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Glossary

Eucestode Eucestodes, which can infect humans, are
divided into two orders, Cyclophyllidea and
Pseudophyllidea. Most pathogenic cestodes are in the order
Cydophyllidea, including Echinococcus spp., Taenia solium,
and Hymenolepis nana.

Helminths Helminths utilizing humans as intermediate
host, paratenic host (where developmental progression
does not occur), or definitive host are represented by the
roundworms (phylum Nematoda), flukes (Digenea), and
tapeworms (Eucestoda). The latter two belong to the
phylum Platyhelminthes. All Platyhelminthes are
hermaphroditic, except for blood flukes (Schistosomes),
which are dioecious.

Life cycle Cestode parasite requires two or more host
species to complete their life cycle. This includes one or two
species as the intermediate host and one as the definitive
host. The life cycle is maintained by the predator-prey
interactions.

Metacestode A larval stage of cestodes established in
parenteral tissues of the intermediate host, which is
generally highly pathogenic.

Abstract

Oncosphere Embryo in egg shell of cyclophyllidean
cestode which is highly immunogenic in the mammalian
intermediate host. Eggs of cyclophyllidean cestodes,
produced in the adult tapeworm's gravid proglottids, are
the infective stage and ready to infect when they are
inoculated into suitable susceptible intermediate host
animals.

Tapeworm Adult stage of cestodes established in the
intestinal lumen of the definitive host and generally benign
in terms of pathology. However, eggs produced in
tapeworms can directly cause autoinfection in the same
host individuals, causing massive or disseminated
metacestodiases. Such autoinfection is well known in
Taenia solium and Hymenolepis nana.

Vaccine Intermediate mammalian host animals become
completely immune to reinfection with eggs within a few
days of the primary infection with eggs. Therefore, vaccines
against the establishment of metacestodes are most
promising and effective across all parasitic infections. The
target stage is the oncosphere.

There is a dynamic balance between host-protective and parasite-protective defense mechanisms from the beginning of
infection until the parasite is killed or expelled, or the host dies. In cestode infections of mammals, including humans, and
especially when they acquire infection with eggs as the intermediate host, they become immune to reinfection with eggs.
Simultaneously, these eggs are highly pathogenic and cause zoonotic metacestodiases including cysticercosis and
echinococcosis. In contrast, when mammals, including humans, become the definitive hosts, the extent of immunity to adult
tapeworms in the intestine is not always clear, and the pathogenicity of adult tapeworms is generally low. Zoonotic cestode
infections are maintained by predator-prey interactions. Among these zoonotic cestodes, there are two exceptional species,
which can complete their whole life cycles within a single mammalian host (Hymenolepis nana and Taenia solium). Among-
other zoonotic cestodes, Echinococcus spp. are notable, since their definitive hosts are exclusively carnivores. However, such
carnivorous definitive hosts may become accidental intermediate hosts in some circumstances. Immunity to cestode infections
is differentiated as parenteral tissue immunity in the intermediate host and enteral immunity in the definitive host.

Introduction

Eucestodes (Cestoda) and trematodes (Digenea) are major
fauna of parasitic platyhelminths. Eucestodes are unique para-
sites which complete the whole life cycle in two or more host
animals by predator-prey interactions. Predators, either carni-
vores or omnivores, are the definitive hosts which are parasit-
ized with adult tapeworms after ingestion of uncooked or
undercooked meat contaminated with larval stage of cestodes
in prey animals of omnivores or herbivores. However, omni-
vores or even carnivores which usually function as the definitive

host may accidentally become the intermediate host. Table 1
briefly summarizes the main cestodes which can infect humans.
Both Hymenolepis nana and Taenia solium are two exceptional
species which can normally complete their whole life cycle in
one mammalian host. Carnivores, which are normally the
definitive hosts, accidentally become unusual intermediate
hosts of Echinococcus spp. (Ito, 2015a,b). Details of cestode
life cycles can be found on the Centers for Disease Control
and Prevention website (see Relevant Website).

Eggs with oncospheral embryos inside, infective for the
intermediate host (Cyclophyllidea) or not (Pseudophyllidea),
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Table 1

Major cyclophyllidean cestodes which require mammalian

hosts for the completion of the life cycle and known to be zoonotic

Family and species Intermediate host Definitive host
Taeniidae
Taenia soliun’ Human, pig, dog Human
Taenia saginata Cattle, reindeer Human
Taenia asiatica Pig, cattle Human
Taenia crassiceps Rodent, (human) Dog, fox
Taenia ovis Sheep, (human) Dog
Taenia hydatigena Pig, sheep, goat, Dog
(human)
Taenia pisiformis Rabbit, (human) Dog, fox
Taenia taeniaeformis Rodent, (human) cat
Taenia coenurus Sheep, rabbit, (human) Dog, cat, wolf
Taenia serialis Rabbit, rodent, (human)  Dog, fox, wolf
Taenia martis Rodent, (human) Dog, fox
Echinococcus Sheep, goat, human, Dog
granulosus S.S. (cat)
Echinococcus canadensis  Pig, camel, moose, Dog, wolves
human
Echinococcus Rodent, human, primate,  Fox, dog, wolf
multilocularis (fox, dog)
Echinococcus vogeli Paka, human Bush dog
Echinococcus oligarthra Agoutis, human Wild felids
Hymenolepididae
Hymenolepis nana’ Rodents, humans Rodents,
humans
All other species Beetles Rodents,
humans

Eggs of Echinococcus spp. may rarely infect the definitive host animals (Ito, 2015a).
aWhole life cycle may be completed in a single host from eggs to metacestodes and
from metacestodes to adult worms (H. nana) or from metacestodes to adult worms
and from eggs to metacestodes (7. solium). However, in the latter, metacestodes
developed in human body have no chance to contribute for further development
without cannibalism (lto, 2015a). In these species, autoinfection occurs (lto,
2015a,b).

Modified from Nakao, M., Lavikainen, A., Yanagida, T., Ito, A., 2013. Phylogenetic
systematics of the genus Echinococcus (Cestoda: Taeniidae). Int. J. Parasitol. 43,
1017-1029; Ito, A., Yanagida, T., Nakao, M. Recent advances and perspectives in
molecular epidemiology of Taenia solium cysticercosis. Infect. Genet. Evol. http://dx.
doi.org/10.1016/j.meegid.2015.06.022, in press; additional data from Ntoukas et al.,
2013. Cerebellar cysticercosis by larval Taenia crassiceps tapeworm in immunode-
ficient woman. Emerg. Infect. Dis. 19, 2008-2011; and Brunet, J., Benoilid, A.,
Kremer, S., et al., 2015. First case of human cerebral Taenia martis cysticercosis.
J. Clin. Microbiol. 53, 2756-2759.

or proglottids full of eggs represent an exceptional develop-
mental stage of cestodes which can remain outside of the
host after shedding by defecation. All other stages are estab-
lished in the host body to develop and differentiate to the
next developmental stage. Oncospheral embryos hatch in the
small intestine of suitable herbivores or omnivores or some-
times carnivores, and invade the intestinal tissue and migrate
into parenteral tissues including brain, liver, lungs, bone, etc.,
and develop into larval stage (=metacestodes). These stages
are highly pathogenic and often fatal to the host (Arme et al.,
1983). Almost all metacestodes except H. nana survive for
long periods in parenteral tissues of the intermediate host until
they are ingested by the definitive host. When definitive hosts
ingest the intermediate hosts contaminated with metacestodes,
these metacestodes develop into mature tapeworms in the
small intestine and release eggs. The longevity of adult tape-
worms is highly variable among the cestode species.

Key questions in cestode biology that might be understood
from both immunological and developmental biology view-
points (Ito, 2015a) include:

1. What determines host specificity?

2. What are the mechanisms of tissue or organ tropism?

3. What mechanisms allow long-term survival of metacestodes
in the intermediate host?

4. What mechanisms determine the life span and fecundity of
adult tapeworms?

5. What mechanisms allow for intermediate host shifting from
invertebrates to vertebrates in H. nana infection?

Primary Infection in an Intermediate Host

Host specificity is usually fixed with either a wide or narrow host
range. For example, the intermediate hosts of Taenia saginata are
cattle and reindeer, whereas those of T. solium are pigs, dogs, and
humans. What determines the innate resistance to oncospheral
hatching in the intestinal lumen of different animal species,
with complete failure of invasion of intestinal tissue in resistant
host species, is currently unknown. However, it is well known
that a susceptible host becomes completely resistant or immune
to reinfection with eggs within a few days of oral egg inoculation
and that this reinfection immunity lasts until the host dies. No
other parasite induces such a crucial and critical resistance to
reinfection with eggs, and this fact underpins why highly effi-
cient vaccines have been developed against zoonotic cestode
infections (Mitchell et al., 1977; Rickard and Williams, 1982;
Williams, 1983; Rickard, 1983; Johnson et al., 1989; Lightowlers
et al., 2003; Gauci and Lightowlers, 2003). Indeed, there are no
other parasites for which such complete resistance to reinfection
can be demonstrated by vaccination.

The Mechanism Involved in Resistance to Reinfection
with Eggs

Passive transfer of serum from resistant host animals is well
documented, providing the basis for antibody-based vaccines
targeting the oncosphere. Historically, booster immunizations
were required to generate high antibody titers following immu-
nization and given the role of T cells in generating secondary
antibody responses, some effort has been made on identifying
the nature of those T cells that contribute to antibody formation.

The mechanism assessed after several weeks of primary
infection but challenged with secondary inoculation with
eggs was identified early on as being thymus-dependent
acquired immunity (Okamoto, 1968; Okamoto and Koizumi,
1972; Mitchell et al., 1977; Asano and Okamoto, 1991). There-
fore, congenitally athymic nude mice or rats are susceptible to
secondary infection or reinfections with eggs in H. nana/mouse
or rat system and Taenia taeniaeformis/mouse or rat system
(Mitchell et al., 1980; Ito, 1997, 2015a).

In these cestode infections, the importance of T-helper 1/
T-helper 2 (Th1/Th2)-cell balance and IFNy has been reported
(Asano and Muramatsu, 1997; Ma et al., 2014). Newer studies
have involved the traditional complement of gene-deficient
and mutant mice to study this response in more detail, including
NOG and NOD/shi-scid, and TLR2 knockout (KO) mice.


http://dx.doi.org/10.1016/j.meegid.2015.06.022
http://dx.doi.org/10.1016/j.meegid.2015.06.022
https://www.researchgate.net/publication/284202716_Effect_of_neonatal_thymectomy_on_acquired_resistance_to_Hymenolepis_nana_in_mice?el=1_x_8&enrichId=rgreq-1685fc0c6a25111abe627f92b8ddeaf9-XXX&enrichSource=Y292ZXJQYWdlOzMwMjg3NDYyNjtBUzozODQwNDYxNDEwNjcyNjRAMTQ2ODU3NTE0MzUzNQ==
https://www.researchgate.net/publication/269726747_Basic_and_Applied_Problems_in_Developmental_Biology_and_Immunobiology_of_Cestode_Infections_Hymenolepis_Taenia_and_Echinococcus?el=1_x_8&enrichId=rgreq-1685fc0c6a25111abe627f92b8ddeaf9-XXX&enrichSource=Y292ZXJQYWdlOzMwMjg3NDYyNjtBUzozODQwNDYxNDEwNjcyNjRAMTQ2ODU3NTE0MzUzNQ==
https://www.researchgate.net/publication/269726747_Basic_and_Applied_Problems_in_Developmental_Biology_and_Immunobiology_of_Cestode_Infections_Hymenolepis_Taenia_and_Echinococcus?el=1_x_8&enrichId=rgreq-1685fc0c6a25111abe627f92b8ddeaf9-XXX&enrichSource=Y292ZXJQYWdlOzMwMjg3NDYyNjtBUzozODQwNDYxNDEwNjcyNjRAMTQ2ODU3NTE0MzUzNQ==
https://www.researchgate.net/publication/223363940_Hymenolepis_nana_Effect_of_antithymocyte_serum_on_acquired_immunity_in_mice?el=1_x_8&enrichId=rgreq-1685fc0c6a25111abe627f92b8ddeaf9-XXX&enrichSource=Y292ZXJQYWdlOzMwMjg3NDYyNjtBUzozODQwNDYxNDEwNjcyNjRAMTQ2ODU3NTE0MzUzNQ==
https://www.researchgate.net/publication/223363940_Hymenolepis_nana_Effect_of_antithymocyte_serum_on_acquired_immunity_in_mice?el=1_x_8&enrichId=rgreq-1685fc0c6a25111abe627f92b8ddeaf9-XXX&enrichSource=Y292ZXJQYWdlOzMwMjg3NDYyNjtBUzozODQwNDYxNDEwNjcyNjRAMTQ2ODU3NTE0MzUzNQ==
https://www.researchgate.net/publication/21368990_Murine_T_cell_clones_specific_for_Hymenolepis_nana_Generation_and_functional_analysis_in_vivo_and_in_vitro?el=1_x_8&enrichId=rgreq-1685fc0c6a25111abe627f92b8ddeaf9-XXX&enrichSource=Y292ZXJQYWdlOzMwMjg3NDYyNjtBUzozODQwNDYxNDEwNjcyNjRAMTQ2ODU3NTE0MzUzNQ==
https://www.researchgate.net/publication/17006500_HydatidosisCysticercosis_Immune_Mechanisms_and_Immunization_Against_Infection?el=1_x_8&enrichId=rgreq-1685fc0c6a25111abe627f92b8ddeaf9-XXX&enrichSource=Y292ZXJQYWdlOzMwMjg3NDYyNjtBUzozODQwNDYxNDEwNjcyNjRAMTQ2ODU3NTE0MzUzNQ==
https://www.researchgate.net/publication/15817577_A_mechanism_to_account_for_mouse_strain_variation_in_resistance_to_the_larval_cestode_Taenia_taeniaeformis?el=1_x_8&enrichId=rgreq-1685fc0c6a25111abe627f92b8ddeaf9-XXX&enrichSource=Y292ZXJQYWdlOzMwMjg3NDYyNjtBUzozODQwNDYxNDEwNjcyNjRAMTQ2ODU3NTE0MzUzNQ==
https://www.researchgate.net/publication/13836331_Basic_and_applied_immunology_in_cestode_infections_From_Hymenolepis_to_Taenia_and_Echinococcus?el=1_x_8&enrichId=rgreq-1685fc0c6a25111abe627f92b8ddeaf9-XXX&enrichSource=Y292ZXJQYWdlOzMwMjg3NDYyNjtBUzozODQwNDYxNDEwNjcyNjRAMTQ2ODU3NTE0MzUzNQ==
https://www.researchgate.net/publication/13808006_Importance_of_interferon-g_in_protective_immunity_against_Hymenolepis_nana_cysticercoids_derived_from_challenge_infection_with_eggs_in_BALBc_mice?el=1_x_8&enrichId=rgreq-1685fc0c6a25111abe627f92b8ddeaf9-XXX&enrichSource=Y292ZXJQYWdlOzMwMjg3NDYyNjtBUzozODQwNDYxNDEwNjcyNjRAMTQ2ODU3NTE0MzUzNQ==
https://www.researchgate.net/publication/10824019_Molecular_cloning_of_genes_encoding_oncosphere_proteins_reveals_conservation_of_modular_protein_structure_in_cestode_antigens?el=1_x_8&enrichId=rgreq-1685fc0c6a25111abe627f92b8ddeaf9-XXX&enrichSource=Y292ZXJQYWdlOzMwMjg3NDYyNjtBUzozODQwNDYxNDEwNjcyNjRAMTQ2ODU3NTE0MzUzNQ==

Immunity to Bacterial, Parasitic and Fungal Infections | Inmunology in Cestode Infections 161

All studies on reinfection immunity have demonstrated this
to be thymus dependent, as assessed after >2 weeks of the
primary infection (Mitchell et al, 1977; Ito, 1977), yet
complete resistance to reinfection with eggs is induced within
a few days of the primary egg inoculation. Even a single
oncospheral invasion is sufficient to induce this rapid resistance
(Ito and Yamamoto, 1976). The underlying mechanism of this
rapid resistance has not yet been identified, since the very early
stage of the onset of the resistance to reinfection cannot be
explained by antibody responses. Therefore, it remains as an
unsolved challenge to understand the rapid onset of resistance.
Furthermore, the assay system for evaluation of reinfection
immunity is not well suited for assessing early resistance mech-
anisms and there might be some discrepancy between the real
mechanisms of protection and those so far described (Ito,
2015a). What is the real mechanism of the rapid resistance
evoked within a few days? It is most likely that the effector
mechanism reflects an innate resistance to reinfection but not
to a primary infection, implying some degree of remodeling
of the innate response during primary infection. Nevertheless,
it is clear that there is a late-acting component, as assessed by
thymus-dependent and antibody-dependent assays.

What Mechanism(s) Regulate Long-Term Survival
of Metacestodes in the Intermediate Host?

Metacestodes may be found selectively in brain, liver, muscle,
abdominal cavity, or in multiple sites. For example, Taenia pisi-
formis and Taenia hydatigena develop in the liver but escape
from the liver into the abdominal cavity to grow up to mature
metacestodes, whereas T. solium and Echinococcus spp. may
develop in the brain. There are several different types of parasite
strategy for metacestode survival in the intermediate host. (1)
Metacestodes can develop into adult tapeworms in the same
individual’s intestine as shown for H. nana in the mouse or
human system with no additional step of survival in the
mammalian intermediate host tissue (Ito, 2015a). This is rather
rare or exceptional. (2) Metacestodes can survive for a long
time to be ingested by the definitive predator host, as typical
in Echinococcus spp. infections and some other species, which
may cause metacestodiases such as cysticercosis caused by
T. solium and sparganosis by Spirometra erinacei. Among these
parasites, Echinococcus multilocularis is unique, since the meta-
cestode causes chronic progressive hepatic damage through
continuous proliferation of metacestode. Other unique para-
sites are Taenia species which result in long survival of the cysti-
cercus and coenurus in mammalian intermediate hosts. The
cysticercus of T. solium is unique among them, since it causes
neurocysticercosis (NCC), a potentially lethal disease character-
ized by the late onset of seizures.

Taenia solium is unique, since it can infect humans via eggs
released from the human tapeworm carrier or via metacestodes
derived from pigs. Metacestodes of this parasite can survive
longer than 10-30 years in the human brain with no symptoms
(Yanagida et al., 2010). Cysticerci of T. solium cause cysticercosis
incduding the most potentially lethal NCC. There is some
unique mechanism to keep the host-parasite balance during
the asymptomatic stage, where minimal inflammatory response
occurs. This represents a crucial difference from almost all other
helminthic infections, where eosinophilia dominates. When

host-protective mechanisms become stronger than the regula-
tory ones that favor parasite survival, sudden edema is triggered
and inflammatory responses with eosinophilia become clear.
The metacestodes of this parasite excrete and secrete antigen B
(AgB) family proteins, potent anti-inflammatory substances
(Laclette et al., 1989). A similar parasite-protective mechanism
has been analyzed in Taenia crassiceps infections in mice (Spolski
et al., 2000; Reyes et al.,, 2011). AgBs are common components
in metacestodes of Taenia and Echinococcus and facilitate the
parasite’s differentiation and long-term survival.

The cysticercus of T. solium is vesicular and less than 1 cm in
diameter in immunocompetent hosts. Avesicular, racemose, or
giant cysts, crucially different types of cysticercus, may,
however, develop in immunodeficient patients. Thus far, there
is no animal model for avesicular cysticercus in experimental
animals. As avesicular, racemose, or giant cysticerci are exclu-
sively found in patients with immunodeficiency, this implies
that some immune mechanism contributes to maintaining
vesicular cysticerci in immunocompetent hosts, but such mech-
anism(s) have not been determined.

Taenia crassiceps is unique in another way, since metacesto-
des of this parasite can be reproduced by budding of the
mother metacestode. The mechanism of budding is unknown
(Ntoukas et al., 2013). Other taeniid parasites (Brunet et al.,
2015) are also highly variable in aspects of their developmental
biology, including coenurus and echinococcus.

The most important echinococcoses are caused by Echino-
coccus granulosus sensu lato, mainly E. granulosus sensu stricto
(G1) and Echinococcus canadensis (G6/7) which cause cystic
echinococcosis (CE) and by E. multilocularis which causes alve-
olar echinococcosis (AE). Echinococcus granulosus s.s. and
E. multilocularis are relatively well analyzed, since these diseases
are chronic and AE, like hepatic cancer, can result in death of
the host including humans (Gottstein et al., 1994). Kizaki
et al. (1993a,b) reported CD8* T cell-mediated immunosup-
pression by protoscoleces of E. multilocularis, but further work
is required to define the source of target antigens, given that
the majority of AE lesions are not fertile, but sterile without
protoscoleces (Ito et al., 2001). Echinococcus cysts, mainly
E. multilocularis, are well known to be fertile in highly suscep-
tible hosts but sterile in less susceptible hosts. This appears to
be a genetically controlled mechanism in humans and in
rodents with experimental secondary echinococcosis (Gottstein
et al., 1994; Nakaya et al., 1997). T cell-mediated immune
responses provide a crucial control of proliferation of this para-
site, but the parasite counters with modulation of the T cell
immune response for its longer survival (Vuitton et al., 2006;
Graichen et al.,, 2007; Nono et al., 2014).

Susceptibility versus Resistance to Oncospheral Invasion
into the Intestinal Tissue and Differentiation into Metacestodes
in Parenteral Tissue* (*Exception: Hymenolepis nana)

What is the factor to control the host specificity for oncospheral
invasion into the mammalian intermediate host? Table 1
clearly indicates that the host species are rather rigid for each
cestode species. However, this host specificity is maintained
only when eggs are orally inoculated into different host species.
Experimental inoculation of hatched oncospheres into the
abdominal cavity, subcutaneous tissue, or other tissue can
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Figure 1 Abnormal balloon-like cysticercoids of Hymenolepis nana in
a nude mouse 14 days after a primary egg inoculation and a normal
cysticercoid (*) of 4 days after challenge inoculation. Cysticercoid
developed in immunocompetent mice within 4 days of egg inoculation
differentiate into mature adult tapeworm within 12 days. However, as
shown in this figure, some of such cysticercoids remain in the intes-
tinal tissue. This may be pathogenic in immunodeficient hosts including
humans (Olson et al., 2003).

establish metacestodes in resistant host species (Ito et al., 1997;
Nakaya et al., 2006).

Although all cysticercoids of H. nana developed in the intes-
tinal tissue (within 4 days of egg inoculation), some escape
into the lumen where maturation occurs within 12 days of
egg inoculation. However, some cysticercoids in nude mice
cannot escape into the lumen and remain in the intestinal
tissue to become balloonlike giant cysticercoids (Figure 1; Ito
and Kamiyama, 1984), even though the majority develop
into mature tapeworms in the same host. Such abnormal cysti-
cercoids have also been reported in immunodeficient patients
(Olson et al., 2003). These studies may suggest some level of
immune control over the process of luminal invasion.

Vaccines against the Establishment of Metacestodes
in the Intermediate Host Species

As the intermediate host becomes immune to reinfection with
eggs of these cestodes, vaccine development against zoonotic
cestode species has been the most promising and feasible of
all parasitic vaccine development programs (Gauci et al.,
2006). Antifecundity vaccines are alternative vaccine candidates
in other parasite infections (Bergquist et al., 2005; Diemert et al.,
2008; Schneider et al., 2011). In contrast, vaccines against larval
cestode infections are expected to induce almost 100% protec-
tion (Johnson et al., 1989; Lightowlers, 2003; Jayashi et al.,
2012; Gauci et al., 2013), and highly efficient vaccines against
cysticercosis and echinococcosis have been developed. Two
doses appear to be necessary, but a single dose may be sufficient.

Primary Infection in a Definitive Host

Susceptibility versus Resistance to Establishment
and Differentiation of Juveniles into Adult Worms
in the Intestinal Lumen

As the majority of cestodes which mature in the mammalian
definitive host require omnivorous and carnivorous species, it

is difficult to analyze the mechanism. Therefore, most studies
have been carried out using Hymenolepis species which usually
matures in rodents and humans after ingestion of metacestodes
(=cysticercoids) developed in arthropods (mainly small flour
beetles such as Tribolium spp.). In experimental infection in
rodents, cysticercoids isolated from beetles are orally inocu-
lated. Three species have been relatively well studied: Hymeno-
lepis diminuta, H. nana, and Hymenolepis microstoma. However,
these three species have their own unique strategies for survival
in permissive (mouse) and nonpermissive (rat) hosts
(Ito, 2015a). Among these three hymenolepidid species,
H. diminuta is ideal for studying immunity to adult tapeworms
in the small intestine without any other influence from eggs,
which may occur by autoinfection in the H. nana/mouse
system (Ito and Smyth, 1987; Ito, 2015a). Taenia spp. and
Echinococcus spp. have also been studied in laboratory animal
models.

Hymenolepis diminuta survives for longer than 1 year in the
rat host but cannot mature in the nonpermissive mouse. There
are many reports on the mechanism of resistance in the mouse
(McKay and Khan, 2003; Persaud et al.,, 2007; Reyes et al.,
2015), and long-term survival has been attributed to
parasite-produced immunosuppressive factor(s) (Johnston
et al, 2010). Infection with helminths evokes in general
a Th2-cell response in mammalian hosts. Interleukin (IL)-4
and IL-13 are known to be important in the rapid expulsion
of parasitic nematodes (Artis, 2006). In the H. diminuta
model, only STAT-6 KO mice harbored adult worms. Neither
gravid adult nor stunted H. diminuta were found in infected
IL-4 KO or IL-13 KO mice, 12 days or longer postinoculation
with cysticercoids (Mckey and Khan, 2003; Persaud et al.,
2007; Johnston et al.,, 2010; Reyes et al., 2015). McKey and
colleagues proposed that increased mucin production is an
important part of the host response to tapeworm infection
and that functional STAT-6 signaling may be an
absolute requirement for the rejection or expulsion of intes-
tinal cestodes and thus, helminth parasites in general. There
are no reports, however, on mechanisms that regulate how
juveniles escape from the cysticercoid wall, and their develop-
ment into mature worms in permissive but not in nonpermis-
sive host species.

Hymenolepis nana survives for shorter periods compared
with other species, just 2 weeks in some strains of mice. The
size of the adult worms becomes smaller over this time course
and stunted worms disappear within 1 month. In contrast, in
other strains of mice H. nana can survive up to 6 months. IgE
production and mast cell development have been reported to
be involved in worm expulsion and/or stunted development
(Watanabe et al., 1994). This parasite is exceptional among
almost all other cestodes, since it can complete its whole life
cycle within a single mammalian host, either mice or humans
(Tto and Smyth, 1987; Ito, 1997, 2015a). This parasite-mouse
system may be the only model in which (1) immunity to rein-
fection with eggs in the intermediate host and that to reinfec-
tion with cysticercoids in the definitive host and (2) direct
comparative studies on the tissue phase in the intermediate
host and the lumen phase in the definitive host can be analyzed
without considering any influence from different host species
(Ito and Smyth, 1987; Conchedda et al., 1997; Ito, 2015a).
The establishment of adult tapeworms in nonpermissive host
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species may be modified by corticosteroid injection throughout
the expected growing period either in immunocompetent or
congenitally athymic nude rats (Ito and Kamiyama, 1984;
Ito, 1997, 2015a). The mechanism of resistance to the estab-
lishment of adult worms in the intestinal lumen is, however,
unknown.

Hymenolepis microstoma can survive for longer than 1 year in
the mouse host. It parasitizes the bile duct but not the small
intestine. The different mast cell populations in the bile duct
(tissue mast cells) and in the small intestine (mucosal mast
cells) may affect survival. When adult tapeworms were estab-
lished in the bile duct, whole worms are located inside the
bile duct. However, after 6 months of infection, posterior
worm bodies come out of the bile duct and hang down into
the small intestine, again suggestive of an intricate link between
immunity and parasite development.

Experimental Models of Taenia spp. and Echinococcus spp.
Infection

Taenia spp. and Echinococcus spp. can survive in rodents but
only during corticosteroid treatment, even in immunodefi-
cient animals. Therefore, the effect of steroid may not only
be due to immunosuppression but might be on growth
hormones that affect parasite development (Ito and
Kamiyama, 1984; Ito, 2015a). Recent studies on the develop-
ment of adult tapeworms of T. solium in hamsters as a labora-
tory animal model of human infection have shown an intense
IFNY response, as well as upregulation of IL-4 as early as
3 days postinfection, persistance of IL-10 until the end of
the experiment, and downregulation of IL-12 (Cruz-Rivera
et al.,, 2014). Intense IFNYy responses, as well as upregulation
of IL-4 as early as 3 days postinfection may be suggestive of
a mechanism for the rapid onset of reinfection immunity to
eggs discussed above.

Immunity to Reinfection in the Definitive Host

Reinfection immunity to adult cestodes has been studied
using laboratory animal models including Hymenolepis spp.
It is clear that model animals become resistant to reinfection
as shown in H. diminuta/mouse (Iopkins, 1980) and
H. nana/mouse models (Ito and Smyth, 1987). Similarly,
it is clear that in mice inoculated with cysticercoids, which
develop immature adult worms but which are expelled natu-
rally from mice (H. diminuta) or following chemotherapy
(H. nana), there is resistance to reinfection with cysticer-
coids. The mechanism(s) preventing juveniles from estab-
lishing and maturating in the intestinal lumen remain
undefined.

Vaccine against the Establishment of Adult Tapeworms
in the Definitive Host

There are several reports on vaccines against Echinococcus spp. in
dogs, but reproducibility has proved an issue, with control dogs
often showing similar pseudoeffects (Zhang and McManus,
2008; Ito, 2015a). New approaches for vaccine screening are
therefore necessary to support future vaccine development
(Kouguchi et al., 2013).

The Unique Direct Life Cycle in Hymenolepis nanal
Mouse (or Human) and Taenia solium/Human

These two species are exceptional in that they can complete
their whole life cycle in a single host. In H. nana infection,
it is common to complete the whole life cycle from egg to
metacestode (cysticercoid) in the intestinal tissue, and from
metacestode to adult tapeworm in the intestinal lumen of
the same host individual. Eggs produced by adult worms
cannot infect to the same individual unless it is immunode-
ficient. Therefore, only one generation is established in mice
or humans from a direct cycle of egg inoculation. In contrast,
when mice or humans were inoculated with cysticercoids,
they grow into mature tapeworms and eggs released from
adult worms can infect the same individuals (autoinfection)
and two adult generations may be established in the intes-
tinal lumen (Ito and Smyth, 1987; Ito, 2015a). In contrast,
in T. solium infection in humans, the whole life cycle may
be completed from ingestion of metacestodes. Cysticerci
develop to mature tapeworms that release eggs, which can
infect to the same individual. Massive metacestodes may
develop in parenteral tissue and organs and cause cysticer-
cosis (Ito, 2015b).

Conclusions

Each cestode species has a unique biology in the intermediate
and definitive mammalian hosts, and even a single mamma-
lian host may serve as both intermediate and definitive host
(H. nana, T. solium). For example, E. multilocularis has a unique
larval development with continuous proliferation of metacest-
odes mainly in the liver. Cysticerci of T. solium can survive more
than 10years without any damage or any inflammatory
responses. In contrast, cysticercoids of H. nana have no such
stage, and a juvenile developed in the cysticercoid escapes
into the intestinal lumen of the same individual immediately
and continues to mature to produce eggs in immunocompetent
host. A very small portion of cysticercoids remain in the small
intestine or other tissue and become balloonlike giant cysticer-
coids in immunodeficient host, although almost all juveniles
escape into the intestinal lumen and mature as in the immuno-
competent host.

In the susceptible definitive host, how long-term tapeworms
survive in the intestine is highly variable among the species.
Adult tapeworms mature and become senescent or can be
suddenly expelled (Ito and Budke, 2014).

In the resistant host, metacestodes cannot grow into adult
tapeworms, except following immunosuppressive treatment
(Ito_and Kamiyama, 1984; Maravilla et al., 1998, 2011).
However, this is not simply attributed to immunosuppression
but might be due to growth hormone regulation (Ito, 2015a)
which is affected by the IFNy response (Cruz-Rivera et al.,
2014).

Due to the difficulty in maintaining highly pathogenic
cestodes in the laboratory, immune mechanisms in cestode
infections still remain poorly understood. Immunological
research on cestode infections needs to be based on a critical
understanding of each parasite’s unique life cycle (Bergquist
et al., 2005).
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