting a
relationship between both diseases (Lee et al., 1995). Several cases of severe
gastroenteritis and signs of acute pancreatitis have been reported and medical
attention can be required in relation to pancreatic problems (Lee et al.,
1993a; Lee and Chai, 2001; Chai et al., 2003). It has been also shown that

G. seoi adult worms can invade gut lymphoid tissue (Seo et al., 2000).

6. Family Heteropyiidae
6.1 Background

Heterophyiasis is an intestinal trematode infection caused by several
members of the family Heterophyidae. Heterophyids are small egg-shaped
flukes possessing a gonotyle or genital sucker (Yamaguti, 1971) (Fig. 8).
There is a lot of controversy regarding the classification of the family.
Yamaguti (1971) accepted 13 subfamilies but, in contrast, Pearson (2008)
did not include any subfamily and accepts a total of 32 genera and several
incertae sedis. In the present review we will be focused on those genera for
which there are studies on immunology and pathology in the definitive
host, specifically the genera Centrocestus, Haplorchis, Heterophyes, Metago-
nimus and Pygidiopsis.

The definitive host becomes infected by eating raw or poorly cooked
fish harboring metacercariae. The adult worms inhabit between the villi of
the anterior region of the small intestine and release embryonated eggs into
water. The eggs are then ingested often by littorine snails hatching within
the snail’s intestine. Intramolluscan development comprises sporocyst and
redial stages and cercariae are released into the water where they tipically
penetrate shrimps or shore-fish, such as cunners, gudgeon, and charr, and
encyst on the surface or muscles of the fish. Metacercariae may remain
viable for years (Fried et al., 2004; Toledo et al., 20062, 2019).
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Fig. 8 (A) Adult worm of Metagonimus yokogawai from an experimentally infected
dog necropsied at 14 days post-infection; the worm was stained in acetocarmine. (B)
Adult worm of Heterophyes heterophyes from a human infection. The worm was
stained in acetocarmine; (C) Adult worm of Haplorchis taichui from a human infection.
The worm was stained in acetocarmine. Scale bars: 50 um. (A) Photomicrograph
courtesy Jong-Yil Chai. (A and C) Reproduced with permission from Toledo, R., Esteban,
J.G., Fried, B., 2006a. Imnmunology and pathology of intestinal trematodes in their defi-
nitive hosts. Adv. Parasitol. 63, 285-365.

6.2 Pathology of the infection

Heterophyiasis normally presents with mild symptoms, except in the case of
heavy infections or in immunocompromised patients (Chai and Lee, 2002).
The most common symptoms are are malabsorption, abdominal pain, mucus-
rich feces, dyspepsia, anorexia, nausea and vomiting and diarthea (Lee et al.,
1981; Kang et al.,, 1983; Cho et al., 1985; Snyder et al., 1989; Hong et al.,
1990; Yu et al., 1997; Toledo et al., 2019). The pathological features of het-
erophyiid infections have been studied in several hosts, including cats, mice,
dogs, rats, and humans.

Typically, adult worms live in the duodenum and proximal jejunum
(Fig. 9), though in heavy infections the location of the worms tends to
extend more distally (Lee et al., 1981). In early stages of the infection, the
worms are located in the glandular lumens of the crypts of Lieberkiihn,
whereas in the later phases they are found between the villi (Jang et al.,
1985; Chai et al., 1995). The main pathological features are villous atrophy,
characterized by fusion, thickening and shortening of the villi, hypertrophy
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Fig. 9 Small intestine of a dog experimentally infected with Metagonimus yokogawai
and necropsied at 7 days post-infection; the preparation was stained with hematox-
ylin and eosin. Scale bar: 50 um. Photomicrograph courtesy Jong-Yil Chai. Reproduced
with permission from Toledo, R. Esteban, J.G., Fried, B, 2006a. Immunology and
pathology of intestinal trematodes in their definitive hosts. Adv. Parasitol. 63, 285-365.

of the crypts of Lieberkiihn, resulting in a decreasing of the villous/crypt
ratio, enlargement of mesenteric lymph nodes, and inflammatory responses
with lymphocytic infiltration (Chai, 1979; Chai et al., 1994, 1995; Lee
et al., 1981; Kang et al., 1983; Rho et al., 1984; Hong et al., 1997; Yu
et al., 1997; Saenphet et al., 2008; Chai et al., 2014; Nada et al., 2017).
Ashour et al. (2014) showed that atrophic villi covered by poorly differ-
entiated epithelial cells were observed in the 2nd week post-infection in
mice with Heterophyes heterophyes. Moreover, marked hyperplasia of the
intestinal crypts with abundant inflammatory cellular infiltrate in the lamina
propria, as well as apoptosis of cells lining the intestinal villi were noted.
Both caspase-3 and NF-xB showed positive staining in the intestinal epi-
thelial cells with varying grades of intensity over the length of infection.
In addition to the mechanical pressure exerted by the parasite itself, it
seems that there are other factors responsible for villous atrophy. In the case
of” Centrocestus armatus, the circumoral spines present in this parasite was
suggested as the cause for mechanical damage (Hong et al., 1997).
Moreover, bulky foamy intestinal content and intraluminal pressure by gas
and mucous content caused villous atrophy in M. yokogawai-infected rats or
the increased number of intraepithelial lymphocytes can also be the cause
(Lee et al., 1981; Chai et al., 1994). Decreased levels of proliferating cell
and the subsequent reduction in the population of proliferative cells may be



40 Rafael Toledo et al.

implicated. Yu et al. (1997) suggested that M. yokogawai induces inhibition
of cell proliferation in the intestinal crypts in the early stages of the
infection.

Probably, the villous atrophy is the main cause of the malabsortion and
watery diarrhea that characterize metagonimiasis. The distribution of
watery content along the intestine of dogs experimentally infected with
M. yokogawai suggested that it was the product of poor digestion due to
villous atrophy (Cho et al., 1985). This is supported by the changes
observed in the brush border enzyme activities in M. yokogawai-infected
mice (Hong et al., 1990). The nature of these changes was different in each
intestinal segment. The activities of disaccharidases, alkaline phosphatase,
and L-leucine aminopeptidase were decreased in the duodenum and
proximal jejunum, but increased in the distal jejunum. The reduced
activity in the areas which constitutes the main habitat of the parasite was
explained by the damage of the enterocytes at the upper layer of the crypts
and the reduction of the mucosal surface area due to villous changes. In
contrast, the greater activity in the distal jejunum could be a compensatory
mechanism due to increased concentrations of substrates in relation to the
malabsorption in the more proximal areas of the small intestine (Hong
et al., 1990).

6.3 Immunology of the infection

The fact that pathology induced by heterophyids is spontaneously restored
indicated the development of host protective immunity. Several effector
mechanisms have been suggested to act against heterophyids (Toledo et al.,
20064).

Inflammatory cell infiltration is a common feature in infections with M.
yokogawai (Lee et al., 1981; Kang et al., 1983; Chai et al., 1995; Hong et al.,
1997). In dogs, the cell infitration was mainly composed of eosinophils,
lymphocytes, and plasma cells (Kang et al., 1983), whereas neutrophils
were the main cellular component in mice (Chai et al., 1995). Interest-
ingly, the cell infiltration remained after the restoration of the villi in
M. yokogawai-infected cats (Lee et al., 1981). Haplorchis taichui infection in
rats is characterized by mastocytosis and eosinophilia. In fact, mucosal mast
cells were thought to be the most relevant effector mechanism against
infection since levels of local mastocytosis were positively correlated with
worm recovery over the course of the infection. Mastocytosis was also
observed in Pygidiopsis summa-infected mice, accompanied with goblet cell

.

hyperplasia (Chai et al., 2014). Increases in intraepithelial lymphocytes also



Immunology and pathology of echinostomes and other intestinal trematodes 41

appear to be a common feature in heterophiid infections (Chai et al., 2014;
Nada et al., 2017). In fact, Chai et al. (2014) suggested that T cells play a
major role in the response against these infections.

Ectopic locations have been also described by spreading beyond the
intestine in heavy infections (Elsheikha, 2007). Ectopic infections com-
monly involve the brain, spinal cord and heart (Africa and Garcia, 1935;
Africa et al., 1936a; Africa et al., 1936b; Gallais et al., 1955; Collomb and
Bert, 1959; Tantachamrun and Kliks, 1978; Chai et al., 1984; Zhang and
Fan, 1990).

It is well known that both systemic and local antibody responses occur
in infections with heterophyids. The specific IgG levels in the serum of M.
yokogawai-infected cats rise from 7 days post-infection and the maximum
levels were observed at 2—4 weeks post-infection with both antigens (Cho
et al., 1987). Moreover, marked increases of IgA and IgE were observed in
P. summa-infected mice and H. taichui-infected rats, respectively (Saenphet
et al., 2008; Chai et al., 2014). There is some controversy on the potential
role on the antibody response in the course of heterophyid infections. Cho
et al. (1987) detected that specific IgG levels were directly related to the
number of M. yokogawai adult worms in experimentally infected cats. In
contrast, an inverse relationship between the antibody levels and the load of
the infection has been often observed, suggesting that humoral response
may be involved in worm expulsion (El-Ganayni et al., 1989; Ditrich et al.,
1991). Saenphet et al. (2008) considered the IgE response in H. taichui-
infected rats as a secondary response.

6.4 Antigenic characterization

Antigens of heterophyids have been poorly studied. Ahn et al. (1991)
determined that the antigenic localization in M. yokogawai adult parasite
was determined using the serum of cats experimentally infected with the
metacercariae. It was suggested that the major antigenic protein was spe-
cifically concentrated at the tegumental syncytium as well as in the cyto-
plasm of tegumental cells and epithelial lamella of the cecum.

Han et al. (2014) analyzed the crude extracts of M. yokogawai adult
worms. This crude antigen consisted of major 100, 67, 46, 28-35, and
17 kDa bands. In western blot analysis, several antigenic proteins reacted
with the sera of human patient at 100, 67, 46, 30, and 20 kDa. No special
reactive bands were visible in healthy controls. Among these proteins
bands, 100kDa and 67 kDa were those who reacted most frequently
against sera of infected humans. Furthermore, they described a 100 kDa
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antigen that was recognized by sera from M. yokogawai-infected humans,
but also by sera from patients of other helminth infections such as G. seoi,
Paragonimus westermani, Clonorchis sinensis and Fasciola hepatica.

Using indirect immunoperoxidase staining was performed with mono-
clonal antibodies developed against this protein, a strong positive reaction was
observed in the tegumental and subtegumental layers of adult M. yokogawai and
C. sinensis. The authors suggested that the 100 kDa somatic protein of M.
yokogawai is a common antigen which recognizes a target epitope present over
the tegumental layer of different trematode species (Han et al., 2014).

6.5 Human infections

A total of 30 species of heterophyids have been reported infecting
humans (Table 3), probably being H. heterophyes and M.yokogawai the
most relevant species involved in human disease (Toledo et al., 2019).
Humans become infected by eating fish or shrimps harboring viable
metacercariae, which mature into adults in 5-10 days. Adult hetero-
phyids attach and live embedded the intestinal mucosa producing
embryonated eggs that reach water reservoir allowing for the main-
tenance of the life cycle.

Elevated levels of IgG, IgM, and IgE have been detected in the serum of
humans infected with H. heterophyes (El-Ganayni et al., 1989; Martinez-
Alonso et al., 1999; Pica et al., 2003). In the intestine, the levels of IgG,
IgM, and IgA were increased (El-Ganayni et al., 1989). Systemic IgG
response has been also detected in humans infected with H. taichui and
M. yokogawati, respectively (Ditrich et al., 1991; Lee et al., 1993b).

Anaphylaxis was developed by a woman after infection with H. hetero-
phyes after eating raw fish in Spain (Martinez-Alonso et al., 1999). Occa-
sionally worm eggs may enter the circulatory system via the crypts of Lie-
berkhiin which may be fatal (Marty and Andersen, 2000; Sripa et al., 2010).
Eggs can be transported to other organs and they have been found in cardiac
muscles in autopsies, spinal cord or brain, where they become trapped and
elicit granulomatous lesions and fibrosis. Signs of heterophyid myocarditis
may include subepicardial edema, epicardium hemorrhage, fragmentation of
muscle fibers, cardiac enlargement, embolism of the capillaries, cough,
dyspnea, cyanosis, fatigue, edema and ascites, palpitation, loss of reflexes and
abnormal heart sounds. Eggs or worms in the spinal cord or brain may cause
neurological disease, transverse myelitis and loss of sensory and motor
function (Sripa et al.,, 2010). Recently, H. faichui has been identified as a
possible etiologic causative agent of irritable Bowel syndrome-like symptoms
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Table 3 Species of Heterophyidae involved in human infections.

Species Geographical distribution of human cases
Acanthotrema felis Korea

Apophallus. donicus USA

Ascocotyle longa Brazil

Centrocestus. armatus

Japan, Korea

Centrocestus caninus

Thailand

Centrocestus cuspidatus

Egypt

Centrocestus. formosanus

Japan, Taiwan, Vietnam, Lao PDR

Centrocestus kurokawai Japan
Cryptocotyle lingua Greenland
Haplorchis pleurolophocerca Egypt

Haplorchis pumilio

China, Egypt, Iran, Korea, Lao PDR,
Philippines, Taiwan, Thailand, Vietnam

Haplorchis taichui

China, Iran, Lao PDR, Philippines, Thailand,
Vietnam

Haplorchis vanissimus

Philippines

Haplorchis yokogawai

China, Egypt, India, Indonesia, Lao PDR,
Malaysia, Philippines, Taiwan, Thailand

Heterophyes dispar

Korea

Heterophyes heterophyes

Egypt, India, Iran, Korea, Sudan

Heterophyes nocens

China, Japan, Korea

Heterophyopsis continua

Japan, Korea

Metagonimus katsuradai

Japan, Russia

Metagonimus minutus

Taiwan

Metagonimus miyatai

Japan, Korea

Metagonimus pusills

Russia

(continued)
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Table 3 Species of Heterophyidae involved in human infections. (cont'd)

Species Geographical distribution of human cases
Metagonimus suifunensis Russia

Metagonimus takahashii Korea

Metagonimus yokogawai All Far East, India, Balkan states, Israel, Iran,

Korea, Siberia, Spain

Procerovum calderoni Africa, China, Philippines

Procerovum varium India, Lao PDR

Pygidiopsis genata Egypt

Pygidiopsis summa Japan, Korea

Stellanchasmus falcatus Hawaii, Japan, Korea, Palestine, Philippines,

Thailand, Vietnam

Stellanchasmus pseudocirratus Hawaii, Philippines
Stictodora fuscata Korea
Stictodora lari Korea

The source of infection for all the species is commonly freshwater snails or brackish water fishes.
Adapted from Toledo, R., Alvarez-Izquierdo, M., Muioz-Antoli, C., Esteban, J.G., 2019. Intestinal
trematode infections. Adv. Exp. Med. Biol. 1154, 181-213.

(Watthanakulpanich et al., 2010). Arya et al. (2016) described pediatric
granulomatous eye disease caused by Pocerovum varium cercariae in 42 chil-

dren with a history of exposure to village ponds and river waters in South
India.

7. Concluding remarks

This review introduces the reader to the pathological and immu-
nological aspects of intestinal trematodes in their definitive hosts. In this
sense, special emphasis has been placed on members of the family
Echinostomatidae, since it is the group of intestinal trematodes in which
the most studies have been done. Information on the topics covered in the
review is relatively sparse compared with that on other helminths, parti-
cularly the intestinal nematodes. It is difficult to ascertain the reasons



Immunology and pathology of echinostomes and other intestinal trematodes 45

behind the lack of research on these topics. Many of the species are not
considered of clinical importance and are only locally endemic. This may
explain in part the minimal attention given to these helminths. However,
many of the species considered in the review cause significant pathology
and elicit an immune response.

Moreover, recent studies have shown that intestinal flukes can be a great
model for the study of immune reactions in the intestinal mucosa and their
influence on the course of infections at this level. These studies have con-
tributed to increasing our knowledge about aspects such as the role of IL-25 in
generating resistance to infections, the regulation of these responses, the actual
involvement of antibodies in the infections or, even, the interactions between
the trinomial parasite/host immune system/resident microbiota. and their
influence on the infection. Therefore, studies using intestinal trematodes as
experimental models, may be useful to analyze the immune mechanisms
involved in the generation of resistance or susceptibility to intestinal pathogens.
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