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Preface

Cysticercosis, caused by the larval stage of Taenia solium, is a serious health and
veterinary problem in many developing countries and is considered one of the most
important neglected tropical diseases in developed countries. In humans, T solium
cysticerci cause neurocysticercosis, which affects approximately 50 million people
worldwide and is considered an emergent disease in the United States. T. solium

also infects pigs, its intermediate hosts, leading to major economic losses. When
humans ingest undercooked contaminated pork meat, the adult worm develops in
the small intestine. After two months of asymptomatic infection, this tapeworm
starts producing thousands of eggs that, once released with stools, can contaminate
the environment, infecting pigs (rapidly differentiating into cysticerci mainly in
the muscle) and humans (where most severe symptoms are observed due to the
presence of cysticerci in the brain). Thus, maintenance of the parasite’s life cycle
depends on the adult tapeworm development. Even in communities that do not rear
or consume pigs, human neurocysticercosis can be found, because of the presence
of a tapeworm carrier. Furthermore, tapeworm development depends on scolex
evagination, the initial step through which a single cysticercus becomes an adult
parasite with the capability of producing infective eggs. There has been a great deal
of scientific advances in this field, including in vaccination, epidemiology, current
drug design, diagnostics, and host-parasite interaction at all levels. However, to
date, there is no book that discusses these advances in detail. As such, this book
provides a comprehensive overview of the current state of the art in taeniosis/
cysticercosis. It discusses recent advances in the study of cysticercosis and taeniosis,
incuiding topics such as clinical disease, vaccines, immune response diagnostics,
and new possible drug targets.

The book begins with a discussion in Chapter 1 by Medina Néri et al. about cardiac
cysticercosis, a rare infection whose diagnosis is usually incidental because most
patients are asymptomatic. Laboratory and imaging tests, such as echocardiogram
and cardiac nuclear magnetic resonance, can also be used in the diagnostic approach.
The clinical manifestations are broad, and patients can present with symptoms

that range from heart failure to arrhythmias. Treatment of this condition has been
scarcely studied and no protocols have been well established to date. One can choose
not to treat the asymptomatic cases or to use cestocides, in the case of symptomatic
individuals. Patient monitoring through cardiac enzymes and electrocardiogram
during treatment is recommended, as well as performing imaging tests after
treatment. Thus, the chapter discusses cardiac cysticercosis, covering everything
from its epidemiology and clinical aspects to diagnostic methods, therapeutics, and
treatment monitoring, with emphasis on the most current aspects.

In Chapter 2, Marisela Hernandez et al. describe the most important advances in

the development of an oral vaccine against porcine cysticercosis. Parasitic, fecally
transmitted diseases, such as taeniasis/cysticercosis, represent a health problem with
continued incidence due to the prevalence of inadequate sanitary conditions, par-
ticularly in developing countries. When the larval stage of the parasite is established
in the central nervous system it causes neurocysticercosis, a disease that can severely
affect human health. It can also cause cysticercosis in pigs, resulting in economic



losses. Since pigs are obligatory intermediate hosts, they are considered targets

for vaccination to interrupt the transmission of parasitosis and eventually reduce
disease. Progress has been made in the development of vaccines for the prevention
of porcine cysticercosis. The authors’ research group identified three peptides that,
when expressed synthetically (S3Pvac) or recombinantly (S3Pvac-phage), reduced
the amount of cysticerci in pigs exposed to natural conditions of infection by 98.7%
and 87%, respectively. Considering that cysticercosis is orally acquired, it seems
feasible to develop an edible vaccine to be administered by pig farmers, simplifying
the logistical difficulties of its application, reducing costs, and facilitating the
implementation of vaccination programs.

In Chapter 3, Olguin et al. discuss the general differences between the different

types of immunoregulation, the kind of cellular populations of the immune system
used by the helminths T. solium and T. crassiceps to induce immunoregulation and
immunosuppression, and the mechanisms used by these parasites such as mimicking
molecules of the immune system to replace these mechanisms directly. We have
learned some critical lessons about the relationship between the human body and its
interaction with many infectious diseases, where the immune system has a major role
in protection. We learned to differentiate between the immune response occurring
in either an intracellular or extracellular parasitic infection, between innate and
adaptative immune response, between either inflammatory or anti-inflammatory
responses, and finally, we learned to recognize very particular mechanisms, such

as the inability of the immune system to respond during certain scenarios, such as
the inability of T cells to both proliferate and produce cytokines even after their
exposure to mitogens or specific antigens. Along with our increased knowledge of
immunology, we figured out that immunoregulation and immunosuppression are
processes used by many parasites to reduce the capacity of the immune system to
eliminate them, and to persist in the host favoring their transmission and completing
their life cycles. Immunoregulation involves several mechanisms such as anergy,
apoptosis, induction of both suppressive cytokines and membrane-bound molecules,
as well as specialized cell populations of the immune system like regulatory

T cells, alternatively activated macrophages, or myeloid-derived suppressor cells,
which together modify the outcome of the immune response. Understanding and
deciphering all these regulatory mechanisms could be useful for developing new
tools to control this infection.

In Chapter 4, Esquivel-Velazquez et. al. delves into the diagnosis of neurocysticer-
cotic patients, the complex nature of cysticercosis disease, and the simplicity of
common immunological assumptions involved in explaining the low scores and
reproducibility of immunotests in the diagnosis of neurocysticercosis. To begin
with, the few studies dealing with the immune response during neurocysticercosis
are not conclusive, which of course is crucial for developing an immunodiagnostic
test. Their full recognition should clear up confusion and reduce controversy as
well as provide avenues of research and technological design. In this chapter, logical
arguments add that even under common immunological assumptions, serology

of neurocysticercosis will always include false negative and positive results. Thus,
serology is no strong support for medical diagnosis of neurocysticercosis. In
contrast, immunotests performed in the cerebrospinal fluid (CSF) of neurological
patients should have fewer false positives and fewer false negatives than in serum.
To conclude, it is argued that high scores in serology for neurocysticercosis will not
yield to usual approaches and that success needs a concerted worldwide effort. A
more punctilious strategy based on the design of panels of confirmed positive and
negative sera needs to be construed, shared, and tested by all interested groups to
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obtain comparable results. The identification of a set of specific and representative
antigens of T. solium and a thorough compilation of the many forms of antibody
response of humans to the many forms of T. solium disease are also to be considered
as one of the most important factors to the disease.

In Chapter 5, Matias Gastén Pérez discusses the role of MicroRNAs (miRNAs) in
taeniosis/cysticercosis. miRNAs are found in animals, plants, and some viruses
and belong to the heterogeneous class of non-coding RNAs (ncRNAs), which
post-transcriptional activity regulates gene expression. They are linked to various
cellular activities such as cell growth, differentiation, development, and apoptosis.
In addition, clinical trials targeting miRNAs in cancer, metabolic diseases, and
viral infections have shown promising results. The chapter provides an overview
of T solium and T. crassiceps miRNAs, their possible biological functions, their role
in host-parasite communication, and their potential role as biomarkers and drug
targets.

In Chapter 6, Zubillaga et al. discuss the role of cytosolic glutathione transferases
(GSTs) as potential drug targets. Helminth cytosolic glutathione transferases (GSTs)
are essential enzymes involved in the regulation of immune responses, transport,
and detoxification. In T solium, three cytosolic GSTs with molecular masses of

26.5 (Ts26GST), 25.5 (Ts25GST), and 24.3 kDa (TsMoGST), classified as mu-class,
mu-alpha, and sigma GST-classes, respectively, constitute the main detoxification
system, and they may be immune targets for the development of vaccines and new
anthelmintics. The authors performed a successful virtual screen, and identified 17,
a novel selective inhibitor of Ts26GST that showed a non-competitive inhibition
mechanism towards substrate glutathione with a Ki of 55.7 mM and mixed inhibi-
tion towards the electrophilic substrate 1-chloro-2,4- dinitrobenzene with a Ki of
8.64 mM. Docking simulation studies showed that I7 binds to a site adjacent to the
electrophilic site and the furthest from the glutathione site. This new inhibitor of
Ts26GST will be used as a lead molecule to develop new effective and safe drugs
against diseases caused by T. solium.

In Chapter 7, Rios-Valencia et al. discuss the post-genomic era of T. solium
research. Cestode parasites rely on their host to obtain their nutrients. Elucidation
of tapeworm genomes has shown a remarkable reduction in the coding of multiple
enzymes, particularly those of anabolic pathways. Previous findings showed that
10%-13% of the proteins found in the vesicular fluid of T solium cysticerci are of
host origin. Further proteomic characterization allowed identification of 4,259
different proteins including 891 of host origin in the parasite’s protein lysates. One
explanation for this high abundance and diversity of host proteins in the parasite
lysates is related to the functional exploitation of host proteins by cysticerci.
Supporting this concept is the uptake of host haptoglobin and hemoglobin by

the parasite as a way to acquire iron. Surprisingly, internalized host proteins are
minimally degraded by the parasite’s physiological machinery. Additional proteomic
analysis demonstrated that these host proteins become part of the organic matrix
of calcareous corpuscles as 60%-70% of the protein content is host proteins. This
chapter assembles a collection of available genomic and proteomic data for taeniid
cestodes and addresses the use and processing of host proteins.

Finally, in Chapter 8, Romano et al. examine the host-parasite relationship and the
host’s hormonal environment, which determines susceptibility to and the course
and severity of several parasite infections. In most cases the infection disturbs

the host environment and activates immune responses that end up affecting the
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endocrine system. Several reports indicate that parasites have reproductive systems,
and some others have shown that these organisms synthesize sex steroid hormones.
The authors show that the cysticerci of T crassiceps and T. solium have the capacity
to synthesize corticosteroids such as deoxicorticosterone and corticosterone. They
also discuss the effects of thyroid hormones and infection with T solium cysticerci
(neurocysticercosis), and state that infection causes endocrine alterations in male

and female patients.

This book assembles novel and important information about a disease that is
a health burden in underdeveloped countries an emerging health problem in
developed ones. We hope that readers find it a useful reference.
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Chapter1

Cardiac Cysticercosis: Current
Trends in Diagnostic and
Therapeutic Approaches

Ane Karoline Medina Néri,
Danielli Oliveira da Costa Lino, Sava da Silva Veras,
Ricardo Pereira Silva and Geraldo Bezerra da Silva Jiunior

Abstract

Cardiac cysticercosis is a rare infection and its diagnosis is usually incidental, as
most patients are asymptomatic. Laboratory and imaging tests, such as echocardiogram
and cardiac nuclear magnetic resonance, can also be used in the diagnostic approach.
The clinical manifestations are broad and patients can present with symptoms that
range from heart failure to arrhythmias. Treatment of this condition has been scarcely
studied and no protocols have been well established to date. One can choose not to treat
the asymptomatic cases or to use cestocides, in the case of symptomatic individuals.
Patient monitoring through cardiac enzymes and electrocardiogram during treatment
is recommended, as well as performing imaging tests after treatment. This chapter aims
to discuss cardiac cysticercosis, divided into sessions that will cover everything from its
epidemiology and clinical aspects to diagnostic methods, therapeutics and treatment
monitoring, with emphasis on the most current aspects.

Keywords: Helminthiasis, Taenia Infections, Cysticercosis, Neglected Diseases,
Cysticercus, Cardiovascular Infections, Cardiac Diseases

1. Introduction

Endemic in Asia, Africa and Latin America, cysticercosis is caused by the inges-
tion of Taenia solium eggs. Contamination is caused by autoinfection in individuals
with taeniasis, due to poor hand hygiene, or by heteroinfection, from contaminated
foods, especially raw vegetables and water [1, 2].

The incubation period after the ingestion of the egg lasts for 3-8 weeks, with
symptom onset occurring in up to 3-5 years. It is believed that the cysticercus is able
to survive for a period of 3 to 6 years, after which it begins to degenerate, causing
fibrosis or necrosis in the affected tissues due to the triggered inflammatory pro-
cess. Nonetheless, the infection usually remains asymptomatic. Morphologically,
the cysticercus exhibits two forms: the cystic form that contains the scolex and the
racemous form, which corresponds to a set of vesicles, without scolex and a con-
figuration similar to grape clusters [1].

The most affected tissues in cysticercosis are muscle and eye tissues, and the most
severe manifestations are, overall, those related to the central nervous system [1].

3 IntechOpen
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Cardiac cysticercosis is rare, although autopsy studies have shown a 20-27% preva-
lence of cardiac cysticercosis occurring concomitantly with neurocysticercosis [3, 4].
In cases of cardiac involvement, pericardial effusion, signs of edema and myocardial
inflammation or even myocardial infarction can occur [5].

The diagnosis can be attained by conclusively demonstrating the presence of the
cysticercus through histopathological techniques in biopsy material, by visualizing
the scolex in computed tomography or magnetic resonance imaging tests or by
fundus examination, in cases of intraocular cysticercosis. In the absence of direct
demonstration of the parasite presence, serological tests allow the diagnosis of the
disease, although these tests are not widely commercially available [6].

There is no consensus on the treatment of cysticercosis with cardiac involve-
ment. Patients with extraneural cysticercosis should be evaluated and high-risk
situations, such as disseminated infections, intraventricular cysts and ocular
involvement, should be excluded. Cases of asymptomatic individuals may not
require surgical or anthelmintic therapy [3, 7].

The role of anthelmintics, such as Albendazole and Praziquantel, in the treat-
ment of cardiac cysticercosis has not been directly investigated. However, it seems
that the use is valid due to their effectiveness in the treatment of cysticercosis in
other sites, such as neurocysticercosis. The role of cardiac surgery in the treatment
of this condition also remains unclear [2].

Asitis arare condition and, therefore, still little discussed, this chapter aims
to discuss the existing evidence in the literature on the diagnosis and treatment of
cysticercosis with cardiac involvement, emphasizing the most current trends.

2. Epidemiology and clinical presentation of cysticercosis with cardiac
involvement

Cysticercosis with cardiac involvement, especially myocardial impairment, is
considered rare, and has been scarcely studied, being more frequently asymptom-
atic, so its diagnosis is often incidental, usually attained during cardiac surgery or at
autopsy [1, 2]. Retrospective studies with autopsies have shown a variable preva-
lence of cardiac involvement, between 22.6% and 26.8% [3, 4, 8, 9] of the cases
identified with cysticercosis.

As for the presentation according to the age group, another autopsy study
showed that, of patients with cysticercosis, 27.8% were elderly and 72.2% were
non-elderly, and that among the first, 20% had cardiac involvement due to cysti-
cercosis, whereas of the latter, 25% showed cardiac cysticercosis [10]. Research [8]
has shown a higher prevalence of cysticercosis in male individuals in all age groups,
except for those between 30 and 39 years old, in which there was a greater number
of affected women.

Cysticerci appear as oval cystic structures with thin, semitransparent and serous
walls, containing liquid and measuring up to 30 mm in diameter, which contain a
characteristic scolex [6]. Cysticercal involvement and distribution are variable in
cardiac tissues, including the pericardium, subendocardium and myocardium
[1, 6]. Cardiac cysticerci are usually multiple and, rarely, a single cardiac cyst
may be present [1].

The immune system of the infected individual may not recognize the cysts for
many years. However, when cysticerci age, their cystic structures can rupture,
which will result in an inflammatory response [9] with variable expression and the
possibility of granulomas and also fibrosis [2]. Although most cases are asymp-
tomatic, clinical manifestations may occur as a result of inflammation, precisely at
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the time of spontaneous cysticercus degeneration or during treatment, which may
result in different degrees of cardiac involvement [1, 2].

One study [11] showed that non-elderly individuals had significantly more cardiac
inflammation than the elderly and that the inflammatory infiltrate decreases with
age and depends on the evolutionary stage of the cysticercosis. Moreover, the study
showed there are gender differences regarding the intensity of the inflammatory
response triggered by the presence of cysticerci in the heart, with women (elderly and
non-elderly) showing a more intense response to the parasitosis than men.

Therefore, in cases of cardiac involvement, myocarditis with transient left ven-
tricular dysfunction, pericardial effusion of variable extension, restrictive cardio-
myopathy due to fibrosis formation [6], ischemic heart disease [12], in addition to
valve pathologies [1, 2, 6] and conduction system defects, such as bradyarrhythmia
and advanced atrioventricular block [13, 14] can occur. Dilated cardiomyopathy
[6] and even severe ventricular dysfunction and cardiogenic shock have also been
reported, in cases with severe cardiac or cardiopulmonary infestation [15].

The reasons why some patients have multiple cysticerci, while others have a single
lesion remain uncertain. In a prospective follow-up study in India with 60 patients
with disseminated cysticercosis, it was observed that changes in the Toll-like recep-
tor-4 of Asp299Gly and Thr3991le genes increased the risk (6.63 and 4.61-fold in the
presence of polymorphisms, respectively) of disseminated cysticercosis [7].

The relationship between cysticercosis and immunosuppression remains uncer-
tain, although post-chemotherapy cases of cysticercosis have been documented in
Brazil and Mexico [15, 16]. Animal experiments using chemotherapeutic drugs have
suggested that innate resistance contributes to the outcome of primary infection
and there is a high degree of resistance to reinfection, both in the humoral and cel-
lular mechanisms. This resistance to reinfection is altered by immunosuppression,
probably due to the delay in antibody synthesis onset [17].

Table 1 shows a summary of several cases of patients with cysticercosis and car-
diac involvement reported in the literature, with patients’ general characteristics,
clinical manifestations and sites of disease presentation (cardiac and extracardiac).

Reference Casereport Patient Presentation Site of disease
location
Kalraetal. Chicago, 35-year- Palpitations and mild Heart.
[18]. United States of old man. shortness of breath.
America.
Kochanowski Warsaw, 39-year- Asymptomatic. Heart and liver.
etal. [19]. Poland. old man.
Nery etal. Belo Horizonte, 59-year- Angina. Heart.
[12]. Brazil. old man.
Thomas et al. Mthatha, South 42-year- Bradycardia. Heart and brain.
[13]. Africa. old man.
Bastos et al. Belo Horizonte, 39-year- Dyspnea, progressive low Heart, lung and
[20]. Brazil. old man. visual acuity at the left brain.

side and multiple
subcutaneous nodules.

Dsilvaetal. Mumbai, India. 62-year- Episodes of generalized Heart, brain,

[21]. old man. tonic—clonic seizures and subcutaneous
multiple subcutaneous tissue, liver, and
nodules over muscles.

both calves, arms and
nape of the neck.
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Reference Casereport Patient Presentation Site of disease
location
Khandpur New Delhi, 48-year- Innumerable soft Heart, skin,
etal. [22]. India. old man. to firm, deep-seated central nervous
asymptomatic nodular system, skeletal
swellings muscles, eye and
over the trunk and lungs.
extremities.
Vaidya et al. New Delhi, 27-year- Multiple subcutaneous Heart, brain,
[23]. India. old man. nodules all over the face, orbit, lungs,
patient’s body. pancreas and
spleen.
Spina et al. [6]. Sydney, 24-year- Frontal headaches, high Heart, brain,
Australia. old fever, sweating, arthralgia, pancreas, liver,
woman. nausea, vomiting and pleura and skeletal
weight loss of about 6 kg muscles.
in one month.
Jain et al. [24]. Mumbai, India. 19-year- Headache and vomiting, Heart, brain,
old man. seizures, decreased extradural spinal
vision and bilateral space, muscles,
proptosis. lungs, pancreas,
and eyes.
Eberly etal. De Bilt, The 17-year- Asymptomatic. Heart.
[25]. Netherlands. old boy.
Sousa et al. Fortaleza, 26-year- Headache and generalized Heart, brain and
[26]. Brazil. old man. seizures. subcutaneous
tissue.
Melo et al. Salvador, Brazil. 46-year- Dyspnea on exertion and Heart, brain and
[27]. old palpitations. muscles.
woman.
Mauad et al. S3o Paulo, 53-year- Mental confusion, Heart, lungs,
[15]. Brazil. old incoherent speech and pleura,
woman. hypoactive behavior. subcutaneous
tissue and brain.
Robinson et al. Montreal, 33-year- Skin nodules, Heart, skin,
[28]. Canada. old man. polyarthritis, hemolytic muscles, brain,
anemia, and malnutrition. larynx, pleura and
liver.
Sunetal. Beijing, People’s 33-year- Headache, nausea, Heart, brain and
[14]. Republic of old man. vomiting, and subcutaneous
China. bradycardia. tissue.
Table 1.

Clinical characteristics, sites of disease presentation (cardiac and extracardiac), and clinical manifestations in
patients reported in the literature.

3. Current diagnostic and therapeutic approaches to cardiac
cysticercosis

3.1 Diagnostic methods used in the analysis of cardiac involvement due to

cysticercosis

The diagnosis of cardiac cysticercosis can be attained by conclusively demon-
strating the presence of the cysticercus through histopathological techniques in
biopsy material or by visualizing the scolex, either by computed tomography or
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nuclear magnetic resonance imaging tests. Some authors consider these tests to be
the gold standard in the diagnosis of cysticercosis, as they allow the visualization of
the parasite and the host’s reaction process [29].

The computed tomography shows greater sensitivity in the detection of calcified
cysticerci, whereas the magnetic resonance imaging has greater resolution power,
which may show the scolex with better accuracy [6, 30]. The echocardiogram may
play a role in identifying cardiac cysts and occasionally identifies cysts consistent
with cysticercosis during routine screening for other purposes [1, 6].

In the absence of direct visualization of the parasite, serological tests allow
the disease diagnosis [1, 6, 30, 31]. The oldest tests, which used unfractionated
antigens, including the enzyme-linked immunosorbent assay (ELISA), have been
associated with high rates of false-positive and false-negative reactions [21, 30].
Currently, the Enzyme-linked immunoelectrotransfer blot (EITB) is considered
one of the most reliable immunological tests for the diagnosis of cysticercosis and
neurocysticercosis [29, 31]. The initial evaluation of this test indicates a 98% sensi-
tivity and 100% specificity in serum and cerebrospinal fluid (CSF) samples. Other
studies have reported an 86-100% variation in sensitivity in serum and 81-100% in
CSF, while the variation in specificity ranged from 93-100% in both sample types
[29]. Unfortunately, the availability of these tests is experimental, not being com-
mercially available and rarely available at most medical centers, except for research
centers working in this area [31].

Some laboratory alterations can be identified in cardiac cysticercosis, such as
marked peripheral eosinophilia disclosed in the blood count, albeit only in the case
of a ruptured cyst [1, 32]. Most individuals affected by this pathology do not have
viable Taenia solium in the intestine, making the stool parasitological test ineffective
(1, 31, 32].

Figure 1 summarizes the main diagnostic methods that can be used for the
diagnostic definition of cysticercosis with cardiac involvement.

3.2 Treatment and monitoring of the patient with cysticercosis and cardiac
involvement

There is no consensus regarding the treatment of cardiac cysticercosis. In
patients with extra-neural cysticercosis, the existence of high-risk conditions,
such as disseminated infection, intraventricular cysts and ocular involvement,
should be evaluated [1, 31]. Asymptomatic cases might not require more specific

el
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- Biopsy/Histology
Serological Tests
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Figure 1.
Diagnostic methods that can be used for the diagnostic definition of cysticercosis with cardiac involvement.
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therapy, such as surgical procedures or anthelmintic pharmacological therapy
[3, 7]. In cases of asymptomatic myocardial involvement, there is usually no
justification for any type of intervention, given the benign prognosis associated
with this condition [3, 6].

The role of anthelmintic drugs such as Albendazole and Praziquantel in the
treatment of cardiac cysticercosis has not been directly investigated in large stud-
ies; however, it seems that their use is valid due to their efficacy in the treatment
of cysticercosis in other sites, such as neurocysticercosis [6]. Therefore, these
drugs are used at the same dose and duration utilized to treat neurocysticercosis,
with Praziquantel at a dose of 50 mg/kg/day for 15 days and Albendazole at a dose
of 15 mg/kg/day for 8-15 days [6, 30, 31]. In case of a solitary cyst or granuloma,
monotherapy with Albendazole may be sufficient [31].

The role of the surgical removal of cysts through cardiac surgery for the treat-
ment of cardiac cysticercosis is also not yet clear and may be indicated when some
valvular apparatus is compromised, when there is left ventricular outflow tract
obstruction or even when there is epicardial coronary artery compression, with
subsequent myocardial blood supply reduction [6, 12, 25, 28].

Corticosteroids are used together with antiparasitic agents in the initial treat-
ment of neurocysticercosis to decrease the pericystic inflammatory reaction that
follows larval necrosis, but there is no definition regarding its use in patients with
cardiac involvement, although it is theoretically possible [1, 2, 7, 17]. A randomized
trial comparing 6 mg/day of Dexamethasone for 10 days with 8 mg/day for 28 days,
followed by a gradual reduction over 2 weeks, suggested that increasing the dose of
Dexamethasone results in fewer seizures during treatment for neurocysticercosis
[30, 31]. However, in some cardiac conditions, such as pericarditis, steroids have
been associated with increased relapse and recurrence. Due to the rapid response to
anti-helminthic therapy in some cases, Albendazole can be used without steroids,
but with adequate monitoring [18].

Cardiac monitoring is recommended, with cardiac enzymes and electrocar-
diogram, during the early stages of the treatment for cardiac impairment due to
cysticercosis [6]. The cases reported in the literature show that the lesions on the
MRI disappear 6 to 9 months after treatment [1, 16]. However, there is no recom-
mendation on the most appropriate periodicity for the assessment of myocardial
necrosis biomarkers, or imaging tests after treatment [6].

Table 2 shows a summary of several cases reported in the literature regarding
compromised cardiac structures, the several methods used for the diagnosis, the
performed treatments and their monitoring, in addition to the disease evolution in
each case of cysticercosis with reported cardiac impairment.

4, Conclusion

The clinical management of cysticercosis with cardiac involvement is complex,
due to the rarity of the pathology and the broad spectrum of clinical presentation,
ranging from asymptomatic cases to those with more severe manifestations, such as
cardiogenic shock and advanced cardiac blocks. The lack of studies directly inves-
tigating the role of diagnostic methods for its detection, as well as drug therapy
effectiveness with anthelmintic drugs and corticosteroids, and the role of the
surgical approach are also factors that have an impact on the management of these
cases. Therefore, we propose that individuals with cardiac cysticercosis should be
evaluated individually by a multidisciplinary team, so that the best diagnostic and
therapeutic conduct, as well as the best way of monitoring each specific case, can be
implemented.
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Abstract

Parasitic diseases fecally transmitted, such taeniasis/cysticercosis Taenia solium
binomial, represent a health problem whose incidence continues due to the preva-
lence of inadequate sanitary conditions, particularly in developing countries. When
the larval stage of the parasite is established in the central nervous system causes
neurocysticercosis a disease than can severely affect human health. It can also affect
pigs causing cysticercosis causing economic losses. Since pigs are obligatory inter-
mediate hosts, they have been considered as the targets for vaccination to interrupt
the transmission of the parasitosis and eventually reduce the disease. Progress has
been made in the development of vaccines for the prevention of porcine cysticer-
cosis. In our research group, three peptides have been identified that, expressed
synthetically (S3Pvac) or recombinantly (S3Pvac-phage), reduced the amount of
cysticerci by 98.7% and 87%, respectively, in pigs exposed to natural conditions
of infection. Considering that cysticercosis is orally acquired, it seems feasible
to develop an edible vaccine, which could be administered by the pig farmers,
simplifying the logistical difficulties of its application, reducing costs, and facilitat-
ing the implementation of vaccination programs. This chapter describes the most
important advances towards the development of an oral vaccine against porcine
cysticercosis.

Keywords: cysticercosis, T. solium, oral vaccine, transgenic plant, Carica papaya

1. Introduction

Taenia solium taeniasis/cysticercosis is a parasitic zoonosis that significantly
affect economic and public health. Neurocysticercosis (NCC) is a most severe form
of the disease caused by the establishment of the larval stage (cysticerci) of Taenia
solium in the central nervous system (CNS). In 2010, the World Health Organization
declared it one of the leading neglected diseases and aims to develop strategies for
its eradication and prevention [1].

Between control measures it has been explored the improvement of health edu-
cation, sanitary conditions, standards of meat inspection and the rearing of pigs.

It has also been explored the impact of massive or individual treatment of taeniasis
and the treatment and/or vaccination of pigs, all of them with promising results
[2-4]. Vaccination of pigs would imply an unlikely immediate and potent effect
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upon the number of tapeworm-carriers in rural communities, interrupting the
parasite’s life cycle and eventually reduce human neurocysticercosis. Developing an
effective vaccine against T. solium pig cysticercosis is also being pursued by different
research groups with promising results [5, 6].

In our group, an anti-cysticercosis vaccine named S3Pvac based on three pep-
tides expressed was developed. The vaccine synthetically (S3Pvac) or recombinant
(S3Pvac-phage) produced, reduced the number of cysticerci by 98.7% and 87%

[7, 8] in randomized field trials, respectively. The recombinant vaccine was subse-
quently used in a control program applied in the State of Guerrero, confirming its
usefulness. Indeed, S3Pvac-phage significantly reduce the prevalence of porcine
cysticercosis from 7 to 0.5% and 3.6 to 0.3% estimated by tongue examination or
ultrasound, respectively [3]. In the course of this control program, we were able to
evaluate the difficulties involved in using an injectable vaccine. Pigs are produced
free rurally reared, thus the application of an injectable vaccine requires their
capture and subjection, a laborious procedure that increases the costs of vaccination
and limits its massive application. Considering that cysticercosis is orally acquired,
it seems feasible to develop an oral vaccine [9], which could be administered by the
pig breeder, simplifying the logistical difficulties of its administration, reducing
costs and facilitating the implementation of vaccination control programs.

For the design of an oral vaccine the use of plants is increasingly recognized
as valuable platform. Plants offer the production of antigens at low costs, circum-
venting costly purification procedures. Plants also offer a natural way of antigen
encapsulation preventing its degradation by the detrimental environment to which
an oral intake vaccine is exposed such us antigen degradation by low pH, mucosal
enzymes [10, 11] and the use of cell cultures will avoid non-desirable environmen-
tal effects due to the release of transgenic plants into the environment.

Moreover, plants also frequently include components with adjuvant proper-
ties like saponins that may increase the immunogenicity of the vaccine [12].
Considering this, the recombinant peptides KETc7, KETc1.6His, and KETc12.6His
were expressed in transgenic clones of papaya embryogenic calli [13]. The three
clones together constitute the oral S3Pvac-papaya vaccine candidate. Papaya was
selected because the high efficiency of transformation and its own antiparasitic
properties [14].

This third version of the vaccine has been shown to be immunogenic in mice
and pigs and is being produced in suspended culture systems to massively produced
this oral version of the vaccine that must be evaluated on the field against pig
cysticercosis.

2. Parasite and oral immunity

Oral vaccination is an interest route to prevent infections caused by orally
acquired pathogens overcoming the limitations of current injection-based vaccines
in providing front-line protection against pathogen invasion and dissemination
[15]. It offers a painless, safe and low-cost route that does not require trained
personnel. Moreover, this route can elicit mucosal and systemic immunity. Vaccine
antigen can be recognized and translocated by M cells, which act as sentinels and
enter directly into the Peyer’s patches. Then antigens can be transported to the
intestinal mesenteric lymph nodes, stimulating the host’s systemic and mucosal
immune response resulting in the production of IgA and IgG antibodies with the
ability to neutralize of invading pathogens before they are able to cause a wide-
spread infection. Oral vaccination can also trigger an effective cellular immunity.
However, the development of oral vaccines is a major challenge due to an inefficient
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Pathogen Plant Protein Route Species Reference
Rabies virus Tomato GP ND ND [16]
Hemorrhagic Potato VP60 Sc, Im Rabbit [17]
Virus
Rotavirus A Potato VP6 Ip Mice [18]
Foot and mouth Arabidopsis VP1 Ip Mice [19]
virus
Foot and mouth Potato VP1 Ip Mice [20]
virus
Foot and mouth Alfalfa Peptide VP1 Ip Mice' [21]
virus B-glucuronidase
Gastroenteritis Arabidopsis GP-S Im Mice [22]
virus
Gastroenteritis Potato GP-S Oral Mice [23]
virus
Gastroenteritis Tobacco GP-S Ip Pig [24]
virus
Gastroenteritis Seeds of corn GP-S Oral Pig’ [25, 26]
virus
S3Pvac-papaya Embryogenic KETc1, KETc12 and Sc Mice [13]
Transgenic KETc7 peptides
clones
S3Pvac-papaya Embryogenic KETc1, KETc12 and Oral Pig [27]
Transgenic KETc7 peptides
clones

"Protection against infection.
Sc: subcutaneous; Im: intramusculay; Ip: intraperitoneal, ND: Not determined; GP: Glycoprotein.

Table 1.
Expression of antigens aimed at vetevinary vaccine development.

transport to reach M cells and the possibility to induce local and systemic immune
tolerance. Considering that plant-based vaccines usually expressed low content of
antigen it seems feasible to avoid oral tolerance using the proper dose and vaccine
schedule. It remains to be elucidated if plants-derived vaccines could overcome
mucosal tolerance when administered to human beings.

Table 1 shows various plants that have been used to express antigens from
different pathogens to be evaluated as edible vaccines. Tobacco has been used as an
experimental model of transformation and expression. However, the use of other
species such as tomatoes, lettuce, potatoes, corn, soybeans, alfalfa, Arabidopsis,
papaya and carrots has been expanded [11, 28-33]. In some of these plants, the
expressed recombinant antigen has shown efficacy when evaluated in experimental
models or directly in the naturally affected host. Recombinant antigens have been
reported to induce an immune response with the production of IgG, IgM or IgA
antibodies, regardless of the route of administration [31].

3. Transgenic plant platform
Many different advantages of expression of recombinant proteins in transgenic plants

for vaccine production can be mentioned over other commonly expression systems,
such as bacteria, yeasts and baculoviruses. Plants can be constitutively or tissue-specific
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expressed in single or multiple transgenes, antigens can be stable in seeds without the
requirement of refrigeration, no purification nor cold chain for preservation.

Transgenic plants can also be used as bioreactors to produce high amounts
of the recombinant protein of interest [34, 35]. They can also be produced as in
vitro tissue culture, cell suspensions, hairy roots, moss protonema, microalgae
and whole plants. There are many experimental plant-made veterinary vaccines
produced in seeds, fruits, and leaves, that can be orally delivered as part of the
animal feed, thus offering great convenience and economy in immunizing large
populations of animals on farms [35]. The expression of antigens for the produc-
tion of vaccines in transgenic plants is considered a safe and effective immuniza-
tion system, which can avoid some of the difficulties associated with traditional
vaccination methods, as well as a reduction in the costs of production, distribu-
tion and conservation.

One nice study of veterinary interest is the expression of the glycoprotein S of
the porcine gastroenteritis virus in corn seeds for the production of an oral vaccine,
which has also the ability to induce protection, through colostrum, in piglets
[25, 26].

3.1 Carica papaya L.

Classification of Carica papaya L.

Family: Caricaceae.

Gender: Carica.

Species: C. papaya L.

Morphological type: Arboreal.

Climate: Equatorial tropical.

Carica papaya is a species of pantropical plant that grow in tropical regions of
the Americas from Mexico to Argentina, Africa and Asia. The main importers are:
United States, Japan, Hong Kong and the European Union. Carica papaya is known
by different common names such as capaidso, naimi, nampucha, pucha, fruit
bomb, milky, mamao, pawpaw. Papaya is an arborescent, semi-perennial plant that
grows in areas with an average rainfall of 1800 mm per year and an average annual
temperature of 20-22°C, a large number of varieties have been developed. Papaya
fruiting occurs 10 to 12 months after transplantation, is maintained for ten years,
and female, male or hermaphrodite [36] trees can be obtained. Papaya is a fruit
known for its nutritional benefits and medicinal properties. Main papaya compo-
nents and their reported properties are shown in Table 2.

3.2 Carica papaya as a cestode vaccine

Papaya is an alternative system for the exploration of tropical tree genomes,
containing a genome of 372 megabase (Mb), of diploid inheritance with 9 pairs of
chromosomes and presents the smallest gene number, 24,746 genes [37]. Papaya
exhibits some properties of possible advantages to be used as a platform to express
T solium vaccine antigens. Papaya components have antiparasitic properties per
se [14]. Cells can be easily transformed by bioballistics and iz vitro propagated and
regenerated [38].

Among many papaya components, the papain contained in the latex has
been widely evaluated in its ability to damage the cuticle of intestinal parasites
by proteolytic digestion. Table 3 shows some reports on the characteriza-
tion and evaluation of antiparasitic activity of papaya against Trichostrongylus
colubrormis, Heligmosomoides polygyrus, Trichuris muris, Protospirura muricola
[39, 44-49] Rodentolepis microstoma [39], Hymenolepis diminuta and microstoma [40].
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Composition Properties

Nutrimental Enzymatic Fruit Seed
Carbohydrates Papain Digestive Oxytocic
Sugars Chymopapain Healing Vermifuge
Food fiber Caricain Strengthens Immunity Spermatocide
Fat Glycyl endopeptidase Antibacterial Emmenagogue
Proteins Lesser amounts Contraceptive

Retinol (vit. A) Class II chitinase Analgesic

B-carotene Class I1I chitinase Antibiotic

Thiamine (vit. B;)

Serin protease inhibitor

Stimulation of pancreatic

juices
Riboflavin (vit. B,) Glutamyl Hypotensive
cyclotransferase
Niacin (vit. B;) Beta-1,3-glucanase Febrifuge

Pantothenic acid Cystatin Anti-inflammatory
(vit. Bs)

Folic acid (vit. By) Acetogenins‘ Anti-helminthic
Vitamin C Carpasemine

Vitamin E

Vitamin K

Antiparasitic activity. Calcium, iron, magnesium, manganese, phosphorus, potassium, sodium and Zn are also
included in papaya.

Table 2.
Papaya components and medicinal properties veported.

Evaluation Component Treatment Results Reference
In vitro
Rodentolepis Papain 25mM Disrupt the surface of [39]
microstoma (Sigma) the cuticle

Raw latex (Sigma)
Hymenolepis diminuta Latex supernatant Not Damage to the strobile [40]
microstoma Commercial available Reduced motility and

papain subsequent death of

the parasite

Anoplocephala Cysteine- 300 mM Reduced motility and [41]
perfoliata proteinases induced death of the

Latex supernatant parasite
Hymenolepis diminuta Papaya latex 2.4 pmol Affected worm [42]

supernatant growth
In vivo(mouse)
Hymenolepis Latex supernatant 240 nm for Minimal and [43]
microstoma 6 days temporary efficacy

Table 3.

Antipavasitic activity of papaya against some cestodes.
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Anoplocephala perfoliate [41] Hymenolepis diminuta [42] Hymenolepis microstoma
[43] without causing side effects to the host [50, 51].

3.3 S3Pvac-papaya anticysticercosis vaccine

For the development of the S3Pvac-papaya cysticercosis vaccine, three genetic
constructions were used for the expression of recombinant peptides, KETc1.6His,
KETc12.6His and KETc7 [13]. Figure 1 summarize the methodology employed for
the production of S3Pvac-papaya vaccine.

3.4 Protective properties of S3Pvac papaya against cysticercosis

The S3Pvac vaccine expressed in embryogenic papaya clones has demonstrated
high protective capacity against experimental murine and T. pisiformis cysticercosis
orally administered. Table 4 shows the protective effect induced by oral immuniza-
tion in mice at a dose range of 0.1 to 1 pg of soluble extract, whilst a higher dose
lowered the percent of protection. In addition, different vaccine formulations also
reduced the expected parasite load. On the other hand, the oral vaccine significantly
reduced the number of infected rabbits and the percentage of cysticercus-free ani-
mals (83%), 21 days after the infection. The S3Pvac-papaya vaccine has not yet been
evaluated in pigs, however, its immunogenic response in mice and pigs [27, 52], and
its protective capacity in different models exhibit its potential to exert a protective
response against naturally acquired porcine cysticercosis.

We previously reported non-specific protection that was induced by the wild
type soluble extract [52, 54] has been attributed to the antiparasitic properties
described to papaya itself mentioned above.

A

Carico papaya embryogenic calli

Bioballistic transformation

Carico papaya embryogenic transgenic clone

in vitro subculture Suspension cell culture

Genetic and biochemical characterization
in level quan
Protection quantificatiol

Figure 1.

(A) Production of transgenic embryogenic papaya clones by a bioballistic method (B) Embryogenic papaya
callus: a) Induction of embryogenic callus; b) Embryos in globular stage for transformation; c) Selection of
transformed clones in selective medium.
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Experimental Immunized Mean + SD Immune response Reference
model with: (% Protection)’
[27]
Saline 272 +14.2
S3Pvac papaya
saline (pg/dose)
Murine 0.1 12.3 + 3.4* (55) CD4, CD8 proliferation
T crassiceps 1 108+25°(60)  CD4, CD8 proliferation
cysticercosis
10 9.2 +1.0* Specific IgG Abs; CD4
(66) and CD8 proliferation
100 414162 [52]
0)
Saline 18.6 + 17.3*
(86.8)
Corn starch’ 29.8 + 314 (41.4) [27]
Soy oil 10.3 + 2.2* (75)
Canola oil 11.5 + 8.6* (84)
Rabbit experimental Saline 433+ 4.01 [53]
T pisiformis S3Pvac papaya® 0.25+0.62"
94)

"Mean + standard deviation of the number of cysticerci recovered in each group.

SMice were fed with S3Pvac-papaya soluble extract (1 yg of total protein) into different vehicles.

“Rabbits received a suspension of 20 mg of each embryogenic transgenic papaya clone expressing KETe1, KETc12 and
KETc7 in a gelatin capsule.

*Protection statistically significant (P < 0.05).

Table 4.
Protective capacity induced by oral S3Pvac-papaya vaccine against experimental.

3.5 Biotechnological approach for the production of papaya anti-cysticercosis
vaccine

Plant biotechnology is a rapidly evolving area with major impact in the produc-
tion of molecules with high pharmaceutical value. In vitro culture techniques offer
central advantages in the manufacture of desired chemicals for human health. The
benefits include a systematic supply of compounds under optimized controlled
conditions, independence of weather, soil, disease, and socio-political problems;
discovery of new compounds, bio-transformation systems and better adaptation
to market changes. In an inclusive context, iz vitro systems will give a better under-
standing of plant biochemistry and physiology, as well as some basic aspects of
plant differentiation.

Plant biotechnology involves relevant procedures in the manufacture of oral
vaccines enabling the production of higher amounts of active biomasses from
transgenic plants, by means of massive propagation of cells, tissues and organs
[12, 55]. Among others, these procedures include the growth of callus (aggregates
of undifferentiated cells growing in solid media), suspension cultures (individual-
ized undifferentiated cells growing in liquid media); as well as embryo cultures that
could be grown in solid or in liquid nutrient media.

The three callus lines expressing KETc1, KETc7 and KETc12 peptides were generated,
and further efforts to optimize the massive growth of the corresponding callus and sus-
pension cultures, were conducted. These iz vitro systems constitute adequate platforms
for the massive production of papaya anti-cysticercosis vaccine in the near future.
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3.5.1 Callus cultures

In the establishment and optimization of callus cell lines, Carica papaya L.
(KETc7) embryogenic calli were used to obtain friable undifferentiated cells. Calli
were placed in solid culture medium with 30 g/L sucrose, 3 g/L polivinilpilorridone
and 1.5 g/L"of phytagel. The nutrient media MS [56] and B5 [57] were evaluated; and
the presence of the phytoregulators 2,4-dichlorophenoxyacetic acid (2,4-D) at 1.0,
2.0 and 3.0 mg/L combined with kinetin (KN) at 1.0, 2.0 and 3.0 mg/L’ was also
tested. The cultures were maintained at 25°C and subjected to constant light as well
as dark conditions. The best results were obtained for callus growing in B5 medium
with 2 mgL ™" of 2,4-D combined with 2 mgL™" KN in dark conditions (Figure 2). In
these conditions after two subcultures non-phenolized calluses were developed, and
after several subcultures the friable callus KETc7 cell line, was established.

3.5.2 Cell suspension cultures

Ten grams fresh weight (FW) of the friable callus line KETc¢7 were inoculated in
250 ml Erlenmeyer baffled flasks containing 100 ml nutrient medium without phytagel,
and placed for 30 days on a rotary shaker at 100 rpm, 25°C and dark conditions. To dis-
aggregate cell clusters and increase oxygen transfer, baffled flasks were used (Figure 3).

The cultures were sub-cultured in fresh medium every 15 days, and the best
results were observed when using B5 nutrient medium, cultivated in darkness, and
producing uniform suspended cultures without phenolization (Figure 4).

Cell viability was maintained at 95% until 45 days in culture, as confirmed by
the fluorescein diacetate (FDA) method (Figure 5) [58].

Figure 2.
Optimization of C. papaya KETt7 callus cell line under different growth conditions. (a) Photoperiod,
(b) constant light, (c) darkness.

Figure 3.
Establishment of C. papaya KETcy cell suspension line. (a) Culture in baffle flasks at 15 days (b) culture in
Erlenmeyer flasks at 15 days (c) culture in Evlenmeyer flasks at 30 days.
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Once the friable uniform cell suspension cell line was established, it became
possible to evaluate the growth kinetics of the culture during 45 days by collecting
samples every 3 days, and determining the following growth parameters: fresh
weight, dry weight, cell viability, pH and carbohydrate consumption [59].

The results showed that the KETc7 suspension cell line grew very well, reaching
a doubling time of 6.9 days and a specific growth rate (i) of 0.10 d™". The maximum
biomass value was 14.36 gPS L™ obtained at 15 days in culture.

3.5.3 Embryo suspension cultures

The KETc7 embryos callus cell line generated in solid B5 medium without phyto-
regulators was used to establish embryo suspension cultures. An inoculum of 10%
was added into 250 ml Erlenmeyer flasks containing 100 ml of liquid B5S medium
(Figure 6). The flasks were kept on an orbital shaker at a stirring speed of 115 rpm,
under constant light conditions (24 pmol.m2 S7!) and 25°C. After 15 days, the
biomass was sub cultivated in the same conditions described above, and the culture
was propagated.

3.5.4 Cell suspension cultures in bioreactors

To scale-up the C. papaya suspension cultures 2 L airlift bioreactors were
employed, with the following geometric design: height (52 cm), diameter (7 cm),
draft tube height (27 cm), diameter of inner draft tube (2.7 cm), and bottom clear-
ance (2.0 cm) [60]. The air was sprayed at the bottom of the draft, generating an
internal loop in which the upcomer is in the draft, and the downcomer in the ring.

Figure 4.
Growth of C. papaya KETty cell suspension line at 15 days in a rotary shaker at 100 rpm, 25°C, in the dark.

Figures.
Cell viability of C. papaya KETty cell suspension line by the fluovescein diacetate (FDA) method at day a) o,
b) 7, and c) 15, in an Epifluorescence Microscope Nikon Eclipse E400 (40X).
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The bioreactor was sterilized and then filled with autoclaved B5 medium (1.8 L)
supplemented with 30 g/L sucrose, 2,4-D and KN (2 mg/L each). Fifteen-days-old
C. papaya KETc7 cell suspension line was used to obtain an inoculum of 10% (v/v)
FW. The culture in bioreactor was incubated at 25 + 2°C under continuous light
(white light flux density of 50 pmol/m?*/s) for 30 days. The bioreactor was operated
in a batch mode at 0.1 vvm for 15 days and subsequently at 0.8 vvm, until the end of
the culture period. Under these conditions, an adequate mixing of the cell suspen-
sion was obtained. Antifoam (Dow Corning FG-10) was applied as required, by
injection of 0.5 mL (0.1% v/v). The culture was sampled every three days and the
concentration of biomass, pH and sugars, was determined. Results show that the K
ETc7 cell suspension culture was able to grow uniformly and that the exponential
growth phase was reached from days 6 to 12, followed by a stationary phase. The
maximum biomass was of 18.6 + 0.7 g/L DW (Figure7).

3.5.5 Embryo suspension cultures in bioreactors

Growth of C. papaya KETc7 embryo suspension line was scaled-up in the 2 L
airlift bioreactors described before. Two weeks old embryo suspension line was
used to obtain an inoculum of 10% (v/v) FW. The culture in bioreactor was incu-
bated at 25 + 2°C under continuous light (white light flux density of 50 pmol/m?/s)

Figure 6.
C. papaya KETc7 embryo suspension line grown in Bs medium at 100 rpm, 25°C, and constant light (24 pmol.
m=>. S7).

Figure 7.
C. papaya KETcy cell suspension line growing in airlift bioveactor: (a) day o, (b) day 15, (c) day 30.
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Figure 8.

C. papaya KETt7 embryo suspension line growing in aivlift bioveactor (a) embryo culture in airlift
bioreactor at 30 days, (b) harvested embryos after 30 days in culture, (c) embryos observed in stereoscopic
microscope (10x ).

for 30 days. The bioreactor was operated in a batch mode at 0.1 vvm for 15 days and
subsequently at 0.8 vvm until the end of the culture period. Embryo culture of the
line KETc7in bioreactor batch type process, showed uniform growth. A maximum
biomass of 30 g/L DW was obtained, which represents 4 times more respect to the
initial inoculum and the number of generated embryos was of 279 (Figure 8).

4, Conclusions

This review addresses oral vaccination as a feasible approach to prevent parasitic
diseases. Since most anti-parasitic vaccines currently available are parenterally admin-
istered, their use involves high production and logistic costs and become inaccessible
for underdeveloped countries. To cope with this issue, the use of papaya transgenic
clones is herein proposed to develop an anti-cysticercosis oral vaccine and to assay its
effectiveness against other parasitic infections of veterinary and/or public health inter-
est. The use of biotechnological tools by escalation of suspension cultures would allow
us to produce a vaccine in sufficient, controlled amounts for its direct application,
reducing the use of antibiotics, and therefore the risk of bacterial resistance.
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Chapter 3

Regulation of the Immune
Response in Cysticercosis: Lessons
from an Old Acquainted Infection

Jonadab E. Olguin and Luis Ignacio Tervazas

Abstract

In the last decades, we have learned some critical lessons about the relationship
between the human body and its interaction with many infectious diseases, where
regularly, the immune system has a major role in protection. We learned to differen-
tiate between the immune response occurring in either an intracellular or extracel-
lular parasitic infection, between innate and adaptive immune response, between
either inflammatory or anti-inflammatory responses, and finally, we learned to
recognize very particular mechanisms, such as the inability of the immune system
to respond during very particular scenarios, such as the inability of T cells to both
proliferate and produce cytokines even after their exposure to mitogens or specific-
antigens. Along with our increase in the knowledge in immunology, we figured
out that immunoregulation and immunosuppression are processes used by many
parasites to reduce the capacity of the immune system to eliminate them, and to
persist in the host favoring their transmission and also to complete their life cycles.
Immunoregulation involves several mechanisms such as anergy, apoptosis, induc-
tion of both suppressive cytokines and membrane-bound molecules, as well as spe-
cialized cell populations of the immune system like regulatory T cells, Alternative
Activated Macrophages, or Myeloid-derived Suppressor Cells, that together modify
the outcome of the immune response. In this chapter we will review the general
differences between the different types of immunoregulation, the kind of cellular
populations of the immune system used by the helminths Taenia solium and Taenia
crassiceps to induce immunoregulation and immunosuppression and also, the
mechanisms used by these parasites such as mimicking molecules of the immune
system to replace directly these mechanisms. Understanding and deciphering all
these regulatory mechanisms could be useful to develop new tools to control this
infection.

Keywords: Cysticercosis, Immunoregulation, Immunosuppression, Taenia solium,
Taenia crassiceps, Regulatory T cells (Treg cells), Alternative Activated Macrophages
(AAM), Myeloid-derived Suppressor Cells (MDSC)
1. Introduction

Taeniasis and cysticercosis, both neglected diseases, are two kinds of infections

caused by the same parasite, Taenia solium. Taeniasis is the intestinal infection
caused by the adult form of the tapeworm T. solium, while cysticercosis is the tissue
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infection caused by the larval stage, cyst or cysticercus of T. solium [1]. Whereas
taeniasis only affects the human and it is restricted to the small intestine, cysticer-
cosis affect two hosts, the human and the swine, besides this stage of the parasite
can allocate at different anatomical sites including the brain, causing neurocys-
ticercosis (NCC). The vast majority of medical findings by natural infection has
been made during cysticercosis, given its clinical relevance when the parasite
encroaches on the central nervous system including the brain and the eye [2]. In the
past, NCC represented a major health problem mainly in developing countries [3],
being highly prevalent in the general registration of autopsies [3]. The only way

to find samples for the study of NCC, were in patients diagnosed by neuroimag-
ing: magnetic resonance and computed tomography, and also by determination of
specific antigens by ELISA and western blot from blood and cerebrospinal fluid
samples [4, 5].

Because taeniasis remains asymptomatic, there are no symptoms directly
associated with the disease, only general symptoms like abdominal bloating and
abdominal pain [1, 5]. For this reason, a model to understand the immunological
interactions between the host and the parasite and also, to understand the evolu-
tionary capacity of Taenia to survive in the host was necessary. Animal models like
hamsters, gerbils and chinchillas, were developed in the past to have a better under-
standing of the immunology in this field [6], but a limited information about it was
published, having a focus in the inflammatory response in the intestinal mucosa of
chinchillas receiving an immunosuppressant treatment with methyl-prednisolone
[7]. Because of the nature to develop taeniasis and the necessity to have a better
understanding of the immune response against T. solium, it was necessary to know
the immunology and the mechanism of protection used by a “close familiar” to this
parasite: Taenia crassiceps.

2. General aspects of the immune response during NCC and Taeniasis

T. crassiceps is a tapeworm that generates natural infections in some defini-
tive canine hosts like dogs, red foxes, and wolves in the northern hemisphere of
the world. It also has an extensive reproduction rate in the pleural and peritoneal
cavities of their intermediate host like wild rodents [8]. For a better understand-
ing of their life cycle, go to the reference [8]. T crassiceps ORF strain was obtained
by Dr. Reino Freeman in 1952. This strain has a deficient capacity to develop the
scolex, therefore, cannot colonize the intestines of its definitive hosts [9]. Most of
the research about the immunology of T. crassiceps has been developed with the ORF
strain, injecting either 10 or 20 metacestodes of this parasite in the peritoneal cavity
of syngenic female BALB/c mice [10, 11].

The immune response against T crassiceps has been investigated in an extensive
way. During the acute infection by this helminth a strong Thl immune response
characterized by high levels of IL-2 and IFN-y is induced and has been associated
with host protection, but as the infection becomes chronic, levels of both IL-2 and
IFN-y decrease as well as IL-12 produced by macrophages [12]. These reduced levels
of Thl-type cytokines correlate with increased levels of IL-4 at chronic infection
stages, suggesting a switch between inflammatory response in the acute infec-
tion to an anti-inflammatory response in chronic infection, favoring the adequate
microenvironment for both, parasite development and their persistence in the host
(Figure 1). Susceptibility to T. crassiceps infection is STAT6-mediated, characterized
by strong IgG1, IgE, IL-4 and IL-13 production [13]. Therefore, unlike the case
of the vast majority of helminth parasitic infections, protection during experi-
mental cysticercosis is mediated by Thl-type immune responses, while parasite
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Figure 1.

Hypothetical /integrative model of immune regulation triggered by T. solium and T. crassiceps infection and
their released products on different types of cells. Products of both pavasites can be recognized by innate cells
through several pattern recognition receptors, including TLRs, CD205, among others, and induce tolerogenic
DCs or modulate the activation of macrophages by inducing the expression of different inhibitory molecules
in its membrane such as PDL1, PDL2, Galectin-9 (Gal-9) as well as soluble inhibitory factors such as PGE2,
and IL-13, while favors the expression of genes associated with M2 polarigation, such as arginase, FIZZ1 and
YM3, leading to the inhibition of T cell proliferation. In contrast, the inflammatory properties of both DCs
and macrophages are inhibited by these parasite molecules and the production of TNF-o, IL-12, iNOS and
ROS are dramatically reduced. Additionally, TSES and TcES inhibit T cell responses through the induction of
T regulatory cells as well as B regulatory cells which both are an important source of IL-10. These infections
together with their secreted products can also induce a Th2-biased response and a veduced CD8 response.

establishment is associated with Th2-type mediated immune responses [14]. One
of the most relevant findings observed during experimental cysticercosis, was the
reduced proliferative capacity of T lymphocytes obtained from infected mice to
either nonspecific or specific antigens during chronic infection, suggesting the
strong immunosuppressive capacity of T crassiceps [12, 15].

On the other hand, evidence from subcutaneous, visceral, muscle, lung and car-
diac tissue infected with T. solium in patients suggest that, out of the nervous central
system (NCS), this infection causes no symptoms, reducing the possibility to under-
stand and describe the occurring steps during early immune responses [1, 16]. Once
inside of NCS, T. solium induces different levels of damage depending on the develop-
ing site. If the cysticercus is located in the brain parenchyma, it survives during differ-
ent periods of time, from months to years, but eventually evolves in resolution [1, 2].
However, if the infection is located outside of the parenchyma’s (subarachnoid) brain,
itis associated with edema, inflammation and increased mortality rates around 20%
in patients without a correct treatment [2, 17]. Besides its location on the NCS, also
exists a relationship between the intensity of the symptomatology and the number
and size of the larvae causing the infection. In fact, it was recently hypothesized that
the gut-brain-axis has a major role in the manifestation of symptoms during NCC,
mainly in patients with mental illness, depression and epilepsy [18], highlighting the
importance for the microbiota in this field. Also, it was suggested that these interac-
tions for the gut-brain-axis are dependent on galectin-7 (Gal-7) expression in brain
endothelial cells during human T. solium cysticercosis [19]. Thus, the main actors for
the development of cysticercosis are the host immune response, the microenviron-
ment for the parasite development either the gut or NCS, the microbiota, and the host
health status.
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The immune response described in the T. solium rodent model has been helpful
and relevant to understand the immunobiology during taeniasis and cysticercosis,
being a main feature the suppression of the immune response. Next, we will try to
describe both the immunoregulatory mechanisms and the direct effects of mol-
ecules secreted by Taenia parasites to induce immunoregulation.

3. Immunoregulation during cysticercosis

An inflammatory response during the initial infection process is necessary to
induce immunity, to reduce parasite load and finally to have protection in cysti-
cercosis. However, since basic science started to clarify the role of the immune
response during cysticercosis, some special discoveries have been observed only in
this helminth infection, suggesting a process of transformation from inflammation
to an anti-inflammatory response, tipping the balance towards the parasite survival.
Is necessary to pay attention in the fact that, during some helminth infections,
the Th1 to Th2 switch is caused to keep the balance between immunity in the host
with tissue repairing, and for the survival of the parasite o for its expulsion from
the host, example of that are Schistosoma mansoni, Nippostrongylus brasiliensis and
Heligmosomoides polygyrus infections [20, 21]. However, this Thl to Th2 switch-
ing in cysticercosis appears to absolutely favor parasite survival. Also, this switch
process is an initial step to induce an immunosuppressive process orchestrated by
the parasite, or also, as a possibility, the microenvironment caused by the infection
has a strong effect culminating in the incapacity to the immune response to react
against the infection (Figure 1). Some evidence suggests that immunosuppression
may be caused by T-cells, myeloid-derived cells or directly by parasite molecules
like Taenia crassiceps excreted/secreted antigens (TcES) or Taenia solium excreted/
secreted antigens (TsES). Also, it was suggested that asymptomatic NCC is caused
by a strong period of immunosuppression by live T solium parasites, because brain
inflammation is not observed during the development of the infection and while
the parasite remains alive [22].

3.1 Immunoregulation mediated by T-cells

During some intracellular parasitic infections, like toxoplasmosis, trypanoso-
miasis and leishmaniasis, an incapacity of T lymphocytes to proliferate in response
to antigen-specific or polyclonal mitogens has been described, mainly during acute
infection [23-26]. Although the general observation is that the process of immu-
nosuppression starts at the beginning of the chronic T crassiceps infection, it was
shown that during acute intraperitoneal (ip) infection in mice, there is a significant
decreased percentage of T-CD4", T-CD8" cells and B-CD19" cells at the infection
site, starting at 3 days post infection (dpi) and culminating at 16 dpi [27]. These
results correlate with increased levels of apoptosis, mainly in eosinophils. Perhaps,
T. crassiceps begins to develop its suppressive microenvironment since the beginning
of the development of the infection, such as reported for protozoan infections.
During T crassiceps chronic infection, a reduced proliferative capacity of T cells was
described [12], especially in CD8-cytotoxic T cells [28]. Recent observations by our
laboratory described that, this reduced capacity to induce cytotoxicity by CD8" cells
is caused by increased expression of Tim-3 and PD1 molecules in an IL4-Ra, STAT-1
and IFN-y independent-pathway (Figure 1, Olguin JE et al., unpublished data).
Interestingly, both expression of Tim-3 and PD1 is increased in adaptive regula-
tory CD4"Foxp3™ T cells but not in natural Treg cells. In fact, during the chronic
phase of experimental cysticercosis, we observed reduced percentages of Treg
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cells, which is contrasting with some published data. For example, a study reports
that cocultured cysticerci of T. solium with human monocyte-derived DCs, induces
Foxp3 expression in CD4" naive T cells in vitro and also, increased percentage of
suppressive-related molecules (Figure 1) [29]. The same research group showed

a descriptive study in patients with NCC, observing an increased expression of
natural and adaptive Treg cells in blood [30], but the authors did not show, whether
these induced and natural Treg cells had the capacity to suppress another popula-
tion of immune cells, for example either T-CD8 or activated CD4 T cells. Maybe, the
differences observed between NCC and experimental cysticercosis in Treg cells are
explained by the site where the sample was obtained (NCS and blood in T. solium,
peritoneum in T. crassiceps), and by the nature of the infection. However, it is clear
that, whatever scenario is observed, T cell-mediated regulation is a critical mecha-
nism involved during the development of experimental or natural cysticercosis.
Also, observations made by our group in T. crassiceps infection are different to those
done in other helminth infections. A recent study of hookworms like Ancylostoma
duodenale, Necator americanus, Ascaris lumbricoides and others, showed by mass
cytometry a clear profile of Th2 cells, favoring increased expression of CTLA-4

in Treg cells, and B cells producing IL-10 in infected Europeans and Indonesians
patients [31]. Maybe, it is necessary to describe more specific surface markers to
define the population of suppressive and/or regulatory T cells. For example, it has
been described as a highly suppressive T regulatory Type 1 population (Trl) during
a helminth scenario by the co-expression of CD49 and LAG-3 [32]. Tr1 cells are
different from natural regulatory (Treg) cells because they do not express constitu-
tively the Foxp3 transcription factor [33].

Aswell asin T crassiceps infection, during NCC a period of immunosuppression
has been reported. One study extracting polymorphonuclear (PMN) cells from 11
patients diagnosed with NCC, showed a clear immunosuppression in response to
TsES antigens from the scolex of T. solium, also NCC patients with calcified cysts
displayed increased immunosuppression [34]. The same study showed the suppres-
sor capacity of TSES, completely inhibiting the proliferative response to mitogens
like phytohaemagglutinin (PHA) and concanavalin A (ConA) [34]. These results
are different to those published by a different research group, under the same
conditions, where NCC patients without treatment did not show differences in
the percentages of CD3", CD4" and CD8" T cell populations. Moreover, blood cells
from these NCC patients showed the same proliferative capacity to ConA or crude
T. solium antigens compared with controls, and finally also PMN cells produced IL-2
[4]. Is not clear what is the correct scenario, maybe another process or data were not
considered in the clinical history between these both studies, like age of the patient,
sex, or any oncological or immunosuppressive constitutive status. In fact, more
recently published data showed that if analyzed groups of patients with NCC are
divided by the local site of the infection in either parenchymal (infection is resolved
in general) or subarachnoid (increased symptomatology and pathology), the
group of patients with subarachnoid infection has an increased immunoregulatory
microenvironment characterized by IL-10, TGF-p and expanded Treg cell frequen-
cies ex-vivo [35].

3.2 Immune-regulatory myeloid-derived mechanisms

The generation of an immune-regulatory environment could have an effect
not exclusively in T cells, but in all immune cells, including all myeloid-derived
lineages such as macrophages, dendritic cells (DCs) and PMNs. Thus, myeloid
cells are key players in the immune response against cysticercosis. In fact, there is
evidence suggesting an increased profile of alternative activated macrophages or
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M2 macrophages involved in parasite expulsion and tissue repair during helminth
infections, which induce protection to the host [36]. However, in cysticercosis, the
scenario appears to be different.

During T crassiceps infection it was suggested that recruited CD11b*Gr1*
myeloid-derived suppressor cells (MDSCs) impaired the T cell proliferation by
secretion of high amounts of nitric oxide (NO) at early stages of an intraperitoneal
infection. This classic inflammatory activation is switched at chronic stages, where
CD11b*Gr1" cells express arginase, YM-1 and FIZZ1 genes, associated with an M2
phenotype (Figure 1). This immunosuppressive microenvironment favors IL-4
and IL-13 production, expanding the MDSCs population and also, inducing lipid
mediators’ activation like 13-hydroxyoctadecadienoic acid and 15-hydroxyeicosa-
tetraenoic acid, associated with the immunosuppression of T cell proliferation [37].
Also, alternative-activated macrophages (AAMs or M2) from chronic T crassiceps
infection have the ability to produce high levels of IL-6 and Prostaglandin E2 (see
below), reducing the proliferative capacity of CD4" T cells in a STAT-6 dependent-
pathway (Figure 1) [11], suggesting that AAMs are necessaries to induce the
permissive microenvironment for the colonization of T crassiceps infection. In fact,
it was demonstrated that an early in vivo depletion of AAMs by using clodronate
liposomes, increases the resistance against T crassiceps [38], making stronger the
hypothesis that experimental cysticercosis has an AAMs-dependence for a success-
ful infection. Later, it was shown that these AAMs induce anergy on CD4" T cells
during T. crassiceps infection, and that such an event depends on PDL1 and PDL2
expression in the surface membrane of AAMs [39].

On the other hand, monocyte-derived DCs co-cultured with CD4 naive cells
in presence of T solium cysticerci promotes both, Treg and DCs cells differentia-
tion towards a tolerogenic profile featured by a higher expression of Signaling
Lymphocytic Activation Molecule 1 (SLAM1), B7-H1 and CD205 molecules
(Figure 1). These results suggest that T solium cysticerci has the ability to induce
both Treg cells as well as suppressive or tolerogenic DCs [29].

4. Regulatory mechanisms mediated by cytokines, antibodies, and
soluble immune factors

4.11L-10

IL-10 is produced by innate cells like myeloid and plasmacytoid DCs and
macrophages, and is also produced by Breg cells, Th2, Th17 and Treg cells from
the adaptive immune response. This capacity to be produced from several immune
cell lineages, depends on the signal pathways activated like ERK, and also from
transcription factors like STAT3, STAT4, STAT6 and cytokines like TGF-§ [40].
One of the main features of IL-10 is its capacity to induce immunosuppression,
reducing IL-12 and TNF-a levels. By transcriptomic array analyses, we observed
that miR-125a-5p, miR-762, and miR-484 microRNAs, are associated with the
targeting of inflammatory profiles of macrophages favoring the IL-10 signaling
pathway, suggesting that T. crassiceps and its products induce post-transcriptional
suppression mechanisms of the immune response [41]. Earlier studies performed
in experimental cysticercosis caused by chronical T. crassiceps infection, indicated
a strong Th2 biased immune response featured by high production of IL-4, IL-6
and IL-13 cytokines as well as increased IL-10 levels [12]. These findings were just
recently confirmed by an independent group highlighting the importance of IL-10
cytokine [42].
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4.2 Transforming growth factor beta (TGF-f)

TGF-p is a cytokine involved in some situations during immune and not
immune phenomena. It has a role in the control of cell proliferation and differen-
tiation of some cell types like either Treg or Th17 cells [43, 44]. Also, by itself, it
has the capacity to induce a suppressive environment in scenarios where required,
like mucosal immune reactions. Dysregulation of TGF-} generates inflammatory
disorders such as spontaneous colitis [45]. In the T. solium genome were found
some genes homologs with the TGF-f receptor family, including some evolved in
its down-stream transduction pathway. In fact, it was confirmed by RT-PCR and
western blot assays that cysts of T. solium express the type I and type II receptor
for TGF- B. Also, the addition of TGF- p to the culture media for both T. crassiceps
and T. solium adequate conditions, promotes both the reproduction of T. crassiceps
and the survival of T. solium in vitro. Finally, high levels of TGF-p were found in
the cerebrospinal fluid from patients diagnosed with NCC [46]. All these results
suggest a strong direct and indirect role for TGF-p in the process of immunosup-
pression during T solium infection.

4.3 Osteopontin

Osteopontin (OPN) is a Thl type cytokine upstream of IL-12 that has a role
in the granuloma formation in inflamed tissues [47]. It was shown that blood
cells co-cultured with TSES or viable cysticerci from T. solium led to decreased
levels of OPN, IL-12 and IFN-y. Injection of recombinant OPN into tissues
surrounding implanted cysticerci enhances inflammatory responses, which
suggests that TSES may have molecules that block OPN activity as a target for
immunosuppression [48].

4.4 Antibodies

Humoral immune response has been described for its essential role against
helminth infections, being IgE antibody isotype a cornerstone to induce protection
[49]. However, during taeniasis and cysticercosis, little information about the role
of B cells has been described. It was shown that an antibody called anti-GK-1 (IgG)
obtained from the serum of pigs infected with T. solium, has an epitope shared by
both T. crassiceps and T. solium [50] and also, has the capacity to inhibit the develop-
ment of T solium cysticerci into adult stage by recognition of the cyst protein KE7
[51]. This protective role for anti-GK1 antibodies is complement-mediated during
T solium infection [50, 52]. However, these results are the only data obtained for
humoral immune response during taeniasis and cysticercosis. During experimental
cysticercosis and during NCC, is clear that immunosuppression favors the establish-
ment of the parasite, and this GK-1 antibody-mediated mechanism has naturally no
success; maybe a molecule of the parasite has the capacity to inhibit this protective
function, which in turn induces immunosuppression. Is necessary to clarify this
point with specific and deeper experiments.

4.5 Prostaglandin E2

Some lipids from eicosanoid family derivatives from arachidonic acid, like
prostaglandin E2 (PGE2), have been described as potent immunosuppressant mol-
ecules [53]. It has been described that administration iz vivo of PGE2 in T. crassiceps
infected mice favors both parasite growth and cytokine production of IL-10 and IL-6

41



Current State of the Art in Cysticercosis and Neurocysticercosis

by splenocytes and reduces the proliferative capacity of splenocytes stimulated with
ConA. On the other hand, the administration of indomethacin, an inhibitor of PGE2
synthesis, induced the reduction of both the parasite growth and cytokine produc-
tion of IL-10 and IL-6, increasing the ConA-proliferative response of splenocytes
(Figure 1) [54]. These results suggest that T crassiceps can induce the production

of PGE2 indirectly from some cellular types, like almost all cells of the host, asa
mechanism of immunoregulation [54]. Also, it is possible that some molecules

from TcES could be a similar biomolecule like PGE2, mimicking their function and
directly inducing immunosuppression, like the TGF-$ phenomenon observed during
T solium infection.

5. Immunoregulation mediated by Taenia-derived products
5.1 Paramyosin

Paramyosin is an a-helical coiled coil 100 KDa protein that is present in muscle
and tegument of the larval stage of T solium [55]. This protein can bind to the
protein Clq of the complement, therefore, inhibiting the complement cascade
[56]. This was the first evasive mechanism described for this parasite. Vaccine
strategies performed to block the activity of this protein resulted in almost 80% of
protection [57].

5.2 Glutathione transferase

Glutathione transferase (GST) is an essential enzyme in the metabolism of
cestodes, mainly for the detoxification of xenobiotics, it is localized on the cysti-
cerci tegument of T solium [58]. This molecule appears to have a immunomodula-
tory role given that its use as a putative vaccine was able to reduce parasite load on
experimental cysticercosis, mainly by activating macrophages to produce pro-
inflammatory cytokines [59]. These data indicate that T. solium and T. crassiceps may
have pro and anti-inflammatory mixed molecules.

5.3 TcES or TsES antigens

Analysis of T. solium excreted/secreted antigens (TsES) showed a cysteine prote-
ase activity for these molecules, having the capacity to induce apoptosis specifically
in CD4" but no in CD8" T cells, which is evidence of a direct mode of immunosup-
pression over a population of the immune response (Figure 1). Cocultured cysts
of T. solium with lymphocytes in vitro have not the same effect to induce apoptosis
like TSES [60]. Also, it was suggested that natural infection of pigs with T. solium
cysticerci recruits CD3" cells to the brain which are killed by apoptosis [61].

Studies in our laboratory demonstrated that TcES products have the capacity to
block TLR4 and TLRO initial signaling pathway in DCs, which has a negative effect
over their maturation, their production of pro-inflammatory cytokines and also,
to induce alloreactive T cell proliferation, but in an IL-10 independent pathway.

All these regulatory effects were carbohydrate-dependent in the TcES, because the
chemical alteration of glycans switch this tolerogenic environment to one favoring
DCs maturation and secretion of pro-inflammatory cytokines (Figure 1) such as
IL-12 and TNF-a [62]. Moreover, it was shown that the iz vivo treatment with TcES,
has the capacity to induce the differentiation of monocytes to AAMs expressing
PDL1 and PDL2, which in turn down-modulate the activity of experimental auto-
immune encephalomyelitis EAE [63]. Furthermore, it was shown that in the murine
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model of NCC with the helminth Mesocestoides corti, the inhibition of TLR-initiated
regulation of inflammatory cytokines exists. This effect is caused by an inhibition
of acetylation and phosphorylation of both NF-kB and JNK which causes an accu-
mulation of Ca”* in the endoplasmic reticulum [22]. Probably, this phenomenon is
similarly used by T solium during initial establishment of the infection, however,
deeper research is necessary in this field (Figure1).

Also, it was shown that the nature of antigens of T. solium is essential to
induce a proper immune response. Within T. solium crude lysate antigen, cyst
wall antigen, and cyst fluid antigen, only low molecular weight fractions of
cyst fluid are immunodominant, with the capacity to induce the production of
inflammatory cytokines, but mainly higher levels of IL-10 and IL-4 by stimu-
lated lymphocytes of patients with NCC [64]. Besides, it was suggested that
the time of TcES obtention has a different impact over the kind of immunosup-
pression observed; TcES obtained early in infection, suppress the proliferative
response of splenocytes stimulated with ConA than TcES obtained late in infec-
tion. Also, these early obtained TcES suppress the production of IFN-y and IL-4
efficiently [65].

6. Conclusions

It has been largely known that helminthic infections induce strong Th2-
mediated immune responses associated with regulation of inflammatory responses.
Here, it has been described the different molecules and pathways altered by T.
solium and T. crassiceps infection. Is noteworthy that some clinical studies point
out that this immunomodulation favors both the parasite and host survival when
the parasite is allocated in the brain, mainly because the inflammatory response is
inhibited, avoiding the damage expected from a strong inflammatory response.

The anti-inflammatory activities and immunoregulatory properties found in
both T. solium and T. crassiceps parasites and their products, can be useful beyond
the host—parasite interactions. During some allergic diseases like asthma and rhini-
tis, the hygiene hypothesis has strengthened the idea of the historical necessity to
down-modulate the immune response by mechanisms of natural coevolution, like
the infection with helminth parasites [66]. In the same order of ideas, because of all
these suppressive capacities of both T crassiceps parasites and their TcES molecules,
we hypothesized that it probably has the capacity to modulate chronic diseases asso-
ciated with inflammation. We observed a clear role of both T. crassiceps and their
TcES antigens in the modulation of experimental autoimmune encephalomyelitis
(EAE) [67, 68], colitis-associated colon cancer (CAC) [69, 70], experimental colitis
[71] and type 1 diabetes [72].

Lately, we have observed that the mechanisms used by the parasites that cause
infectious diseases, such as taeniasis and cysticercosis, are very similar processes,
and we dare to suggest that they are the same, to those occurring during the main
oncological (solid) pathologies. The fact that a carcinogenic transformed cell
induces an immunosuppressive process through immune-checkpoints such as PD1,
CTLA-4 or Tim3, is a mechanism that had already been described in the past, dur-
ing cysticercosis. So, immunoregulation and immunosuppression are natural selec-
tion mechanisms that pathogens take advantage of to be able to survive in a hostile
environment and turn it to favor them, to face a variety of processes of continuous
and varied attack of the immune response. Therefore, understanding and decipher-
ing the why, how, and when these natural selection processes occur, we will be able
to apply the lesson obtained during infectious diseases in processes affecting the
current public health, like the main oncological pathologies.
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Abbreviations

AAM Alternatively activated macrophages

ConA Concanavalin A

CTLA-4 Cytotoxic T-Lymphocyte Antigen 4

DCs Dendritic cells

DPI Days post-infection

EAE Experimental autoimmune encephalomyelitis
ELISA Enzyme-linked Immuno Assay

ERK Extracellular signal regulated kinases

Foxp3 Forkhead box P3 transcription factor

F1Z71 Found in inflammatory zone 1 gene

Gal-9 Galectin-9

Gal-7 Galectin-7

IFN-y Interferon-gamma

IgE Immunoglobulin E

IgG Immunoglobulin G

IL-2 Interleukin-2

IL-4 Interleukin-4

IL4Ra Interleukin4 receptor a

IL-6 Interleukin-6

IL-10 Interleukin-10

IL-12 Interleukin-12

IL-13 Interleukin-13

IP Intraperitoneal

MDSC Myeloid-derived suppressor cells

NCC Neurocysticercosis

NCS Nervous Central System

NO Nitric oxide

OPN Osteopontin

PD1 Programmed death 1

PDL1 Programmed Death-ligand 1

PDL2 Programmed Death-ligand 2

PGE2 Prostaglandin E2

PHA phytohaemagglutinin

PMN Polymorphonuclear cells

RT-PCR Real time polymerase chain reaction
SLAMF1 Signaling Lymphocytic Activation Molecule 1
STAT3 Signal transducer and activator of transcription 3
STAT4 Signal transducer and activator of transcription 4
STAT6 Signal transducer and activator of transcription 6
TcES Taenia crassiceps excreted/secreted antigens
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TGF-p Tumor growth factor beta

TNF-a Tumor Necrosis Factor Alpha

Thi T helper cells 1

Th2 T helper cells 2

Th17 T helper cells 17

Tim3 T-cell Immunoglobulin domain and Mucin domain 3
TLR4 Toll-like receptor 4

TLR9 Toll-like receptor 4

Treg Regulatory T cells

Trl T regulatory Type 1 population

TsES Taenia solium excreted/secreted antigens
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Abstract

To date, even widely studied, there is not a standard diagnostic method to detect
neurocysticercotic patients. The later due to the complex nature of cysticercosis
disease and the simplicity of common immunological assumptions involved in
explaining the low scores and reproducibility of immunotests in the diagnosis
of neurocysticercosis. To begin with, the few studies dealing with the immune
response during neurocysticercosis are not conclusive, which of course it is crucial
to develop an immunodiagnostic test. Their full recognition should clear confusion
and reduce controversy as well as provide avenues of research and technological
design. In here, logical arguments add that even under common immunological
assumptions, serology of neurocysticercosis will always include false negative
and positive results. Thus, serology is no strong support for medical diagnosis of
neurocysticercosis (NC). In contrast, immunotests performed in the cerebrospinal
fluid (CSF) of neurological patients should have fewer false positive and fewer false
negatives than in serum. To conclude, it is argued that high scores in serology for
NC will not yield to usual approaches and that success needs of a concerted world-
wide effort. A more punctilious strategy based on the design of panels of confirmed
positive and negative sera needs to be construed, shared and tested by all interested
groups to obtain comparable results. The identification of a set of specific and rep-
resentative antigens of Tuenia solium (T. solium) and a thorough compilation of the
many forms of antibody response of humans to the many forms of T. solium disease
are also to be considered as one of the most importants factors to the disease.

Keywords: Cysticercosis, Neglected Diseases, Neurocysticercosis, Immunodiagnosis

1. Introduction

Neurocysticercosis (NC) is a disease caused by the larvae (or cysticerci) of the
intestinal parasite Taenia solium (I solium) when the cysticerci lodges in the central
nervous system (CNS). It is considered one of the most important parasitic disease of
the CNS [1-3]. Cysticerci may infect humans and may also locate elsewhere of CNS, in
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skeletal muscles, heart, eyes, diaphragm, tongue and subcutaneous tissues, causing a

condition simply referred to as cysticercosis. Cysticerci develop in humans and also in
pigs from eggs produced by the adult tapeworm living in the intestine of humans and
shed to the environment upon defecation, thus contaminating soil, waters and food.

The most serious condition of T. solium disease affecting human health is NC. An
estimated 60% of NC cases are non-symptomatic [4], while the rest are symptom-
atic and exhibit a wide variety of neurological symptoms, being chronic epilepsy
and headache the most noticeable [4-6]. Severe forms of NC develop meningitis,
encephalitis, arteritis, areas of cerebral infarction and gliosis, as well as anatomical
distortion and compression of intracranial structures causing blockade in the flow
of cerebrospinal-fluid (CSF) [5-7], frequently leading to endo-cranial hypertension
and requiring specialized medical attention and/or surgery to derive CSF and/or
remove the parasite. The severe forms of NC seriously impair the patients” health
and may lead to death. Medical diagnosis of NC is impossible on clinical data alone
as it presents a variety of nonspecific symptoms [8], while confirmatory diagnosis
is established by biopsy, cranial CAT-scans and/or cranial NMR images showing
nodular lesions of the brain usually suffice in most cases.

Immunodiagnosis of NC (IDxNC) has long been sought because of the dis-
ease’s prolonged silent or ambiguous clinical pictures and also because of the low
accessibility and impossibly high costs of CAT-scans and NMR-images in endemic
countries [1, 9-11]. Not only an effective IDxNC would be a most practical way
to facilitate medical diagnosis for millions of poor people in endemic countries,
it would also supply sero-epidemiological studies with a low-cost indicator of
prevalence of infection. In addition, a positive immune-test would rise the clinical
suspicion of early non-symptomatic NC which, if confirmed, would allow to offer
early treatment before the parasite does much irreversible CNS damage. Further,
simplification of copro-parasitological studies in stools by an immune-test would
help to identify carriers of live tapeworms and treat them in order to interrupt
transmission in the explosive stage of massive egg production.

Many immunological methods have been tried to detect antibodies and/or
antigens of T solium in serum or CSF and feces, and even in urine and saliva [12-16],
with variable levels of success in detecting NC cases and tapeworm carriers [17, 18].
The gallery includes in vitro tests using complement fixation, precipitation, agglu-
tination, radioimmunoassay and enzyme-based detection systems (ELISA and
Western Blots) [8, 19, 20]. Antigens used in diagnosis also vary from whole antigen
extracts [14, 21, 22], secreted antigens [23-27], semi-purified fractions and purified
natural proteins [6, 12, 16, 28] to recombinant proteins [4, 6, 8-11, 29, 30], and syn-
thetic peptides [31-33], either from T. solium or from homologous parasites as Taenia
crassiceps [2, 13, 19, 21, 32, 34], Taenia saginata [22, 35] or Taenia taeniaeformis [36].
Most reports initially claim very high specificity/sensitivity scores, sometimes even
as high as 100/100%. Enthusiasm soon calms as the methods are applied by different
laboratories, in larger numbers of cases and in various epidemiological scenarios
of the disease [14, 28, 37, 38]. A sober statement about the state of the art at present
times would claim a sensitivity that ranges from 50 to 85% (15-50% false positives)
and a specificity of about 80-90% (10--20% false negatives), with large variations
within and between tests and low reproducibility between laboratories [14, 28, 38].

2. Generalities of immune response to Taenia solium cysticercosis
In recent times it has been found that cysticercosis is importantly driven by

the hosts neuroendocrine system function, particularly sex steroid hormones
(Morales-Montor and Larralde ¢, 2005). Taenia parasites have developed elaborate

54



The Long Road to the Immunodiagnosis of Neurocysticercosis: Controversies and Confusions
DOI: http://dx.doi.org/10.5772/intechopen.98723

mechanisms of interacting with their intermediate hosts. The oncospheres which
invade the intermediate host are susceptible to antibody and complement. However,
by the time the host has generated an antibody response, the parasites have begun
to transform to the more resistant metacestode. The metacestodes have elaborate
means of evading complement-mediated destruction, including paramyosin which
inhibits C1q, taeniaestatin which inhibits both classical and alternate pathways,
and sulfated polysaccharides which activate complement away from the parasite.
Similarly, antibody does not seem to be able to kill the mature metacestode. In

fact, the parasites may even stimulate the host to produce antibody, which could
be bound via Fc receptors and used as a source of protein. Finally, taeniaestatin
and other poorly defined factors may interfere with lymphocyte proliferation and
macrophage function, thus paralyzing the cellular immune response. Since the
symptoms of NC are typically associated with a brisk inflammatory response, we
hypothesize that disease is primarily caused by injured or dying parasites. This
hypothesis raises important questions in assessing the role of chemotherapy in the
management of NC, as well as in the evaluation of clinical trials, most of which
were uncontrolled (Morales-Montor et al., 2006).

The generation of protective T cell responses to cysticercosis is a complex pro-
cess in which cytokines and costimulatory molecules provide signals that direct the
development of adaptative immunity (13). The characterization of T cell responses
as belonging to either Thl-type responses (dominated by the production of IFN-y
and associated with cell-mediated immunity) or Th2-type responses (character-
ized by production of IL-4 and IL-5, and associated with humoral immunity) was
important because it provided a basis for understanding how T cells contribute to
resistance, or susceptibility to cysticercosis (14). Subsequent studies distinguished
the role of IL-12 and IL-4 in the development of Thl and Th2 responses, respec-
tively, but there are other cytokines involved in this process (13). Succintly, it can be
sustained that immune response to the worm (adult stage of T. solium) is limited to
Th2-type mechanisms, while the line of defense against the cysticercus is a mixed

O
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Figure 1.

Cysticerci or adult parasite and associated host immune cells. Mi, microglia/dendritic cell; Mo, macrophage;
No, neutrophil; Eos, eosinophil; Th, T helper lymphocyte; Thi, T helper lymphocyte type 1; Th2, T helper
lymphocyte type 2; BL, B lymphocyte; PC, plasmatic cell.
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Th1-Th2-type immune response, with dominance of Thl-type immune response
mechanisms involved in limiting parasite growth and expansion (Figure1).

3. Sources and effects of controversy

Low sensitivity and specificity of IDxNC, as well as variability of results within
each method and irregular reproducibility between different laboratories, are
cause of discussion and confusion. More than 50 years of insufficiently planned
and disaggregated individualistic research using different materials, reagents,
techniques and conditions of endemial are involved. Policy of publication favor-
ing alleged breakthroughs tells the luminous half of the stories, creating the false
impression that similar results are to be expected by all. The surging of commercial
kits and their accompanying propagandistic fanfare has fueled dispute and nur-
tured distrust because of suspected conflicts of interest without much improvement
in diagnostic capacity. The serious problem caused by all this is that the jingle of
controversy and confusion has reached medical practice and introduced doubts on
the significance of serology in medical diagnosis and epidemiological study surveys.
This has in turn retarded the recognition of T. solium disease as the great threat it is
to human health and the high costs it incurs to public health in endemic countries. It
might be of help to clarify the major causes behind the low performance of IDxNC
as a preliminary step to reach a consensual agreement on the meaning of its results,
its limitations and the ways for improvement.

Low performance and variability are usually thought to rise from the techni-
cal virtues or pitfalls of the different available immunological tools and reagents
used. There is some reason for argument here but there is much more than that to
fully explain the incoherent results and to incorporate in the design of a strategy
with a chance of worldwide solid success. Rarely is it recognized faulty results
may rise from over-simplified immunological assumptions about this particular
host—parasite relationship, incomplete knowledge of the T. solium antigen reper-
toire and/or the immunological complexities derived from the many forms
T solium has of affecting humans. Because the pleomorphism in T. solium disease
sets the levels of difficulty for immunological discrimination and is the least
recognized cause of controversial results, here we shall describe in somewhat
fastidious detail its many different faces.

The exercise illustrates how hard it is the task of immunotests when put
to effectively discriminate from the multiple faces of T solium disease the one
and only of NC. It will also suggest ways of clustering the significant from the
insignificant discriminations, for medical as distinguished from epidemiological
purposes, as well as point to what is possible and what impossible. Inevitably,
some of the major immunological assumptions behind the presence or absence
of antibodies and/or antigen in an individual must be dealt-with to some extent
since they interact with the disease polymorphism to increment the difficulties
of immunodiagnosis for NC. The exercise also explains many of the discrepant
findings and should clear some of the controversy as well as point to ways of
improvement.

4. The many faces of T. solium disease
Any human population under consideration may be divided in two sets accord-

ing to their having had come in contact with T solium (I) or not (0) (Figure 2).
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Figure 2.
Schematic vepresentation of the different possible subsets of the contact and infection of human population
with Taenia solium.

The set I includes at least 48 different subsets depending on whether the contact
occurred along (I) or short (s) time before sampling; the parasite was rejected ()
or it victoriously established in the host (v); the parasite is in the stage of a tape-
worm (t) or as a cysticerci (c); if the cysticerci is located in the nervous system (#)
or elsewhere (¢) or in both (ne); if the cysticerci are few (f) or multiple (m); and if
they are dead (d) or alive (2) or degenerating (x) (Figure 2).

The projection of positive serology upon the I set involve a number of immuno-
logical assumptions listed in Table 1.

Assuming the minimal, it may be concluded that:

1. Antibodies are to be found only in members of the I set in any of its
subsets; and

2. Antigens are to be found only in members of the I subsets carrying live
parasites at the time of sampling.

In consequence:

1. The finding of antibodies in an individual would be indicative of contact but
would not establish the diagnosis of NC; and

2.The finding of antigen would establish the presence of a parasite in the form of
cysticerci located either in the brain and/or elsewhere (i.e., skeletal muscle) or
of an intestinal tapeworm.

If additional assumptions are added, then:

57



Current State of the Art in Cysticercosis and Neurocysticercosis

Minimal 1. Antigens used in the immunotest are specific of T solium and present in all members
of the species at all stages of development

2.There are no natural antibodies to the parasite.
3. There are no antiidiotipic antibodies simulating antigens.

4.All humans produce antibodies to at least a small and the same subset of the
T solium antigens in the immunotest.

Additional 5. Antibodies and antigens tend to:

a. disappear with time after an unsuccessful attempt of the parasite to establish in
the host,

b. increase with the number of parasites established and

c. concentrate in the compartment where the parasite is located.

Table 1.
Immunological assumptions involved upon positive serology within the I group (persons who has or had contact
with Taenia solium).

3. Antibodies and antigens would be more likely (but not exclusively) to be found
in all the  subsets of I that combine with m and a (that is, in all cysticercosis
cases, acquired shortly or long before sampling, with many and live cysticerci
located in the brain or elsewhere) and in tapeworm carriers. But more likely
they would be found in the CSF in the neurocysticercosis (z) subsets combin-
ing with and 4, in the SERUM for the e (elsewhere cysticercosis) subsets also
combining with  and 4, and in the feces of ¢ (carriers of live tapeworms). The
precise magnitude of each likelihood is to be assessed in perhaps each endemic
situation.

5. Clearing some discrepancy

From the above description of the variety in T solium disease of humans and
the usual and rather liberal assumptions about the quality of the immunological
reactants and the nature of the immune response to this particular parasite many
of the discrepancies in the performance of different immunotests in different trials
may be explained. The most important being the variation in the composition of the
set of control not-NC individuals (i.e., some containing more members of the e or
t subsets of I would thwart specificity due to many false positive results) and/or in
the control NC individuals (in which an undue number of the d subset would lower
sensitivity). Likewise, the control NC individuals are frequently a mixed lot of NC
patients, differing in time of evolution, number and location of cysticerci, form
and time of medical and surgical treatment, general health and nutritional status,
age, gender, race, etcetera, that can possibly affect their immune reactivity [39-46]
(Figure 3).

The use of domestic and probably differently composed sets of presumed
control I and 0 individuals and of NC and not-NC individuals accompanying each
immunotest trial is widespread and thus suspect of being a major cause of incoher-
ent results between trials.

Variation between different trials would also follow from differences in the
probability distribution of immunologically positive and negative individuals in dif-
ferent situations of endemia (i.e., high and low endemia, urban and rural transmis-
sion) and in the simplification of the forms of disease by way of binomial variables
(i.e., long or short time of exposure before sampling, single or multiple cysticerci,
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Fa%tors involved in neurocysticercosis. The development of neurocysticercosis depends on many factors
from either the host or the parasite. The factors affecting the immune response of the host are particularly
important for the immunodiagnosis of NC as they may affect the results between individuals. Differences
in representativity of the whole of the parasite antigens and in cvoss-reactivity with other antigens in the
geographic and endemic background, as well as differences in relative concentrations of reactants and
conditions of veaction are additional suspect sources of variation.

dead or alive (not dying) when they are not really so (i.e., individual may be car-
rying 1, 2, ..., n cysticerci) and some are continuous (i.e., time of exposure before
sampling) and even non-disjunctive (i.e. dead, degenerating and live cysticerci may
coexist in an individual).

The selection of the T solium antigens to be used as reactants in the immunotests
also vary widely among the different immunotests and also within the same immu-
notest applied to different endemic conditions and geographic locations.

6. Immunological assumptions

Of all the immunological assumptions necessary to interpret the results of
immuno tests in diagnosis of NC, the less tenable are those implying there are no
cross-reactions with other parasites endemic in the area, that all humans react
equally to infection and that the set of antigens selected for the immunotest are
shared by all individual cysticerci and tapeworm in the species (Figure 4).

The question of antigen cross-reactivity is usually dealt-with by selection of the
set of T solium antigens most reactive with positive control samples (confirmed NC
cases) and less reactive with negative control samples (presumably without NC), all
gathered from donors residing in the endemic areas [47, 48]: a sensible procedure
in principle but usually lacking in proof of the statistical representation of the
population affected by the other pathogens and in the certainty of negative control
samples with respect to clinically silent NC and cysticercosis located elsewhere.
Failure to control antigen cross-reactivity results in false positive tests. That not all
humans react equally to infection is an additional source of false negative immu-
notests. Heterogeneous immune response of humans to pathogens is well known
in a number of infections, possibly all, and although not thoroughly explored in
T solium disease it follows from differences in levels of antibodies of control and
problem samples as well as differences in the published images of WB [47-49].
Besides, NC cases donating samples to use as positive controls usually differ in some
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Failure in immunodiagnosis. Cross-reactivity occurs due to some, but not all, of the secretion and excretion
antigens of Taenia solium that are shared, not only during the different stages of its biological cycle, but also
with some other endemic parasites (eg: Taenia saginata,).

or various characteristics of the disease likely to be of immunological consequence
(i.e., form and duration of treatment, natural history of the disease, site of resi-
dence, age [39], gender [40, 43-45, 50], race [28, 51-54]).

Thus, IDXNC is placed between the wall of false positives and the sword of false
negatives and forced to negotiate selecting the antigen(s) most frequently found to
react with control NC samples in order to decrease false positives but conceding some
false negatives with the consequent loss in both sensitivity and specificity scores.

The antigen repertoire of T. solium is known to be numerous and varied
[47, 48, 55, 56] but the distribution of the antigens in the members of the species,
in the different developmental stages of the parasite and in different geographic
locations is perhaps the most neglected possibly crucial need of information for
the design of successful immunodiagnosis of T. solium disease.

7. Proposals for improvement

1. T solium disease is too serious a human problem to make of it an arena of
scientific and technological individualistic rivalry. Cooperation is necessary to
concert a worldwide effort to design an exacting research plan concordant with
the complexities of T. solium disease and to develop and test in the short term
a minimal number of options from which to select the most proficient IDxXNC
possible to be put to immediate production and general use while further re-
search for improvement continues.

2.There is no hope for immunodiagnosis of T. solium disease without clearing
the problem of antigen cross-reactivity and species representation. Purifica-
tion of antigen(s) or epitopes critically certified to be exclusive of T solium
and present in all members of a representative sample of parasite specimens
of an endemic site is mandatory. Although some likely candidates have been

60



The Long Road to the Immunodiagnosis of Neurocysticercosis: Controversies and Confusions
DOI: http://dx.doi.org/10.5772/intechopen.98723

61

proposed [55, 57, 58] they are lacking in satisfactorily meeting with either one
or both of these conditions. A way of avoiding the high costs and demand-
ing technical skills involved in the purification of natural antigens is the use
of those present in phage display peptide libraries [59-61]. Antigens present
in only T solium but not in all specimens of the species would constitute the
candidate antigen preparation (CAP).

3.Itis also necessary to study and characterize the presumed wide spectrum

of humans’ antibody production in T solium disease in order to calibrate the
candidate antigen preparation that would include all infected individuals. WBs
using CAP in reaction with representative samples of all subsets of I, if pos-
sible, or of # and e at least, would provide the images necessary to construct all
immunological profiles of the infected individuals. Computer assisted image
analysis of WB and cluster analysis could address this problem. The set of CAP
that reacts with all or most infected individuals would constitute the definitive
antigen preparation (DAP).

4.Rather than attempting to develop ways to distinguish each of the different

subsets of T. solium disease, efforts in immunodiagnosis could focus in improv-
ing diagnosis of NC (to include all subsets with # and #e to the exclusion of

all other subsets of I ast and ¢), whilst for prevalence of T. solium disease, in
whatever its form, it should only clearly distinguish members of the I set from
those of 0.

Three are the classes of T. solium disease that matter the most and perhaps re-
quire different strategies: the contact case (members of the I set), the NC case
(all # and ne subsets) and the tapeworm carrier (¢ subset). For this purpose, it
is indispensable to construct representative and certified negative and positive
control panels of the samples CSF, serum and feces from each geographic area
upon their reaction with DAP. Certification of the members of the ¢ subset and
0 set is complicated by its need of whole-body scans in search of cysticerci lo-
cated elsewhere of CNS. Additional negative control samples from a culturally
and historically certified community or geographic area to be rid of T solium
disease and low in infectious disease in general would be useful to estimate
blank readings of immunotesting with DAP.

5.0Once the problem of antigen specificity and representation is solved there

should be no major problem to IDxNC in the CSF of a symptomatic neurologi-
cal patient nor of an intestinal tapeworm in the feces, preferably by antigen
detection (this, to distinguish cysticercosis located elsewhere and live from
dead cysticerci in the CNS because antibodies could persist after death of the
parasite for unknown periods of time).

6. But there would remain serious problems to tackle for serology, the most

accessible sample useful for detection of early nonsymptomatic NC cases in
the general population and for epidemiological studies of T. solium disease
prevalence. The major problem for serology in unambiguously detecting
asymptomatic NC cases is the potential location elsewhere of the parasite (all
e subsets and the ¢ subset) that produces false positive results, and the low
reactivity of patients with few or calcified cysticerci (f and d subsets) that
produces false negative results. Adding to positive serology a marker of CNS
damage [62, 63] as a sign of CNS involvement could help in discriminating
NC from other forms of T. solium disease.
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Chapter 5

Taenia solium microRNAs:
Potential Biomarkers and Drug
Targets in Neurocysticercosis

Matias Gaston Pérez

Abstract

MicroRNAs (miRNAs) found in animals, plants, and some viruses belongs to
the heterogeneous class of non-coding RNAs (ncRNAs), which posttranscriptional
regulates gene expression. They are linked to various cellular activities such as cell
growth, differentiation, development and apoptosis. Also, they have been involved
in cancer, metabolic diseases, viral infections and clinical trials targeting miRNAs
has shown promising results. This chapter provides an overview on Taenia solium
and Taenia crassiceps miRNAs, their possible biological functions, their role in host-
parasite communication and their potential role as biomarkers and drug targets.

Keywords: miRNAs, small noncoding RNAs, neurocysticercosis, biomarkers,
drug target

1. Introduction
1.1 Overview of miRNAs: definition, biogenesis, and functions

MicroRNAs (miRNAs) are a major class of small noncoding RNAs (ncRNAs)
found in animals, plants, and some viruses, which negatively regulate gene expres-
sion at the messenger RNA (mRNA) level [1]. The first known miRNA (lin-4) was
found in the free-living nematode Caenorhabditis elegans [2]. Seven years later let-7
was identified, and together with lin-4 were found to regulate developmental timing
of C. elegans larvae [3]. By definition, miRNAs are small RNA molecules incapable
of encoding proteins, but possessing important structural, catalytic, and regulatory
functions comprise one of the more abundant classes of gene regulatory molecules
in multicellular organisms and likely influence the output of many protein-coding
genes. According to the latest miRBase release (v22.1, October 2018, http://www.mir-
base.org/), there are miRNAs from 271 species, expressing 38589 mature miRNAs.

It is well established that miRNA biogenesis is a complex process classified into
canonical and non-canonical pathways. The canonical biogenesis is the domi-
nant pathway by which miRNAs are processed [4]. This pathway includes three
main steps: (i) In the nucleus, miRNA genes are transcript by RNA polymerase II as
part of much longer RNAs called pri-miRNAs which contain one or a few
stem-loop structures composed of approximately 70 nucleotides each (Figure 1).
Sometimes miRNAs are transcribed as one long transcript called clusters, which
may have similar seed regions, and in which case they are considered a family
[5]. About half of all currently identified miRNAs are intragenic and processed
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Figure 1.

Canonical microRNA biogenesis and mechanism of action. The biogenesis begins with the generation of the
pri-miRNA transcript by RNA polymerase 11 in the nucleus. The microprocessor complex, composed of Drosha
and DiGeorge syndrome critical vegion 8 (DGCRS), cleaves the pri-miRNA to produce the precursor-miRNA
(pre-miRNA). After translocation into the cytoplasm by exportin 5, pre-miRNAs are processed by Dicer

to form the mature miRNA/miRNA* duplex. Following processing, miRNAs are assembled into the RISC
complex. Only one strand of the duplex is stably associated with the RISC complex. The mature miRNA directs
repression of mRNA containing complementary miRNA binding sites within the $UTR.

mostly from introns and relatively few exons of protein coding genes, while the
remaining are intergenic, transcribed independently of a host gene and regulated
by their own promoters [6] (ii) Then, the microprocessor complex, consisting

of an RNA binding protein DiGeorge Syndrome Critical Region 8 (DGCR8) and
aribonuclease III enzyme, Drosha trims the pri-miRNA to liberate a pre-miRNA
hairpin which is actively transported to the cytoplasm by 5 (XPO5)/RanGTP
complex (Figure 1) (iii) Its final maturation is processed in the cytoplasm where
Dicer RNase III endonuclease cleaves the pre-miRNA into a single-stranded mature
miRNA, removing the terminal loop (Figure 1) [4]. The directionality of the
miRNA strand determines the name of the mature miRNA form [5]. Subsequently,
with assistance from chaperone proteins (HSC70/HSP90) the mature miRNA

is loaded into proteins of the Argonaute (Ago) family and assembles the RNA
induced silencing complex (RISC) together to exert its further physiological
functions (Figure 1). We defined the unloaded strand as passenger or star strand.
The start strand that contains no mismatches are cleaved by AGO2 and degraded
(Figure1). Also, miRNA duplexes with central mismatches or non-AGO2

loaded miRNA are unwound and degraded. After being incorporated into the
RISC, the mature miRNA induces posttranscriptional gene silencing by tethering
RISC to be partially complementary to the target mRNA predominantly found
within the 3’-untranslated regions (UTR). Targeting can also be facilitated by
additional sequence elements, such as an unpaired Adenosine in the mRNA target
sequence, corresponding to the nucleotide 1 in 5" end of the mature miRNA.

On the other hand, non-canonical miRNA biogenesis pathways are grouped into
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Drosha/DGCR8-independent and Dicer-independent pathways. In general, these
pathways make use of different combinations of the proteins involved in the
canonical pathway, mainly Drosha, Dicer, exportin 5, and AGO2 [4].

It has been estimated that miRNAs regulate the expression of approximately
one-third of the protein-coding genes [1]. Each miRNA can have many target
mRNAs and a single mRNA can be regulated by multiple miRNAs [7]. Given this
vast majority of mRNA targets regulated by miRNAs, aberrant miRNA expression
profoundly influences a wide variety of cell regulation pathways important to cell
proliferation, apoptosis, and stress responses.

Single miRNA gene can generate multiple miRNA isoforms (isomiRs). For
example, the inconsistent choice of the strand loaded into AGO can generate two dif-
ferent functional miRNAs from both strands of the pre-miRNA duplex [8]. Imprecise
cleavage of pri-miRNA by Drosha or pre-miRNA by Dicer can generate heteroge-
neous 5" or 3’ ends. Another way to generate isomiRs is by RNA editing which may
have a functional impact when the seed nucleotide is altered [4]. Exonuclease activity
could remove nucleotides from miRNA 3’ end, and terminal nucleotide-transferase
could add nucleotides to the miRNA 3’ end generating different isomiRs.

For almost a decade, some of the miRNA genes have been categorized into
different groups, named miRNA families, based on the mature miRNA sequence
and/or structure of pre-miRNAs [9]. Thus, means that microRNAs are grouped into
families based on their targeting properties, which depend primarily on the identity
of their extended seed region (miRNA nucleotides 2-8) [10]. Interestingly, it has
been observed that miRNA genes in the same miRNA family are non-randomly co-
localized and well organized around genes involved in infectious, immune system,
sensory system and neurodegenerative diseases, development and cancer [11]. As
with paralogous proteins, members of the same seed families often have at least
partially redundant functions, with severe loss-of-function phenotypes apparent
only after multiple family members are disrupted [12].

Biological functions of individual miRNAs have been extensively explored and
have revealed the important role of miRNAs in many biological functions such as
developmental timings, cell differentiation, embryogenesis, metabolism, organo-
genesis, and apoptosis [13]. Thus, miRNAs have been introduced as therapeutics
or as targets of therapeutics for the treatment of disease [14]. Also, the existence
of extracellular miRNAs has been widely reported these molecules as potential
biomarkers for a variety of diseases. At present, miRNAs-mediated therapies for
treatment of cancer and chronic hepatitis C virus (HCV) infection have shown
promising results in human Phase I clinical trial [15].

2. miRNAs in Taenia solium and Taenia crassiceps

The presence of homologs to Drosha, Dicer, and Pasha (as identified in the
T solium Genome Project) [16] and the differences in miRNAs profiles between the
Taenia solium cysticerci and adults suggest that the process for the synthesis of miRNAs
is similar to that described for mammals. Identification and sequencing of miRNAs
have been largely facilitated by the newly available high-throughput tools that have
generated a growing set of miRNA sequences from parasites. Our group report for the
first time the high confidence miRNA repertoire from T. crassiceps and T. solium and
show that miRNAs account for most small RNA expression in T. crassiceps cysticerci by
small RNA-seq experiments [17]. Since our miRNA identification strategy required the
matching of T crassiceps small RNA sequences to the T solium genome, the identified
miRNAs are considered common to both species, as was previously considered for
other helminth parasites [18, 19]. The percentage of miRNAs in T crassiceps cysticerci
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reaches 83% of the total small RNA expression, suggesting important functions of this
type of RNA in the biology of taenias [17]. Also, miRNAs were identified and validated
by northern blot experiments [17]. This validation is especially important in the case
that genomic data from other species is used. Additionally, we experimentally detected
pre-miRNAs for the first time in cestodes adding confidence to the miRNA identifica-
tion procedure performed [17]. The T solium and T. crassiceps miRNA catalog includes
41 conserved miRNAs grouped into 30 families [17]. The number of conserved miRNA
families is similar to that of Echinococcus canadensis [20] and Mesocestoides vogae (syn:
M. corti) [21] (28 conserved miRNA families), providing further evidence for the loss
of conserved miRNA families in cestodes [22]. In T solium genome it was reported two
miRNA precursors (pre-mir-new-1a and pre-mir-new-1b) arranged in a cluster [17]
that were only reported before for the Echinococcus granulosus s. s. G1 genotype [23].
The first of these precursors shows expression from both arms in T crassiceps, unlike
the E. granulosus s. s. G1 genotype that only expressed the 3p arm [17]. Differences
in the genome organization of miRNA precursors among cestodes was reported. For
example, the cluster miR-7b and miR-3479a found in T. solium are not clustered in
Echinococcus or M. vogae [17]. The cluster miR-71/2¢/2b, it was found only once in the
genome of T solium, as observed in other cestodes analyzed to date [20, 21, 24]. The
presence of only one miR-71/miR-2 cluster seems to be a common feature of cestode
genomes. The uneven expression found among miRNAs of this cluster was also
observed in Echinococcus spp. [20, 24] and M. vogae [21]. Cluster miRNAs are evolu-
tionally and functionally related and may co-regulate multiple biological processes.
Additionally, cluster miRNAs have shown to evolve more rapidly than individual miR-
NAs [25]. Current evidence in humans suggests that, various genetic events (deletion,
insertion, duplication and base substitution) within a cluster, followed by adaption and
neofunctionalization, is the underlying mechanism responsible for the evolution of
miRNA clusters [26]. To date, the importance of these differences in genomic arrange-
ment of cestodes is unknown but could potentially influence the expression of the
corresponding mature miRNAs.

The expression profile of T. crassiceps cysticerci showed that miRNA expression
is highly biased to a few miRNAs: miR-10, let-7, miR-71, bantam and miR-61 [17].
These five miRNAs account for ~90% of miRNA expression [17]. These miRNAs and
miR-4989 were also highly expresses in Taenia solium cysticerci [27]. Coincidentally,
in other reports of small RNAs from cestodes that used the same methodology for
miRNA discovery, miR-10, let-7, miR-71 and bantam were the most highly expressed,
suggesting important functions in cestode biology [20, 21, 23, 24]. The repertoire
of miRNAs in T solium genome included protostomian miRNAs, such as miR-4989
and bantam that are absent in human host [17]. MiR-4989 is a divergent member of
the miR-277 family. This protostomian-specific family is known to be involved in
amino acid catabolism in Drosophila. Recently, miR-4989 was shown to be involved
in development of juvenile worms in S. mansoni. In the T solium genome miR-4989
target a Cationic amino acid transporter and a basic leucine zipper bZIP transcription
factor without orthologs in any model species. Additionally, in the genome of T. solium
and expressed in T crassiceps cysticerci we found bilaterian miRNAs that are absent in
human host, such as miR-71 or divergent from their host ortholog, such as let-7 [17].

The identification and characterization of miRNA targets is essential for
understanding the function of these ncRNAs at molecular level. MiR-10 is the most
expressed miRNA in T crassiceps and T. solium cysticerci. This miRNA is highly
conserved across metazoan organisms and is implicated in Hox gene regulation,
embryonic development, and cancer [28-30]. Tow ANTP class homeobox genes
were found among predicted miR-10 targets in T. solium genome [17] as in many
others bilaterians [31]. Let-7, a conserved miRNA across evolution, was shown to
regulate the developmental timing in C. elegans [32] and was shown to be a central
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regulator of mammalian glucose metabolism by targeting several genes of the
insulin-PI3K-mTor pathway, including the insulin receptor [33]. MiR-9 is a deeply
conserved miRNA across evolution known to be involved in neural development.
One possible target for miR-9 is a Slit 2 protein, the ortholog of C. elegans slt-1 that
is expressed in muscle cells and neurons and is involved in generation of neurons
and axon guidance during embryonic and larval development. Also, a Carbonic
anhydrase was reported as a putative target gene for miR-9, which is the ortholog
of C. elegans cah-1 that is expressed in different neurons and head ganglion and is
predicted to have a carbonate dehydratase activity. Other relevant target for miR-9
was Peregrin, the ortholog of C. elegans lin-49 that is involved in normal larval
development. MiR-71 is bilaterian miRNA absent in vertebrates and involved in the
promotion of longevity and neuronal asymmetry in C. elegans, is the miRNA with
more targets predicted in the genome of Taenia solium. Some interesting targets are
shown in Table 1.

Parasite miRNAs that are absent in the host, such as miR-71 or highly divergent
(e.g let-7) from their host orthologs may be considered as selective therapeutic
targets for treatment and control of helminth parasite infections. In addition, miR-
71 is highly expressed in T solium adults stage suggesting that it could be involved
in important biological functions in the life cycle of Taenia genus. Nevertheless,
the characterization of the physiological effects of the presence or absence for each
identified miRNA needs more complex approaches in T solium. In this respect,
in vitro and in vivo optimization strategies for efficient and long-lasting loss-of-
function, such miR-71 silencing reported in E. multilocularis [34] are still required
for meaningful silencing studies in other metacestodes.

2.1 miRNAs and immune response

Helminth’s parasites modulate immune responses in their host to prevent their
elimination and establish chronic infections. Neurocysticercosis (NCC) implicates
chronic parasitic disease with different variety of host and parasite interactions
[35]. Clinical manifestations are mainly the result of inflammatory response to
degeneration of parenchymal cysticercus [36].

Taenia solium cysticerci actively prevents this inflammatory response [37],
which prolongs its survival in the host. The intensity of NCC symptoms depends
primarily on the inflammatory response, which is associated with the Th1 response
with high levels of TNF, IFN-v, IL-17, and IL-23 whereas the Th2 response (anti-
inflammatory response) is associated with asymptomatic NCC with high level of
IL-10, IL- 4, IL5, and IL-13 [38]. In T. crassiceps model, the cysticercus growth is
controlled by macrophages and the promoting of Thl and Th2 responses. The pro-
duction of inflammatory cytokines by macrophages and dendritic cells are blocked
by excreted/secreted antigens (E-S antigens). Also, toll-like receptor (TLR) are
blocked facilitating cysticercus growth [38]. The miRNA signature of T regulatory
(Treg) cells has been characterized and among the miRNAs expressed are mir-21
and mir-31, which have opposing effects on the Treg TF FOXP3 [38]. Also, it was
demonstrated that the E-S antigens of T. crassiceps cysticerci can modulate proin-
flammatory responses in macrophages by inducing regulatory posttranscriptional
mechanisms, while E-S antigens reduced the production of inflammatory cytokines
(IL-6, IL-12, and TNFa), they increased the release of IL-10 in LPS-induced bone
marrow-derived macrophages [39]. microRNAs are a key component of macro-
phage posttranscriptional regulation [40] and it was shown that E-S antigens of
T. crassiceps cysticerci induced upregulation of miR-125a-5p, miR-762, and miR-484,
which are predicted to target canonical inflammatory molecules and pathways in
LPS-induced bone marrow-derived macrophages.
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GenelID Gene description Molecular funtion (GO) Other
miRNAs
TsM_001055500 Zinc finger, type RING / — bantam;
FYVE /PHD miR-4989
TsM_001107400 Ubiquitin carboxyl terminal Thiol-dependent ubiquitinyl miR-36a;
hydrolase (inferred by hydrolase activity miR-36b
orthology to a protein from S.
mansoni)
TsM_000718200 Ceramide glucosyltransferase Transferase activity, transfer of let-7
(inferred by orthology to a glycosyl groups
human protein)
TsM_000983300 Casp, putative (inferred by — miR-71
orthology to a protein from S.
mansoni)
TsM_000787600 Protein kinase-like domain. Protein kinase activity, miR-9
Tyrosine-protein kinase, protein serine / threonine
active site. kinase activity, ATP binding,
phosphotransferase activity,
alcohol group as acceptor
TsM_000964500 IUAA Family Transporter — miR-10
TsM_000502500 Fibroblast growth factor Protein kinase activity, protein miR-
receptor homolog 1 (inferred tyrosine kinase activity, ATP 124a;
by orthology to a D. binding miR-124b
melanogaster protein)
TsM_000692000 Mitochondrial coenzyme — miR-61
transporter A SLC25A42
(inferred by orthology to a
human protein)

Table 1.
Interesting miR-71 targets in Taenia solium genome.

Taenia solium E-S antigens have been implicated in immune modulation and it is
also known that the intimate association between host and parasite and the immune
response is highly controlled at the post transcriptional level [41]. Target predic-
tion of miR-10 and miR-125 found in T solium cysticerci are potentially involved in
macrophage IRF/STAT pathways, such as CD69 and TNF. Also, miR-9 was found to
be related in the classical activation of macrophages [38]. Mir-10 and miR-125 were
also implicated in expression of cytokine receptors, cell activation markers and cell
adhesion molecules that activate macrophages to secrete TNF involved in IFN-
signaling pathway. Furthermore, potential miR-10 targets such as IL12 and IL23,
could interfere with the IL-12 family signaling pathway with a probably Tregs induc-
tion. In addition, let-7 showed predicted targets, such as IL10 that encodes cytokines
involved in M2 polarization [42]. These suggest an important role in the polarization
of macrophages. Macrophages in cysticercosis promote a transient Thl protective
response with classical activated macrophages that is changed by parasite products
to a Th2 permissive response with alternatively activated macrophages [43].

Already knowing that the more abundant miRNAs (miR-10-5p, let-7-5p)
putatively have target genes of immune response and that macrophages in murine
cysticercosis promote Thl or Th2 responses it was demonstrated that synthetic
miR-10-5p and let-7-5p were internalized into the cytoplasm of murine peritoneal
macrophages in vitro [27]. Interestingly, the down regulation of the expression of
pro-inflammatory cytokines, such as I16, Il1b, and TNF, IL-12, was reported when
activated macrophages were incubated with IFN-y and miR-10-5p or let-7-5p.

76



Taenia solium microRNAs: Potential Biomarkers and Drug Tavgets in Neurocysticercosis
DOI: http://dx.doi.org/10.5772/intechopen.97305

Moreover, in macrophages activated with IL-4 these miRNAs reduced the expres-
sion of cytokines involved in M2/Th2 differentiation. These results were important,
because murine resistant to cysticercosis display high levels of TNF, IL-12, IL1-p,
and NO during early infection (Th1 response), which is associated with the elimi-
nation of larvae [44]. On the other hand, high levels of pro-inflammatory cyto-
kines (IL-6 and TNF) cause damage to the microglia promoting autoimmune and
neurodegenerative diseases [45, 46]. This tissue damage is also observed in human
NCC at the beginning of larvae degeneration and in pig NCC when they are treated
with praziquantel [47]. In contrast, viable larvae are associated with a long initial
asymptomatic phase that correlate with undetectable inflammation in the SNC,
presumably due to T. solium larvae factors prevent inflammation [48].

The striking ability of helminth parasites in conferring protection from diseases
of immune dysregulation has increased the attention into the immunomodula-
tory mechanisms evoked by these parasites. Administration of E-S antigens of
T. crassiceps in experimental ulcerative colitis, autoimmune encephalomyelitis
and type 1 diabetes shown positive results [49, 50]. The ability of T crassiceps to
prevent inflammatory responses was demonstrated to be dependent on a popula-
tion of macrophages that produced markers of alternative activation (M2) [51].
Excreted/secreted T. crassiceps products decreased the production of inflammatory
cytokines (IL-12, TNFa, and IL-6) in LPS-induced macrophages but has a limited
role in inducing directly the production of M1 and/or M2-associated molecules.
The immune-modulatory ability of these E-S antigens was further associated with
increased levels of specific microRNAs, which are predicted to target numerous
inflammatory mRNAs involved in the TNF and NF-«B signaling pathways [39].

3. miRNAs in drug response

In 2010 Devaney and collaborators [52] speculated that the link between changes
in miRNA levels and drug resistance in cancer cells may also be a feature of drug
resistance in parasitic nematodes. On the other hand, few data have been published
in connection with drug resistance in cestodes [53]. Our group study the miRNA
expression profile of T crassiceps cysticerci incubated for 24 h with sublethal doses
of praziquantel (PZQ ), one of the main antiparasitic agents used for cysticercosis
and taeniasis [17].

The experiments showed that the overall miRNA profile remained unchanged
under PZQ treatment, except for miR-7b that showed a sixfold enhanced expres-
sion [17] under PZQ treatment. One of the predicted miR- 7b targets was calponin,
a calcium binding protein that inhibits myosin. This may be related to the expected
alteration of intracellular calcium concentration produced by PZQ, a drug binding
and inhibiting voltage-gated calcium channels, a key molecule for the regulation of
calcium level inside the cell. Also, other targets of miR-7b are involved in several
pathways such as amino acid and nucleotide metabolism, vesicular transport,
signaling pathways, cell adhesion, cell growth, cell death and interaction with neu-
roactive ligands, suggesting the importance of this miRNA in parasite biology [17].
Calponin is one of miR- 7b predicted targets linked to calcium binding protein that
inhibits myosin and may be related to the intracellular calcium concentration pro-
duced by PZQ. Other predicted targets of miR-7b are involved in several pathways
such vesicular transport, signaling pathways, cell adhesion, cell growth, cell death
and interaction with neuroactive ligands, suggesting the importance of this miRNA
in parasite biology [17]. In these experiments other miRNAs showed differences in
expression levels during treatment with PZQ, such as miR-31. This miRNA showed
a decrease in the level of expression in cysticerci treated with PZQ and therefore the
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Pathway GenelID Description miRNAs

Ion transporters TsM_000896200 Voltage-gated calcium channel 2C miR-307
TsM_000896200 alpha-2 / delta miR-36a
TsM_000025300 miR-36b
TsM_000025300 miR-124b
TsM_000783500 miR-124a
TsM_000896200 miR-133
TsM_000436700 miR-745
TsM_000598200 miR-31
TsM_000845300 miR-2c

Drug metabolism / TsM_000648500 Cytochrome b5-heme type / miR-124a

enzyme conjugation TsM_000648500 steroid binding miR-124b
TsM_000191900 Selenoprotein type 2C Rdx miR-31
TsM_000625200 Thioredoxin-like fold miR-2a
TsM_000625200 Glutathione S-transferase 2C miR-2b
TsM_000685100 class S miR-9
TsM_000979200 Thiolase-like miR-281
TsM_000610200 Glutathione S-transferase 2C miR-307
TsM_000860300 similar to C-terminal miR-2162
TsM_000219500 miR-96

ABC transporters TsM_001160500 ABC type conveyors miR-2b
TsM_000989600 Type 2 ABC conveyors miR-2c
TsM_000971500 Type 12C ABC conveyors miR-31
TsM_001225200 miR-61
TsM_000459700 miR-71
TsM_000740200 miR-125
TsM_000006800 miR-184
TsM_000720400 miR-219
TsM_000882500 miR-307
TsM_000575300 miR-3479b
TsM_000726600

Table 2.

Interesting drug response miRNAs and targets in Taenia solium genome.

genes regulated by the miRNA would be overexpressed compared to the cysticerci
that did not receive treatment with PZQ. Predicted target genes for this miRNA
include: ABC transporters (transporters responsible for expelling different drugs
out of the cell), thioredoxins (involved in drug metabolism), and the voltage-gated
L-type calcium channel subunit alpha-1D, which is a probable site of action for
praziquantel (PZQ) [54] Table 2. Additionally, other T. solium miRNAs were found
to have targets related to flow, metabolism, and drug action [17].

These results prepare the way for continue with more studies in order to
understand the response of miRNAs to drug treatment and the influence that these
ncRNAs may have on drug action and/or drug resistance.

4. miRNAs as potential biomarkers

A biomarker is described as a feature that is objectively measured and evaluated
as an indicator of many biological processes. Hunting for helminths biomarkers
capable of providing diagnostic, prognostic, or therapeutic information has become
a necessary but challenging work in cestodes research. MiRNAs were reported in
blood - plasma, serum and other fluids like urine and saliva. This attribute has
raised the interest of their use as potential biomarkers and diagnostic tools [55]. In
the case of cestodes diseases the use of pathogen miRNAs as biomarkers promises
the advent of highly specific and non-invasive diagnostic tools, since the miRNA
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repertoire of T. solium present a set of unique or divergent miRNAs with respect to
the corresponding host homologs.

The small size and the stability of miRNAs are two important features that permit
the circulation of these molecules in biological fluids. The formation of protein—
miRNA allows circulating miRNAs escape of degradation [5]. Also, the majority of
miRNAs detectable in serum and saliva are found inside extracellular vesicles (EV)
that could avoid miRNA degradation and serve as transport particles to facilitate
miRNA actions in neighboring cells [56]. The term EV groups includes several
types of vesicles among which microvesicles and exosomes are the most thoroughly
characterized. In helminths parasites EVs are the preferred extracellular compart-
ment under study and miRNAs as the most thoroughly characterized RNA biotype
[57]. The identification and sequencing of T. solium miRNAs is a must for their use as
diagnostic tools. Among these contexts, the potential of miRNAs being involved in
cestodes diseases as biomarkers has been investigated. It was demonstrated that the
miR-10 and let-7 families are present in the EV from cestodes [57-61].

These two miRNAs are highly conserved throughout evolution and are present in
bilaterians where they play fundamental roles in regulating stem-cell division

and differentiation and embryonic development. The metacestode larval stage of

E. multilocularis presents a morphological barrier to the secretion of EV towards

the extra-parasite milieu and hence, ex-RNAs secreted in vitro are mostly detected

in the EV-depleted fractions [57, 61]. Interestingly, the opposite is observed in the
mestacestodes of T crassiceps and M. vagae, a parasites models of T. solium, that do not
have such a structure [61] but parasite ex-RNA detection in patient biofluids is still in
avery early phase of study.

The extensive use of next generation of technologies such as miRNA microar-
rays and high-throughput deep sequencing techniques, translating biomarker
into practice with increased diagnostic and therapeutic sensitivity and specificity
would be less of a problem [62]. With respect to the use of ex-RNAs as biomarkers
in NCC, to date, no laboratory assay from plasma, serum or cerebrospinal fluid has
been performed. Furthermore, patient samples from different geographic regions
together with specificity assessment with samples of patients would also provide a
more realistic view of the potential of ex-RNAs as biomarkers of NCC.

5. miRNAs as potential drug target

The hypothesis that many T. solium miRNAs have crucial roles in development,
host-parasite interaction and immune response, and also the absent of some
miRNAs in the host has led to considerable interest in the therapeutic targeting of
miRNAs in NCC. The main approaches commonly taken are: i) miRNA inhibition
by antisense oligonucleotides, miRNA sponges or small-molecule inhibitors ii)
miRNA upregulation with miRNA mimics [63]. Mirna sponges’ strategies rely on
the expression of mRNAs containing multiple artificial miRNA-binding sites, which
act as decoys. The overexpression of mRNA- sponges selectively sequesters endog-
enous miRNAs and thus allows expression of the target mRNAs [64]. Approaches
that are based on small molecules generally rely on reporter-based assay systems
for compound library screening and have identified small molecules that could
specifically inhibit miRNA expression, such as azobenzene (which affects human
miR-21 expression) and several diverse compounds that inhibit human miR-122
[65]. Considerably more attention has been paid to antimiRs, particularly to those
that target miRNAs directly to specifically inhibit miRNA function and upregulate
miRNA targets. In practice chemical modification of oligonucleotides is required
to increase resistance to serum nucleases, to enhance binding affinity for targeted
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miRNAs and to improve the pharmacokinetics and pharmacodynamics profile in
vivo. Other limitations are associated with rapid clearance, immunotoxicity an low
tissue permeability. The delivery of artificial miRNAs or of blocking counterparts
that could interfere with key processes in parasites has been already postulated

by several authors, and some potential targets are already characterized. MiRNA
manipulation in parasites has been also proposed as a new strategy for control
against schistosomiasis and cystic echinococcosis [38, 66].

6. Conclusions

For the better understand of the pathophysiology of parasitic diseases at the
molecular level is crucial identify and characterize parasite-specific miRNAs and
their targets in hosts. The significant advance in biomedical research of miRNAs
as target drugs and biomarkers is expected to be widely translated in the field of
parasitology in the coming years. Why not think about miRNAs as a profitable
approach to better diagnose and properly treat NNC? There is an increasing number
of studies that are being done in T. solium and cestodes miRNAs, however transla-
tional research of miRNA still remains a challenge.

Regarding the neglected diseases, researchers have dedicated decades to the
development of new drugs and identifying new biomarkers of disease progression
but most researches are limited to academia indicating a gap between basic science
and clinical application. Also, the use of miRNAs as a biomarker or potential drug
target are poorly explored compared with cancer, neurological disorders, metabolic,
cardiac and circulatory diseases.

It is expected that in future years the biological knowledge acquired on miRNAs,
especially in biomedical research, could be widely translated into NNC since miR-
NAs could hold great potential as therapeutic and diagnosis targets for the control
of diseases.
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Abstract

Taenia solium causes neurocysticercosis, a parasitic infection of the central
nervous system in humans. The costs of management, treatment, and diagnosis of
patients with neurocysticercosis are high, and some patients do not respond to the
currently available treatments. Helminth cytosolic glutathione transferases (GSTs)
are essential enzymes involved in the regulation of immune responses, transport,
and detoxification. In T solium, three cytosolic GSTs with molecular masses of 26.5
(Ts26GST), 25.5 (Ts25GST), and 24.3 kDa (TsMoGST), classified as mu-alpha, mu
and sigma GST-classes, respectively, constitute the main detoxification system, and
they may be immune targets for the development of vaccines and new anthelmin-
tics. We performed a successful virtual screen, and identified 17, a novel selective
inhibitor of Ts26GST that showed a non-competitive inhibition mechanism towards
substrate glutathione with a Ki of 55.7 mM and mixed inhibition towards the
electrophilic substrate 1-chloro-2,4-dinitrobenzene with a Ki of 8.64 mM. Docking
simulation studies showed that I7 can bind to a site that is adjacent to the electro-
philic site and the furthest from the glutathione site. This new inhibitor of Ts26GST
will be used as alead molecule to develop new effective and safe drugs against
diseases caused by T solium.

Keywords: Glutathione transferase, Inhibitor, Taenia solium, Neurocysticercosis

1. Introduction
1.1 Neurocysticercosis

Taenia solium is a cestode parasite in humans. Adult parasites cause taeniasis, and
the larvae cause cysticercosis. Larvae located in the central nervous system cause
neurocysticercosis (NCC), with a wide spectrum of clinical manifestations that
depend on factors such as the location, number of larvae, and the intensity of host
immune response [1, 2]. The disease may be asymptomatic or present with nonspe-
cific symptoms, such as epilepsy, cognitive impairment, migraine-type headache,
intracranial hypertension, and neurological deficits, among other symptoms [3, 4].
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1.2 Clinical spectrum

According to the location of the larvae, NCC is classified into parenchymal NCC
and extraparenchymal NCC. In the parenchymal NCC, the most frequent symptoms
are seizures, which can occur at any stage of the cysticercus (viable or calcified) [5],
and neurological signs, such as sensory deficits, language, and gait disturbances, as
well as involuntary movements. Such manifestations have been reported in up to
15% of patients [3]. In the extraparenchymal NCC, cysticerci are usually found in the
subarachnoid and ventricular locations. Hydrocephalus is observed in a significant
number of cases of subarachnoid NCC, and neurological alterations associated with
the obstruction of the cerebrospinal fluid flow have been observed in patients with
ventricular NCC; the blockage of the cerebral aqueduct due to the presence of cysticerci
in the fourth ventricle may result in the loss of consciousness or even death [3, 6, 7].

1.3 Treatment

NCC is a disease transmitted by food, which causes many disability-adjusted life
years. In Mexico, the cost of management, treatment, and diagnosis of patients with
NCC was approximately U.S. $52 million in 2015 [8]. In addition to these costs, a
study in Peru estimated that two-thirds of patients who develop symptoms lose their
jobs, and the sequelae make it impossible for 60% of them to return to work [9].
Treatment should be individualized according to the characteristics of the disease
and location of cysticerci, but in general, it consists of a mixture of surgical inter-
vention (recommended for cases of intraventricular or spinal NCC), antiparasitic
and anti-inflammatory drugs, and drugs for the management of symptoms [10]. The
antiparasitic treatment for NCC includes praziquantel or albendazole. Praziquantel
is a pyrazino-isoquinoline derivative that affects calcium channels on the parasite’s
surface and causes muscle contractions, paralysis, and tegument damage [11].
Maximum serum levels of praziquantel are obtained in 1.5-2 h after administration
[12]. Praziquantel is metabolized in the liver, and its mild side effects include gastric
disturbances, dizziness, drowsiness, fever, headache, increased sweating, and
sometimes allergic reactions; however, these reactions disappear when the drug is
withdrawn [13]. Albendazole is a benzimidazole compound that leads to the selec-
tive degeneration of cytoplasmic microtubules, affecting the formation of ATP, and
glucose intake, which depletes parasite of the energy source [14]. Maximum serum
levels of albendazole are achieved in 2 to 3 h after ingestion. This drug penetrates the
cerebrospinal fluid better than praziquantel [15]. Side effects in humans are mainly
related to liver toxicity (increased liver enzymes), hematological effects, hair loss,
and general symptoms that dissipate when treatment is withdrawn [14]. The use of
antiparasitic drugs can cause adverse effects arising from the inflammatory reac-
tion induced when cysticerci are damaged; therefore, the use of corticosteroids in
addition to treatment is recommended. However, prolonged use of corticosteroids
increases the risk of opportunistic infections, skin disorders, depression, osteope-
nia, among others [13]. Several drugs, including benzimidazole, praziquantel and
nitazoxanide, have been evaluated for their ability to control swine cysticercosis in
animals intended for consumption. Of these, oxfendazole has been shown to have
close to 100% efficacy after a single dose in intramuscular cysticercosis, but the
efficacy was lower in swine neurocysticercosis [16].

1.4 New drugs

Patients who do not respond to therapy with the currently available drugs have
been reported. Several factors have been proposed that may be involved in this
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lack of sensitivity to the treatment: differential response according to the state of
development of cysticerci, low penetration of the drug into the subarachnoid space,
variability of albendazole sulfoxide levels in plasma in individual patients, or inter-
ference of corticosteroids with the activity of anti-helmintics [17, 18]. This has led to
the search for new drugs that could improve the effectiveness of the anti-helminthic
therapy. Therefore, cytosolic glutathione transferases (cGSTs) have been selected as
targets for the development of vaccines and drugs against this parasite [19-22].

2. Overview of glutathione transferases
2.1 The catalytic reaction

GSTs (EC 2.5.1.18) are a multiprotein family highly expressed in all cells [23, 24].
They are part of phase II detoxification process and catalyze the conjugation of glutathi-
one to a variety of endo- and exo-electrophilic substrates [25]. This conjugation produces
soluble compounds and substrates for cellular export proteins, such as P-glycoprotein
and multidrug resistance-related protein 1 [26]. The general reactions (GSH + RX —
GSR + HX) comprise a nucleophilic attack, aromatic substitution, epoxide ring opening,
reversible Michael addition, isomerization or peroxidation. Although nucleophilic attack
can also be directed to nitrogen atoms in nitrate esters, sulfurs in organic thiocyanates or
disulfites, and oxygen in organic hydroperoxides [25, 27-29].

2.2 Cellular distribution and GST classes

GSTs can be grouped into three subfamilies according to their cellular location:
mitochondrial GSTs, microsomal GSTs or MAPEGs (membrane-associated proteins
in eicosanoid and GSH metabolism), and cytosolic or canonical GSTs. In humans,
genes encoding all expressed GSTs from a given subfamily are clustered on the
same chromosome [30]. The mitochondrial GST subfamily includes a unique kappa
(K) class. This class has very high peroxidase activity, and its location suggests an
important role in p-oxidation of fatty acids and in lipid peroxidation. Moreover, it
is also a key regulator of adiponectin biosynthesis and may function as a chaperone
[31-34]. Microsomal GSTs are divided into four groups (I-IV). They share less
than 20% sequence identity and are involved in eicosanoid metabolism, such as the
synthesis of prostaglandins, thromboxanes, leukotrienes (inhibitors of inflamma-
tion), glutathione metabolism, and activation of some lipoxygenases [33, 35-37]. In
the subfamily of cGSTs, members of the same class have more than 40% amino acid
sequence identity, whereas sequence identity between classes is below 25%. cGSTs
are divided into: (1) organism-specific GST classes, which include several GSTs,
such as lambda (L), phi (F), and tau (U) in plants; delta (D), epsilon (E) in insects;
beta (B) in prokaryotes; and 2) ubiquitous classes in any organism, including mu
(M), alpha (A), pi (P), theta (T), sigma (S), zeta (Z), and omega (O) classes. Each
of them displays distinct catalytic and non-catalytic binding properties, and their
functions are very versatile and involve detoxification, signal modulation, catabo-
lism of aromatic amino acids, ion channel modulation, chemotherapy resistance,
prostaglandin and steroid hormone synthesis, and transport of molecules such as
bilirubin, heme, steroids, hormones, and bile salts [25, 27, 29, 31, 33, 38-43].

2.3 Structural characteristics

All cGSTs are dimers with 24-27 kDa monomeric subunits containing ~250
amino acid residues on average. They share the same tertiary and quaternary
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structures, and each subunit has two distinct functional domains. The first domain
is the G site, which is located at the N-terminal region and is responsible for GSH
binding. This domain is highly conserved in all classes and has a thioredoxin-like
fold constructed by three helices and four sheets (fapappa). Activation of GSH
occurs at the G-site by different amino acids, depending on the class, and is either
atyrosine (Y) found in M, P, A, and S-classes, a serine (S) found in T, Z, F, U, and
D-classes, or a cysteine (C) to O, and B-classes. The activation allows a nucleophilic
attack on the electrophilic compounds, allowing conjugation or thiol transfer. The
first two amino acids, tyrosine and serine, promote the formation and stabiliza-
tion of the thiolate anion of GSH, lowering its pKa to 6.2. This is achieved through
hydrogen bond donation of the hydroxyl group, which makes GSH ready for
conjugation. The C residue is used for thiol transfer, and it forms mixed disulfides
with GSH. The N-terminal domain consensus sequence SNAIL/TRAIL is localized
in the region between residues 68 and 77, and appears in all mammalian cGSTs

[25, 29, 31, 44, 45]. The second domain is the H site, which is localized in the
C-terminal region. This domain binds the electrophilic substrate, and it is consti-
tuted exclusively by a-helices. The number of helices varies from four to seven,
depending on the class. This variation has been used to explain the wide range

of electrophilic substrates for detoxification and specificity among classes. For
example, the M-class has very efficient catalysis with molecules containing oxiranes
and unsaturated carbonyl groups, whereas A-class acts on 4-hydroxyalkenals and
peroxides [20, 25, 31, 33, 45]. Although GSTs do not present specificity for their
hydrophobic substrates, they seem very specific for the y-glutamyl portion of GSH,
and there is evidence that a peptide portion in the conjugate binds to ATP pumps or
the multidrug resistance-associated proteins to be exported [46, 47]. Furthermore,
in these domains, there are also conserved motifs that identify GST classes. For
example, the primary and secondary structures that form the mu-loop or a9-helix
are characteristic of M, and A-GST classes [20, 45, 48].

2.4 Alternative functions of GSTs

Besides their catalytic role, ligandin activity has been identified in GSTs because
they bind toxic non-substrate ligands, such as hemin, bilirubin, bile salts, steroids,
thyroid hormones, fatty acids, drugs (albendazole and praziquantel), and members
of the MAPK protein kinase family, which are involved in processes such as the
production, storage, and rapid transport of prostaglandins out of cells, intrinsic
and acquired drug resistance, cell survival and apoptosis, contributing to passive
detoxification or intracellular transport in cells. The ligandin site is different from
the G and H sites, and the above-mentioned toxic non-substrates are able to inhibit
the catalytic activity of GSTs [49-52]. Another striking property of the GST enzyme
is its translocation from the outside to the inside of various cells. This internaliza-
tion occurs through endocytosis mediated by receptors or by the GST-fold struc-
ture, and it is independent of GST function as an enzyme [53, 54].

2.5 GSTs in platyhelminthes

In these parasites, GSTs also act as xenobiotic detoxifying enzymes, catalyzing
conjugation of GSH (active detoxification) or, in the case of ligandin, transporting
toxic substrates (passive detoxification) and acting as protective antigens to the host
[23, 55]. Finally, many reports on vaccination experiments have described reduc-
tions in parasite burden, fecal egg counts, tissue egg densities, and female fecundity
in experimental cysticercosis, schistosomiasis, and fascioliasis [23, 56-60]. The
World Health Organization has recommended the use of Schistosoma japonicum

90



Development of New Drugs to Treat Taenia solium Cysticercosis: Targeting 26 kDa Glutathione...
DOI: http://dx.doi.org/10.5772/intechopen.97342

GST (SjGST) as a vaccine antigen in the form of a DNA vaccine (pcDNA/sjGST) in
nanoparticles combined with pIL-12 [61, 62].

2.6 GSTsin T. solium

In the cestode T. solium, GST activity has been identified in the microsomal frac-
tion, and it was noncompetitively inhibited by triphenyltin chloride and bromo-
sulfophthalein [63]. Moreover, three cGSTs classes have been identified according
to the classification of mammalian GSTs [20]: (i) a moderately abundant S-class
GST denoted as TsMoGST, (ii) the least abundant M-class GST named Ts25GST
(previously referred to as SGSTM1), which has a high capacity to conjugate reactive
carbonyls, the secondary products of lipid peroxidation, and (iii) the most abun-
dant M and A-class GST named Ts26GST (previously referred to as SGSTM2). The
characteristics and properties of these enzymes are listed in Table 1.

The specific antibodies produced against each TsGST (TsMoGST, Ts25GST,
and Ts26GST) showed that they are not antigenically related to each other, nor to
trematode, cestode, or mammalian GSTs [19, 20, 64]. Interestingly, these specific
antibodies recognized the homologous GST class in T saginata, T taeniaeformis, and
T. crassiceps. On the other hand, immunizations of a murine model of cysticercosis
with the SGSTF fraction purified from cysticerci (comprising both Ts25GST and
Ts26GST) or with recombinant Ts26GST alone were highly effective in reducing
cysticerci load by 90% and 74%, respectively, whereas the use of the native and
recombinant Ts25GST as immunogens afforded lower protection rates, 46% and
25%, respectively [19].

The aforementioned result as well as the known lack of catalase and low activi-
ties of CYP450 and glutathione peroxidase have led us to postulate that GSTs are the
major detoxification system for this parasite. In addition, the properties of cGSTs
as immunogens and vaccination candidates make them attractive targets for the
development of new drugs against this parasite [19, 20, 22, 64].

Anti-helminthic compounds such as mebendazole and praziquantel inhibited
Ts26GST and TsMoGST in vitro, but they did not reach plasma concentrations iz vivo
that would allow effective inhibition of enzyme activity [20, 64, 65, 66]. To date, a

TsMoGST Ts25GST Ts26GST
Number of amino acids 212 219 221
Molecular mass (Da) 24,290 25,496 25,936
Number of isoforms 4 2 4
Isoelectric point 8.2-8.7 5.7-6.3 72-8.5
Vinax(CDNB) (pmol min™ mg™) 1.08 12.0 51.5
Ky (CDNB) (mM) 0.16 1.38 1.06
Vinax(GSH) (pmol min™" mg™) 0.78 10.2 399
Km(GSH) (mM) 0.17 0.905 0.20
Classes of effective inhibitors A,M AM AM
Optimal conditions pH 8.0, pH 8.0, 37-40°C pH 7-5, 37-40°C
40°C
Main location Scolex Tegument, and Tegument, and
parenchyma parenchyma

Table 1.
Cytosolic glutathione transfevases from Taenia solium.
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non-toxic inhibitor for GST has not been developed, but ethacrynic acid, haloenol
lactone, disulfiram, and curcumin are potent inhibitors of human GST-P1 [67, 68].

A new generation of drugs, such as modified ethacrynic acid, y-glutamyl-S-(benzyl)
cysteinyl-R (—)-phenyl glycine diethyl ester (TER 199), and prodrug (TER 286), pro-
vide a starting point for development of novel powerful and specific inhibitors against
human GST-P1. However, the clinical side effects have limited their application [24].

3. Kinetic and structural properties of Ts26GST

3.1 Kinetic mechanism of Ts26GST in the CDNB conjugation reaction

Ts26GST is a bisustrate enzyme that exhibits a higher affinity for glutathione
(GSH) than for 1-chloro-2,4-dinitrobenzene (CDNB), unlike other two cGSTs of
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Figure 1.
Alignment of the amino acid sequences of Ts26GST with representatives of different human GST classes. The
percent identity matrix shows that Ts26GST is most related to human M-class GST (ma1).
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T solium (see Table1). Furthermore, the kinetic curves for both substrates showed
positive cooperativity, indicating that the binding of the first substrate stabilizes
the right conformation of Ts26GST to bind the second substrate [21]. This positive
cooperativity, previously described for the GSTs of P. falciparum and in classes P1
and Z1 of mammals, allows the parasite to adapt to changes in the amounts of toxic
molecules secreted by the host’s immune cells or induced by oral drugs, and to
inactivate them through efficient processing of these substrates [69].

Kinetic analyses performed at different concentrations of GSH and CDNB
produced intersecting double-reciprocal plots that provided evidence of ternary
complex formation during enzymatic conjugation [70]. Furthermore, because the
intersection occurred on the abscissa, the mechanism proceeds through the random
sequential binding of co-substrates [71].

To determine the GST class to which Ts26GST belongs, various class marker sub-
strates and inhibitors were tested. Ts26GST conjugates the A-class markers cumene
hydroperoxide and ethacrynic acid better than the M-class marker 1,2-dichloro-
4-nitrobenzene [20]. However, Ts26GST is more sensitive to the M-class inhibitors
cibacron blue and triphenyltin chloride than to bromosulfophtalein, an A-class
inhibitor. This enzyme is also sensitive to the anthelminthic mebendazole, display-
ing a non-competitive inhibition pattern, which suggests that at least two molecules
bind to Ts26GST [21].

3.2 Structural similarity of Ts26GST to human cGSTs

Multiple amino acid sequence alignments of Ts26GST with all classes of human
cGSTs are shown in Figure 1. It can be seen from the percent identity matrix that
the primary structure of Ts26GST is closely related to M-class (42% sequence
identity) and A-class (27% sequence identity) but is more distant from other
human GST classes. The G-site of Ts26GST belongs to class Y, with Y8 being the
catalytic residue that activates GSH. This site also has the essential conserved
residues for y-glutamyl binding: P(57), Q(68), and S(69). The last two residues
are part of the (Q)SHVIT sequence, which in mammalian GSTs constitutes the
consensus motif (Q )SNAIL /(Q)TRAIL. Notably, amino acid variation in this
consensus motif is one of the markers for distinguishing between mammalian and

G-site domain

Figure 2.

Mogdeled structure of Ts26GST. (A) The domain with the site wheve glutathione binds, is highlighted in green,
and the domain with the hydrophobic site, to which electrophilic substrates bind, is highlighted in gray.

(B) The structure of Ts26GST in white is compared to human A-class GST structure (blue) and M-class
structure (brown).
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parasite cGSTs [20]. Ts26GST has ligandin activity and is internalized by macro-
phages, suggesting an important role in transport and the parasite-host
relationship [72, 73].

A homology model for Ts26GST was built from the structure of Fasciola hepatica
M-class GST (PDB ID 2FHE), whose sequence has 47% identity, with 96% query
coverage [70]. The analysis of this model with PROCHECK showed that 91.5% of
residues are in favored regions in the Ramachandran plot, with no residues in the
disallowed region. In addition, verification with ERRAT yielded an Overall Quality
Factor of 93.55 and the Verify3D score was 95.18. A comparison of the Ts26GST
model with M and A-class human GST structures is shown in Figure 2. It is clear
that Ts26GST does not have the classical mammalian mu-loop or the canonical
a9-helix observed in A-class GSTs.

4. Structure-based discovery of Ts26GST selective inhibitors

4.1 Search and selection of cavities with non-conserved residues as potential
targets

Knowing the structure of the target whose activity we wish to inhibit is an essen-
tial step for the discovery and optimization of specific inhibitors. Furthermore, if
the target is a parasitic enzyme, and the host has orthologs, knowing and comparing
their structures allows us to take advantage of their differences and design more
specific inhibitors [74]. Different strategies have been used to find appropriate
inhibitors, and we decided to look for a non-competitive inhibitor that cannot be
displaced by excess substrate, i.e., the one that would not bind to either the G-site
or the H-site. Thus, we focused our search on the area of the dimer interface, trying
to find a site whose occupation would alter the architecture of at least one of the
substrate sites and prevent catalysis. Furthermore, the binding of a molecule in this
interfacial region could destabilize the quaternary structure of this enzyme, which
is only active as a dimer. Likewise, we assumed that the site has a predominantly
hydrophobic surface and contains a considerable fraction of non-conserved residues
with respect to its human orthologs. Using the MOE’s Site Finder tool [75], we found
only one site that met all these requirements; its location is shown in Figure 3.

Figure 3.

Putative binding site for TS26GST inhibitors whose occupancy could produce non-competitive inhibition. Just
one subunit is represented with van der Waals surface for clarity. Bound GSH and CDNB molecules are shown
in orange and magenta, respectively, whereas the spheres represent the space that the ligand could occupy.
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4.2 Virtual screening with a commercial diverse library set

Once a potential inhibitor binding site has been located, we must find molecules
that conform to its surface and interact favorably to form stable complexes. To
explore how to cover this site in the chemical space, we used Enamine’s library
of non-redundant organic compounds called the Discovery Diversity Set, which
consists of 50,240 drug-like compounds, and performed virtual screening using
AutoDock Vina [76]. The scores of the best candidates were verified using MOE’s
Dock Tool [75].

4.3 Assortment of candidates

The best putative binders for Ts26GST were selected using the conventional
criteria: the highest docking scores, the highest number of hydrogen bonds, and
Lipinski’s rule of five [77], but in addition, those ligands were prioritized that
established the lowest number of contacts with conserved residues in relation to
human GSTs. The best 23 candidates are shown in Figure 4 and their docking scores
obtained using AutoDock Vina and MOE are given in Table 2.
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Figure 4.
Best candidate inhibitors found by virtual screening.
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Compound Enamine ID Chemical formula Docking score VINA/MOE *Residual
activity (%)

n 730971507 Cp6HasN404S -9.6/-11.1 92
2 726762460 Cy6HyN30,8 -10.0/-10.4 129
3 727434387 CpH»FN,O5S, -9.4/-10.1 98
14 7109818646 CysHpoFN,O5S -9.4/-11.0 120
I5 727205337 Cy7HeN;0,4S -9.5/-10.3 82
16 7235256042 C4sH;NsO,S -10.0/-10.3 74
7 756803795 CioHioN;04 -99/-97 30
I8 798069587 Cp4HsN,04S -9.9/-9.7 107
19 751980171 CasH3sN;048 -95/-10.8 76
1o 7744434314 CaoHnFN;0, —-94/-10.2 135
n1 7231257554 Cr3HasN;05S, ~9.5/-10.0 83
n2 7109816768 CasHsN5058 —-99/-98 117
13 7225448008 CosHsN;0; ~9.4/-10.1 55
114 7283658802 CyH,4N,O5 -9.7/-8.8 115
115 7512929356 Cy6Hy7N505 -9.8/-9.3 114
16 7131580092 CosHN;0; —9.7/-99 108
17 790661741 CaoHiFN,O, -9.8/-85 116
118 7134793448 C3H4N,05S -9.9/-10.3 66
119 7317185036 C,3HsN,O,S -99/-10.0 113
120 730996502 Cy4H,4CIN;O, -9.4/-10.6 72
21 726496603 CysHp7N;05S -9.9/-11.5 78
122 755180729 Cp3Hp3Ns04S, -9.6/-9.9 88
23 730414302 C3tNsO5S, -9.7/-10.0 82

"Residual activity of 5 ug of recombinant Ts26GST in presence of 100 uM of potential inhibitors.

Table 2.

Docking scores of the predicted potential inhibitors determined using Vina and MOE_Dock. The inhibitory
capacity of the compounds was determined by measuring the enzymatic activity of T26GST in the presence of
each compound at a concentration of 100 uM, with 5.0 mM GSH and 2.5 mM CDNB. The reaction rate was
monitored by ultraviolet—visible absorption at 340 nm and compared with that obtained in the absence of the
compound (100% activity).

100 —
[17]= 100 uM
80

60

40

% Specific Activity

20

HsGST-a HsGST-m  HsGST-o¢  Ts26GST

Figure 5.

Re%ative position of the substrates GSH (orange) and CDNB (magenta), and the inhibitor I7 (ved) in the
structuve of Ts26GST. (A) This figure was obtained by the superposition of the crystallographic structures of
the complex M-class GS-DNB-HsGST (PDB ID: 12XWK) with the modeled complex of Ts26GST-I7, hiding
the protein chain of the human GST. (B) Percent residual activity of Ts26GST and three human GSTs in the
presence of 100 uM I7.
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4.4 In vitro assay of selected compounds with the best scores

The twenty-three compounds previously identified as potential ligands of
Ts26GST were purchased and tested for their inhibitory activity using iz vitro enzy-
matic assays. Table 2 shows the residual activity obtained with 5.0 pg of recom-
binant Ts26GST in the presence of each compound at a concentration of 100 pM.

17 was the best Enamine compound that inhibited enzymatic activity of Ts26GST
by 70%. Figure 5A shows the location of the I7 binding site, as derived from the
docking protocol. We also tested the inhibitory effect of I7 on several human GSTs
and observed that it had much smaller or no effect (Figure 5B).

5. Conclusions

Human NCC caused by T. solium larvae can be asymptomatic, disabling, and
sometimes fatal. Currently, its diagnosis and treatment are expensive, and the
approved drugs have associated unwanted effects. The search for the essential
targets in T solium, such as GST, and the methodology used to obtain the inhibitor
17 and its derivatives, shows that it is possible to develop safe, specific, and effective
drugs that will contribute to eradicating this parasite. We are currently working on
the crystallization of Ts26GST and site-directed mutagenesis to verify the location
of the I7 binding site.
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Abstract

Cestode parasites rely on their host to obtain their nutrients. Elucidation of
tapeworm genomes has shown a remarkable reduction in the coding of multiple
enzymes, particularly those of anabolic pathways. Previous findings showed that
10-13% of the proteins found in the vesicular fluid of Taenia solium cysticerci are
of host origin. Further proteomic characterization allowed identification of 4,259
different proteins including 891 of host origin in the parasite’s protein lysates. One
explanation for this high abundance and diversity of host proteins in the parasite
lysates is related to the functional exploitation of host proteins by cysticerci.
Supporting this concept is the uptake of host haptoglobin and hemoglobin by
the parasite, as a way to acquire iron. Surprisingly, internalized host proteins are
minimally degraded by the parasite physiological machinery. Additional proteomic
analysis demonstrated that these host proteins become part of the organic matrix
of calcareous corpuscles; as 60-70% of the protein content are host proteins. In this
review, a collection of available genomic and proteomic data for taeniid cestodes
is assembled, the subject of the use and processing of host proteins is particularly
addressed; a sketchy and unique cell physiological profile starts to emerge for these
parasitic organisms.

Keywords: Taenia solium, Cestoda, Genome, Proteome, Host proteins, Calcareous
Corpuscles

1. Introduction

Tapeworms are invertebrate metazoans producing zoonotic parasite diseases
in animals and humans. These parasites have a worldwide distribution, but they
especially affect human populations in developing countries and are considered
neglected diseases [1]. Their larvae, known as metacestodes (including forms such
as cysticercus in Taenia solium or hydatid or alveolar cysts in Echinococcus sp.) cause
the highest morbidities due to tapeworms [2, 3], since they can produce generalized
organ failure or seizures and can even result in patient’s death [4-7].
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Tapeworms produce long-term infections, being able to survive within its host
for several years [8], maintaining a dynamic and complex host-parasite relationship
[9]. Their lifecycles involve two host (intermediate and final) and include several
developmental stages: embryo, larvae and adult stage [10] that can lodge in differ-
ent tissues of their hosts producing diseases with a wide range of clinical presenta-
tions [11].

After description of the genomes of four tapeworms in 2013 [12], molecular
studies of these organism have entered an integrative era; including approaches
involving genomics, transcriptomics and proteomics [13]. These approaches are
presented as promising avenues for the discovery of new pathways to improve our
understanding of parasite diseases caused by cestodes, in the hope of developing
better surveillance, treatment and control guidelines.

This chapter reviews current perspectives in the study of flatworms; special
emphasis is placed on the genomics and proteomics of cestodes and taeniid
parasites. The conspicuous and abundant presence of host proteins is particularly
considered for taeniid larval forms.

2. The Platyhelminth genome

Access to massive sequencing technologies allowed characterization of entire
genomes for some of the most relevant flatworms; being the free living Schmidtea
meditervanea the first trematode to be reported in 2008 [14]. The timeline of all flat-
worms genome projects that have been published to date clearly shows the advent of
the post-genomic era of flatworms (Table 1). A rapid characterization of the genomes
of parasites with medical importance, such as Schistosoma japonicum, S. mansoni,
Clonorchis sinensis, among others, followed by four cestodes: Hymenolepis microstoma,
Echinococcus granulosus, E. multilocularis and Taenia solium [12]. Subsequently, the
International Helminth Genomes Consortium carried out a project with a goal of 50
helminth genomes. These genomes are currently deposited in the WormBase Parasite
database, where users can access 197 genomes [15], including 44 Platyhelminthes:

4 free-living flatworms, 20 trematodes, 19 cestodes and 2 monogeneans (Figure1).
This platform also allows searching protein domains and Gene Ontology terms,

Genome No. of Longest N50 N90 GC
size (Mb) Genes scaffold size length length content
(Mb) (Mb) (kb) (%)
T solium 1223 12490 0.7 0.07 53 43
T. multiceps 240 12890 10.5 44.8 8500 43.7
T saginata 169 13,161 73 0.58 294 432
T asiatica 168 13,323 4.2 0.34 14.3 431
E. multilocularis 115 10345 20.1 13.8 2900 422
E. granulosus 114.9 10231 16 52 200 42
E. canadensis 115 11449 0.574 0.075 3.8 42
E. oligarthrus 86 8756 16 10.2 116 41
H. microstoma 1411 10241 24 0.5 82 35.9
H. diminuta 177 15169 6.9 23 412.2 35.3

Table 1.
Statistics of completed genome sequencing for several tapeworms.
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Figure 1.
Timeline of flatworms genome characterization [12, 14-39].

as well as performing comparative analysis of genes and alignments of RNA-Seq data
sets, specific to the life stage genomes, among other useful functions [40, 41].

Other taeniid genomes have been reported outside the International Helminth
Genomes Consortium during the past five years: T. asiatica, T. saginata [31] and
T multiceps [34], E. canadensis [32], E. oligarthrus [35], as well as Hymenolepis
diminuta [36]; circumstances appear prone to greatly improve our understanding
of the biology and evolution in those organisms, as well as to solve old unanswered
questions on their host-parasite relationships. Availability of this genomic informa-
tion allows integrative studies on this ancient lineage of organisms. Table 1 includes
the basic statistics of reported assemblies for several tapeworms of medical or
veterinary importance, being E. oligarthrus the smallest assembly (86 Mb) and
T. multiceps the largest one (240 Mb). The average GC content of these genomes
is 35-43.7%, similar to trematode genomes [23] but different to bacterial genomes
whose GC range content is 13.5%-74.9% [42]. As a reference, GC average content of
vertebrates is 46% [43]; mice 41.7% [44] whereas human genome is 40.9% [45].

3. Gene gain/reduction along tapeworm evolution

The genomic data of the first four tapeworm genomes sequenced [12] permitted
identification of reduction events for groups of genes such as Wnt, which corrobo-
rated some data that suggested the loss of these genes in trematodes [46]. Moreover,
other genes as Nek kinases, peroxisomal genes and ParaHox members, as well as
neuropeptides and G-protein coupled receptors (GPCRs) [15].

The loss of approximately 10 Hox gene families in tapeworms during their
evolutionary pathway apparently affected the morphology of those organisms, i.e.,
the lack of eye-cups and gut [12]; Hox genes such as pax3/7, gbx, hbn and rax are
mainly involved in neuronal development or eye development [47-50], as well as
ParaHox genes in the formation of the digestive tract [51]. Another type of proteins
absent in cestodes are those related to germ cells such as piwi, tudor and Vasa,
although the latter have been found possible orthologues in the PL10 family [12].

Tapeworms have developed a specialized detoxification system that includes
a single cytochrome p450 gene [12, 52], as well as a redox homeostatic system
based on thioredoxin glutathione reductase and the expansion of glutathione
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Gains and losses of genes in taeniids. Phylogenetic study carried out with the genomes of the cestodes allowed
finding important aspects about how these organisms acquired or lost some of their genomic traits to adapt to
the conditions of their current environments.

S-transferases [53-55]. In addition, there was an expansion of some very specific
protein families such as non-canonical heat shock proteins, with Echinococcus and
T solium having the highest number of genetic expansions in the cytosolic clade
Hsp70 [12] suggesting that tapeworms have different mechanisms from nematodes
to overcome stress [16]. In addition, taeniids have an expansion in some families
of antigens such as GP50 [12, 15]. These antigens are useful for diagnostics; for
example, coenurosis in goats [56] or cysticercosis in pigs [57]. For diagnosis of
human cysticercosis, the use of GP50 as a diagnostic target allows a 100% specific-
ity and 90% sensitivity using serum samples of patients [58, 59]. Some of the main
gains and losses of genes in taeniids are summarized in Figure 2.

Our current knowledge on cestode’s and taeniid’s genomes is still limited but
the speed of genomic data acquisition can advance significantly in this new era. We
envisage a better understanding of these host—parasite interactions, at a molecular/
evolutionary level that can help us unravel events that have permitted the adapta-
tions of these platyhelminths to the host environment.

4. Metabolic adaptations of tapeworms

A great impact of having available complete tapeworm genomes is the charac-
terization of the metabolic pathways in these organisms. Now we know that taeniid
tapeworms cannot synthesize fatty acids and cholesterol de novo [25, 60]. For
example, KEGG analysis for fatty acid biosynthesis in T. solium clearly shows that
most of the components of the pathway are absent (Figure 3). Therefore, these
parasites cannot carry out biosynthesis of fatty acids and are obligated to acquire
host fatty acids through specific transporters [63]. Moreover, no genes related to
the p-oxidation pathway were found in Echinococcus and Hymenolepis, although
experimental data suggest that other flatworms do carry out this metabolic process
[64] for utilization of lipids as a source of energy. It is clear that their major energy
source are carbohydrates such as glucose and glycogen. This is supported by the fact
that most enzymes participating in carbohydrate catabolism are expressed.

The synthesis of pyrimidines is also absent for taeniids [65], indicating that
they acquire pyrimidines from their hosts. The biosynthesis of purines shows a
similar landscape [15]. Parasitic flatworms are considered auxotrophic for eight
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of the nine amino acids that are essential for humans (Phe, His, Lys, Leu, Met,

Thr, Trp, and Val). Cestodes have a limited ability to synthesize amino acids, as

an example, serine and proline are absent in E. multilocularis [16]; biosynthesis

of lysine and the aromatic amino acids (Phe, Trp and Tyr) are also absent in most
cestodes (Figure 4). Arginine is also an essential amino acid in helminths including
flatworms, as they do not have all the necessary enzymes of the urea cycle to process
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ornithine, which is the precursor of arginine [15]. In summary, these parasitic
organisms rely on their host for the acquisition of fatty acids, nucleosides and most
amino acids. Metabolically speaking, they show highly simplified genomes.

5. Taeniid larval tissues contain large amounts of host proteins

The presence of host proteins in the tissues of the cystic larval forms of taeniids
has been known for a long time [66-70]. It has been proposed that the mechanism
for the uptake of these proteins is fluid pinocytosis in the cysticerci of T crassiceps
[69]. Moreover, in addition of entering the host proteins, these parasites can also
secrete them [70, 71]. The biological role of those uptaken host proteins remains
elusive, however, uptake of host albumin has been proposed to be involved in the
maintenance of host-parasite osmotic pressure [68] and uptake of host immu-
noglobulins has been proposed as a mechanism of immune evasion and even as a
source of amino acids [72].

Recent quantitative estimates indicated that host proteins might represent
11-13% of the protein content in the vesicular fluid of T. solium cysticerci, with
albumin and immunoglobulins being the most abundant proteins. The use of
high-throughput proteomics, allowed identifying 891 proteins of host origin from a
total of 4,259 in a T solium cysticerci whole protein extract [73]; thus, host proteins
might represent up to 19% of the total protein species in the larval tissue lysates.
Moreover, a fraction of these uptaken host proteins are intact and perhaps function-
ally active in the tissues of taeniid larvae [71].

6. Utilization of host proteins by cysticerci; iron chaperons and IgG

A known trait of parasitism is the use of the host as a provider of resources;
sugars, amino acids, nucleosides, vitamins, coenzymes and/or microelements are
good examples of resources that a parasite can acquire from its host. However,
considering the abundance and diversity of host proteins present in the tissues of
taeniid larvae, a pertinent question would be: are these parasites benefited by the
accumulation of host proteins, beyond simply serving as a source of amino acids or
as osmotic regulators? We have explored a couple of prospects: the use of host iron
chaperones for the management of the parasite’s iron necessities, as well as the use
of host immunoglobulins as a source of amino acids [70, 71, 74].

Iron is an essential element for virtually all living organisms. Pathogens have
evolved mechanisms to uptake iron from their hosts. Usually, iron is uptaken from
plasma proteins: hemoglobin (heme prosthetic group) or haptoglobin-hemoglobin
complexes, hemopexin (heme prosthetic group), transferrin or lactoferrin (iron),
ferritin (iron), etc. In fact, the constant battle between host and pathogens for
this element is well-studied [75, 76]. Hepcidin, the hormone that control iron
levels in mammals, was first discovered as an antimicrobial peptide [76, 77]. In
this light, it is expected that cestodes would acquire iron from their host, however,
the mechanism remains elusive. Some evidence have suggested that hemoglobin
or the haptoglobin-hemoglobin complexes could serve as an iron source for the
cysts [78]. To support this notion, we have documented the immunolocalization of
haptoglobin, hemoglobin, hepcidin and ferritin in the cyst; immunoblotting using
crude larval extracts confirmed the finding [73]. We also showed that haptoglobin-
hemoglobin complexes were detected in crude larval extracts in their expected
molecular weight, indicating that those complexes are only marginally degraded. In
fact, free haptoglobin purified from cysts protein lysates has been shown to retain
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their hemoglobin binding activity, suggesting that the cyst are acquiring iron from
those sources. However, future studies are needed to understand how the uptake
is performed (is there a specific receptor?), how the heme prosthetic group or iron
is removed from those complexes? and which parasite proteins are performing
those roles.

Another aspect related to the host’s protein uptake by tapeworm’s larvae, is the
utilization of these proteins as a source of amino acids. Internalization of IgG has
been traced using a metabolically labeled (Leu-3H) IgG produced in vitro using
a mice hybridoma [71]. Through iz vitro culture of T. crassiceps (a closely related
species of T. solium) cysts in the presence of (Leu-3H) mice IgG, uptake of the
immunoglobulin can be monitored. Metabolic labelling also allowed tracking incor-
poration of Leu-3H into newly synthesized cyst proteins. The biochemical analyses
revealed that within the tissue extracts, no other radiolabeled proteins were found.
The two bands corresponding to the heavy (50 kDa) and light (25 kDa) chains
remained intact after 3 days of culture. This would imply that these proteins are
negligible used as a source of amino acids for the biosynthesis of the larvae’s own
proteins. Furthermore, the integrity and functionality of the Igs was conserved, as
shown by SDS-PAGE and western blots marked with the Igs purified from tissue
extracts. This finding led the research into a new direction: If immunoglobulins
(and perhaps other uptaken host proteins) are only a minor source of amino acids
[71], what is the fate of uptaken host proteins?

7. The calcareous corpuscles as a final deposit for host proteins

The tracking of metabolically radiolabeled IgG demonstrated that cysticerci do
not significantly use these proteins as a major source of amino acids [71]. A pos-
sibility was that these proteins could end in the calcareous corpuscles (CC), that are
known as a waste of toxic metabolites and other materials. These CC are microscopic
calcifications occurring in the lumen of protonephridial canals, resulting after
accretion of mineral salts (calcium carbonate and calcium phosphate) on an organic
matrix composed by polysaccharides and other macromolecules [79, 80]. The CC
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Immunological identification of host IgG and albumin recovered from the protein matrix of calcareous
corpuscles of T. solium cysticerci. Lanes 1 and 2 correspond to Coomassie blue staining of protein extract
from CC and silver staining of porcine serum vespectively. Lanes 3 and 5 ave western blots of protein extracts
obtained from CC, lanes 4 and 6 are gels run with porcine serum, these blots were revealed with an o-IgG
coupled to HRP (3 and 4) or sheep o-albumin and then with a rabbit a-sheep IgG coupled to HRP (5 and 6).
This figure was originally published in [70].
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are involved in the removal of toxic solutes and regulation of mineral trafficking
[81]. Formation of CC has been proposed as a mechanism for protecting cysticerci
from calcification [79]. The CC represent about 10% of the dry weight of total larval
tissue [82]. It has been estimated that in aged T solium cysticerci, calcareous cor-
puscles can represent up to 41% of the dry weight [81, 82].

Searching for host proteins in the organic matrix of CC from T. solium cysticerci,
a mass spectrometry analysis was carried out. A total of 636-760 proteins were
identified and quantified, from which 412-508 (60-70%) corresponded to host pro-
teins. T solium proteins in the organic matrix of CC were only 224-252 (30-40%).
The remarkable finding that the major protein component in the organic matrix are
host proteins, suggests that CC act as a final destination for host proteins. We also
showed that intact host proteins can be recovered even after dissolution of CC ina
weak acid solution (Figure 5). Therefore, these proteins are incorporated into the
organic matrix without being degraded [71]. If host antibodies are incorporated
into the organic matrix of CC in the form of immune complexes, it is conceivable
that cysticerci developed this strategy as a way to diminish exposure of relevant
parasite antigens, which could result in a sophisticated mechanism to evade the
adaptive humoral immunity of the host.

8. Conclusions

* Genomic and proteomic information on flatworms and particularly on cestode
parasites is growing rapidly during the last decade, allowing new approaches to
anumber of questions.

* Taeniid metacestodes uptake large amounts of host proteins, some of which
may be used to meet physiological needs of these parasites.

* Host proteins appear to be marginally degraded; it’s importance as a source of
amino acids appears to be negligible.

* Proteomic analyses of the organic matrix of the calcareous corpuscles evi-
denced that a majority of proteins in the organic matrix are of host origin,
suggesting that these proteins are sent to the CC as a final destination.

* A consequence of the incremental uptake of host proteins during the lifetime
of cysts that terminate being part of the organic matrix of calcareous cor-
puscles, would be a parallel increment in amount of calcareous corpuscles.

Accumulation of corpuscles in larval tissue might represent a biological timer
that limits the life span of cysticerci in the host.
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Abstract

The host’s hormonal environment determines the susceptibility, the course, and
severity of several parasite infections. In most cases the infection disturbs the host
environment, and activates immune responses that end up affecting the endocrine
system. In the other hand, a number of reports indicate that parasites have repro-
ductive systems, and some others have shown that these organisms synthetize sex
steroid hormones. We have shown that cysticerci, the larval stage of Taenia solium
and Taenia crassiceps ORF and WFU, synthesize steroid hormones. This capacity
was modified by drugs that act inhibiting the steroid synthesizing enzymes, or
blocking the parasite’s hormone receptors. We have also shown that the cysticerci
of T. crassiceps WFU and T. solium have the capacity to synthesize corticosteroids as
deoxicorticosterone and corticosterone. We also reviewed the effects of insulin on
these parasites, and the receptors found for this hormone. A deep knowledge of the
parasite’s endocrine properties will contribute to understand their reproduction and
the reciprocal interactions with the host. Likewise, may also help designing tools to
combat the infection in clinical situations.

Keywords: Parasites, Taenia, cysticerci, hormones, steroids

1. Introduction

Corticosteroids and sex steroids are crucial in vertebrate reproduction, metabo-
lism and immune response, but their role in invertebrates had received a reduced
attention, similarly happen with the influence of peptides and protein hormones in
parasite’s development. Therefore, we review here the parasite-endocrine system
interplays.

The interaction between parasites and the host defines the intensity of parasite
infections. In many cases, the presence of parasites in the host changes its endo-
crine equilibrium due to the activation of the immune system response, which
finally affects the host endocrine system through the influence of cytokines and
growth factors released by the immune cells. These changes sometimes control the
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infection, but in many cases the immune system of the host cannot reject the para-
site invasion and thereafter the organisms succeed, and rapidly multiply in the host.
A role for 17-beta-estradiol in immunoendocrine regulation of murine cysticercosis
by Taenia crassiceps was verified [1].

Some parasite infections disrupt the host endocrine system, to this regards we
recently reported that the chronic infection of female mice with T. crassiceps WFU
disrupted the ovarian folliculogenesis, causing a significant increase in follicle atre-
sia, and a reduction in the number of corpora lutea (Figure 1) [2]. We also showed
in that study that T crassiceps cysticerci infection increased the female mice serum
estrogen concentrations, an effect that augmented with the infection time, and that
the infection increases the ovarian expression of the steroidogenic enzymes P450-
aromatase and P450-Cyp19 [2]. We and collaborators also shown that the nervous
system infection with T. solium cysticerci (neurocysticercosis) caused endocrine
alterations in male and female patients [3], and Sacerdote et al. [4] showed that
brain cysticerci images reduced or disappeared after treatment with raloxifene in a
patient diagnosed with neurocysticecosis.

In some cases, the parasite’s infection affects the host reproductive behavior,
for example, changes in reproductive behavior occurred in Taenia crassiceps ORF
infected male mice [5].

1.1 Sex steroids effects

Several reports indicate the host hormonal environment determines the suscep-
tibility, the course, and severity of many parasite infections. Supporting this fact,
a clear dichotomy in infection susceptibility between males and females had been
observed in some parasitic infections. For example, the rich estrogen environment
provided by female mice facilitates T crassiceps ORF cysticerci proliferation [6].

In addition, steroids may directly influence the growth and proliferation of
parasites. For example, T. crassiceps ORF and WFU cysticerci cell proliferation and
metabolism evaluated by *H-thymidine and MTT incorporation was increased by
the addition of physiological concentrations of testosterone, and 17p-estradiol to
the culture media [7] and enhance proliferation of T crassiceps ORF cysticerci, a
progesterone like receptor was found in these parasites [8].
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The infection with Taenia crassiceps WFU decreased the ovarian corpora lutea of female mice. The number of
corpora lutea diminished when the infection progresses.
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Particularly estrogens are important for T. crassiceps and T. solium cysticerci
development. Estrogen synthesis is the result of the transformation of androgens
to estrogens by the steroidogenic enzyme P450-Aromatase (Arom) that trans-
forms androstendione and testosterone to the estrogens 17p-estradiol and estrone.
Interventions that reduced estrogen synthesis, or affected the binding to its recep-
tors affect the cysticerci proliferation. For instance, the administration of fadrozole,
a drug that inhibits Arom, to T. crassiceps ORF female infected mice reduced the
parasite’s load [9].

The presence of steroid receptors in parasites have been documented [10], hence
the blockage of steroids receptors might mitigate the effect of these hormones. For
example, the expression of an estrogen binding protein similar to nuclear estrogen
receptor was shown in T. crassicpes ORF cysticerci [11].

Interventions on the sex steroid receptors affect the T. crassiceps cysticerci
parasite charge. That is the case for the administration of tamoxifen, a competi-
tive antagonist of the estrogen receptor alfa that reduced in vitro the proliferation
and viability of T. crassiceps ORF cysticerci [12] and in vivo reduced parasite’s load.
Likewise, we have shown that the administration of flutamide, an androgen recep-
tor competitor, reduced the parasite proliferation [7].

1.2 Corticosteroids are key hormones in the host-parasite interplay

Corticosteroids are synthesized in the adrenal cortex and are classified as gluco-
corticoids, mineralocorticoids and adrenal androgens. Cortisol and corticosterone
are the main glucocorticoids and are involved in glucose, lipid and protein metabo-
lism. Aldosterone and dexycorticosterone (DOC) are classified as mineralocorti-
coids because they participate in the hydro-electrolytic balance, whereas adrenal
androgens as dehydroepiandrosterone (DHEA) take part in the pubertal process.
DHEA is an estrogen precursor that can be transformed to potent androgens in the
testis and is an important immune regulator [13].

Cortisol and corticosterone are key hormones in the physiological stress
response (in example exercise), and in non-physiological stress situations, such as
social isolation, persecution, infections, etc., all circumstances that increase serum
corticosteroids levels. It is now generally accepted that prolonged stress conducts to
impairment of the immune response.

1.2.1 Corticosteroid use in neurocysticercosis

Corticosteroids are employed to prevent or modulate the brain inflammation
that follows anthelmintic treatment of parasitic cysts with cysticidal drugs as
albendazole or praziquantel [14-16]. The absence of corticosteroids administra-
tion in the cysticidal treatment initiates an acute immune response to the parasite
that conducts to serious clinical symptoms as seizures, brain edema, and death.
These side effects are caused by neuroinflammation and are effectively managed
with corticosteroids. On the other side, the administration of dexamethasone plus
albendazol to Balb/c mice reduced the cysticidal effect of albendazole [17].

1.2.2 In vitro effects of glucocorticoids on parasite growth and viability
It had been shown that corticosteroids may directly influence parasite’s pro-
liferation and metabolism. For instance, we had shown that corticosterone and

dexamethasone increase the capacity of T crassiceps WFU cysticerci to synthesize
androgens and estrogens, hormones that favor the parasite reproduction [18].
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1.3 Taenia solium and crassicpes synthesize steroid hormones
1.3.1 Sex stevoids and corticosteroids

The adult worm of T. solium and T. crassiceps WFU remain attached to the host
gut with hooks placed in their head, and develop reproductive units called proglot-
tids, where testis and ovaries gradually differentiate, and finally contain sper-
matocytes and infective eggs [19]. As stated elsewhere T. solium cysticerci is the
larval stage of the parasite and is found in the brain or muscle of humans and pigs,
whereas T. crassiceps WFU cysticerci constitute a useful laboratory model due to
their reproduction by budding in the peritoneal cavity of mice. In the last years we
have been investigating if T. solium and T. crassiceps ORF and WFU cysticerci and
tapeworms synthesize sex steroids iz vitro. We found that T. solium and T. crassiceps
OREF cysticerci transform steroid precursors such as progesterone, DHEA, and
androstenedione to androgens and estrogens, the capacity to transform precur-
sors to testosterone was related to the developmental stage of the larvae (Table 1)
[20-22]. These findings demonstrated that Taenids are steroidogenic organisms.

Our group have also examined the capacity of T solium and T. crassiceps WFU to
synthesize corticosteroids. Thereafter, we had incubated T. crassiceps cysticerci in the
presence of H-progesterone and found an important transformation into DOC, a
steroid that has mineralocorticoid functions in vertebrates [23, 24]. The addition to
the culture medium of metyrapone, a drug used for the medical control of hyper-
cortisolism in Cushing’s syndrome, reduced the cysticerci corticosteroid synthesis
[23]. In addition, the parasites synthesized corticosterone, which was measured by
radioimmunoassay in the culture media. More recently, we found corticosteroid-like
synthesis in T. solium and T. crassiceps tapeworms [24, 25]. To note, the steroidogenic
capacity of T crassiceps is related to the development of the parasite [24]. Besides
their effects on the own parasite development and differentiation, the cysticerci and
tapeworm’s steroidogenic capacity might play a role in the permanence of the para-
sites in the host tissues and organs, by disturbing the host immune cell response.

1.3.2 Taenia solium and Taenia crassiceps and steroidogenic enzymes.
Repurposed drugs affect the capacity of parasites to synthesize hormones

Tritiated androstenediol and testosterone were recovered from the culture
media of T. crassiceps incubated with *H-DHEA indicating the presence and activity
of enzymes from the A5 steroid pathway in these tapeworms [26].

The effect of enzyme inhibitors on the steroid synthesis by T. crassiceps WFU
cysticerci was investigated by [27]. This study demonstrated that fadrozole, a drug
that inhibits P450-aromatase, reduced the transformation of 3H-androstenedione
to 17p-estradiol (Figure 2), while danazol that inhibits 3p-hydroxysteroid dehy-
drogenase and 17p-hydroxisteroid dehydrogenase, reduced the transformation
of 3H-DHEA to androstendiol, testosterone and 17pestradiol. The incubation of
cysticerci with tritiated progesterone as a precursor and different concentrations
of ketoconazole that inhibits 11p-hydroxilase, 17a-hydroxilase and 17-20 lyase,
resulted in the reduction of the synthesis of tritiated 3H-DOC [27].

We have recently shown that Taenia solium cysticerci express the enzyme
17p-HSD that belongs to the short chain dehydrogenases/reductase family [28].
Transient transfection of HEK293T cells with Tsol17-HSD-pcDNA3.1 (+) induced
expression of Tsol178-HSD that transformed *H-androstenedione into testosterone
(Figure 3). In contrast, *H-estrone was not significantly transformed into estra-
diol. Therefore, T. solium cysticerci express a 178-HSD that catalyzes the androgen
reduction and belongs to the short chain dehydrogenases/reductase (SDR) protein
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Radioactive precursor Transformation rate evaluated in two developmental stages of
metaboliteS Taenia crassiceps WFU cysticerci
3H-A,/ Testosterone Invaginated cysticerci Evaginated cysticerci
6 hours 9621 229 +19*
24 hours 714 +76 755+ 4.5
43 hours 75.0 + 47 74153
3H-A,/Estradiol
6 hours 77+27 53+33
24 hours 4727 38+43
43 hours 3125 0105
*p < 0.01.
Table 1.

Synthesis of sex steroids by Taenia crassiceps WFU cysticerci. The pavasites were incubated by different
periods in the presence of *H-androstenedione, the culture media was analyzed by TLC. The synthesized steroids
are express as percent transformation of the tritiated precursor.
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Figure 2.

Effect of formestane, an inhibitor of P450-aromatase, on the synthesis of 17p-estradiol by T. Crassiceps
WEU cysticerci. The parasites were incubated with >H-androstenedione for 24 h. The percent of tritiated
17B-estradiol synthesized was determined by TLC.
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Figure 3.

Tesgtosterone production by HEK293T cells transfected with Tsol-17pHSD-pcDNA3.1(+). After 24 h of
transfection with Tsol-17PHSD-pcDNA3.1(+) (white bars) or with pcDNA3.1(+) (black bars), cells
were incubated with >H-androstenedioned for 24 or 48 h. The percent of tritiated testosterone was
determined by TLC.
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superfamily [28]. A sequence with an identity of 84% with Tsol-17pHSD and a

total coverage has been described for E. multilocularis, suggesting the presence of
17B-HSD enzymes in these parasites [29]. However, the expression level and enzyme
activity of this species has not been yet investigated.

1.4 Additional hormones studied in T. solium and Taenia crassiceps

Insulin is a potent metabolic hormone that exerts a wide variety of effects. The
main metabolic effect of insulin is to stimulate glucose uptake and utilization in
muscle and fat tissue, but this hormone also increases lipogenesis, and even acts on
protein synthesis. Insulin signaling through insulin receptors (IR) is an ancient and
well conserved pathway in metazoan cells organized as transmembrane proteins
with tyrosine kinase activity. To note, the uptake and metabolism of glucose is
crucial for T solium and crassiceps survival.

We have shown that incubation of T. crassiceps cysticerci with insulin increased
the reproduction of the parasites and also found that female mice exposed to insulin
had larger parasite loads than control mice inoculated with vehicle [30]. In the same
study an insulin-like receptor present in T solium and T. crassiceps was amplified by
reverse transcriptase-polymerase chain reaction.

Using genome-wide screening Wang et al. [31] identified putative insulin-like
peptides in several parasitic platyhelmths as T solium. Furthermore, two insulin
receptor genes were identified and characterized in T. solium. The receptors were
found in diverse zones of the parasite and are involved in the uptake of glucose, that
is crucial for these parasites [32].

The effect of human chorionic gonadotropin (hCG) on the growth and prolif-
eration of larval stages of T. crassiceps (WFU strain) and T. solium, and the presence
of receptors for this hormone in different developmental phases of both cultured
parasites was reported [33, 34].
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Figure 4.

A.gSynthesis of steroids by cysticerci. The larval stage of Taenia solium and Taenia crassiceps synthesize sex
steroids and corticosteroids from tritiated precursovs. Sex steroids influence the cysticerci development. The
addition of steroidogenic enzymes or receptor blockers to the culture media reduced the steroid synthesis by
the parasites. B. The host-parasite interplay, and the immune-endrocrine interactions influence the course of
the parasite infections.
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2. Conclusions

The interaction between parasites and the host defines the intensity of parasite
infections. Steroid hormones play an important role in this interplay. Sex steroids
and corticosteroids modify in vitro the proliferation of T. solium and T. crassiceps ORF
and WFU cysticerci. Cysticerci and worms have the capacity to synthesize cortico-
steroids and sex steroids from tritiated precursors, a fact that suggested they have
several active steroidogenic enzymes. One of these enzymes, 17p-hydroxysteroid
dehydrogenase like was characterized and cloned in T solium cysticerci. The ste-
roidogenic capacity of these parasites was modified with repurposed drugs that
affects steroidogenic enzymes as formestane that acts on P450-aromatase, danazol
and ketoconazol (Figure 4). Insulin modifies the proliferation of cysticerci, and
receptors for insulin had been found in parasites. Steroidogenic enzymes inhibitors,
and receptors blockers might be used as therapeutic tools for the control of parasitic
infections
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