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Preface

Helminthiases, caused by the larval or adult stage of various genera of worms, 
are a serious health and veterinary problem in many developing countries and are 
considered the most important neglected tropical diseases (NTDs) in developed 
countries. A great deal of scientific advances have occurred in this field, including 
in vaccination, epidemiology, drug design, management and diagnostics, and 
host–parasite interaction at all levels. Recently, the One Health approach has been 
proposed as a global way to treat and control helminthiasis. This book provides a 
comprehensive overview of the current state of the art in helminthiases. It highlights 
the most recent advances in the study of helminth infections, addressing topics such 
as clinical disease, vaccines, immune response, new possible drug targets, and basic 
molecular research. 

The book is divided into five sections:

• Section 1: “Therapeutic Approaches in Helminth Infections”

• Section 2: “Advances in the Molecular and Immune Response in Helminth 
Infection” 

• Section 3: “One Health Approach to Study Helminth Infections”

• Section 4. “Management, Biology and Control Strategies in Helminth Infections”

• Section 5: “Advances in Vaccines against Helminth Parasites”

Section 1 includes five chapters. Chapter 1, “Therapeutic Properties of Trichinella 
spiralis (Nematoda) in Chronic Degenerative Diseases” by Nevárez-Lechuga et al., 
discusses diseases produced by helminth parasites. These diseases occur frequently 
in underdeveloped countries where they present a serious public health problem. 
However, these regions exhibit a low rate of autoimmune and allergic diseases. As 
such, some researchers have proposed that some helminths, such as Trichinella 
spiralis or its proteins, have strong anti-inflammatory potential, or have assessed 
them as modulating agents of the immune response. T. spiralis shifts the host immune 
response from a Th1 profile, characterized by pro-inflammatory cytokines, to a Th2 
profile, characterized by the release of different cytokines with anti-inflammatory 
properties. Thus, the chapter authors point out that this parasite has shown high 
therapeutic potential in a wide variety of disease models. In one of the most 
promising, the experimental lupus model in mice, the release of anti-inflammatory 
cytokines IL-4 and IL-10 and delayed onset of the key clinical features of the 
experimental lupus model for at least 5 months were observed, when previously 
parasitized. This is the first study to date that focuses on the use of T. spiralis as an 



immunomodulator in lupus disease. The authors conclude that further study of the 
immune response generated by the parasite is necessary to advance the development 
of new therapies for inflammatory diseases. 

Chapter 2, “Anthelmintic Drug Resistance in Livestock: Current Understanding and 
Future Trends” by Muhammad Abdullah Malik et al., discusses how anthelmintic, 
ectoparasiticides (insecticides, acaricides) and antiprotozoal chemotherapeutic 
drugs target parasites. Chenopodium oil-like alkaloids, arsenic compounds, 
cupric sulfate, nicotine, and cupric silicate have been used to destroy nematodes. 
Unfortunately, these chemicals are less effective and less safe for livestock. The four 
major groups of broad-spectrum antinematodal compounds are macrocyclic lactones 
such as milbemycins/ivermectin, benzimidazole/pro-benzimidazole, tetrahydro 
pyrimidines such as morantel, pyrantel tartrate, and imidazothiazoles such as 
tetramisole and levamisole. The various factors responsible for gastrointestinal 
parasitism make it difficult to develop effective control measures. Hence, an 
effective strategy for the control of parasitic diseases that does not solely rely on 
anthelmintic therapies needs to be developed at the regional level, based on the 
epidemiology of the disease. 

Chapter 3, “Recent Advances in Anti-Schistosomiasis Drug Discovery” by Ezra J. 
Marker and Stefan L. Debbert, discusses schistosomiasis, a parasitic disease caused 
by infection by helminths of the Schistosoma genus that affects more than 200 million 
people, primarily in the developing world. Treatment of this disease largely relies 
on one drug, praziquantel. Although this drug is cheap, safe, and effective, the 
looming prospect of drug resistance makes the development of a pipeline of anti-
schistosomiasis drugs a priority. Many new drug leads have arisen from screening 
existing sets of compounds such as the Open Access Boxes developed by the 
Medicines for Malaria Venture (MMV) in collaboration with the Drugs for Neglected 
Diseases Initiative (DNDI). Other leads have been found through work focused on 
druggable targets such as kinases, histone deacetylases, proteases, and others. Thus, 
the chapter discusses recent work concerning the discovery and development of novel 
anti-schistosomiasis drug leads from many sources. 

Chapter 4, “Perspective Chapter: Application of Probiotics to Inactivate Helminth 
Parasitic Zoonosis” by Osama M. Darwesh and Hoda Samir El-Sayed, discusses 
zoonotic infections, which are animal infections that might be transmissible to 
people. The infection may be transmitted through ingestion of contaminated food, 
infected soil, skin penetration, or direct animal contact. Parasitic helminths are a 
group of parasites that remain poorly studied in comparison to viruses and bacteria 
but may pose considerable future risk to humans. Zoonotic parasites may be separated 
into four classes: direct-zoonotic, meta-zoonotic, cyclo-zoonotic, and sapro-
zoonotic. It is possible to prevent helminth parasitic zoonosis via proper hygiene and 
sanitation or regular deworming with anthelmintic pills. However, because of the 
lack of effective vaccines and anthelmintic resistance to medication, suppression 
of parasitic infestation requires new techniques. One potential treatment involves 
probiotics, which are exogenous residing microorganisms that are beneficial to the 
host’s fitness when administered inside the digestive tract. The most extensively used 
microorganisms for this purpose are of the genus Lactobacillus and Enterococcus, along 
with a few fungi and yeasts. 

VIXIV



Chapter 5, “New Uses for Old Drugs and their Application in Helminthology” 
by Del Río-Araiza et al., examines parasitic infection research performed 
on both humans and domestic animals. This research has focused mostly on 
vaccines, diagnostic methods, epidemiology, and the evolutionary origins of 
parasites, thanks to the emergence of genomics and proteomics. However, the 
basic biology of the host–parasite interactions of several important medical 
and veterinary parasites has not been fully studied. Limited information has 
been obtained on the intricate neuroimmunoendocrine effects of host–parasite 
interplay. Therefore, the consequences of these interactions, and their possible 
therapeutic applications, need to be thoroughly investigated. The chapter reviews 
the available literature on the host–parasite neuroimmunoendocrine network 
and discusses how this basic research can be used to design new treatments using 
hormones, anti-hormones, and hormone analogues as a novel therapy against 
parasitic diseases. In addition, these studies may also contribute to identifying 
alternative treatments for parasitic diseases in the future. The complex immune-
endocrine network may also help in explaining the frequently conflicting results 
observed in infections with regards to host sex and age and offer helpful insight 
into other research avenues besides parasite treatment and control strategies. 
Finally, several natural products isolated from plants, used in traditional 
medicine, offer an alternative approach for natural products in the preparation of 
inexpensive and effective antiparasitic drugs.

Section 2 includes four chapters. Chapter 6, “Perspective Chapter: Parasitic 
Platyhelminthes Nuclear Receptors as Molecular Crossroads” by Adriana Esteves 
and Gabriela Alvite, discusses research directed at identifying the nuclear receptors 
(NRs) set expressed by parasitic platyhelminths. Important gaps concerning NRs 
mechanism of action, ligands, co-regulator proteins, and DNA binding sequences on 
target genes need to be addressed. Several in vitro effects of host steroid hormones 
on Taenia and Echinococcus species have been observed, but the classical mammalian 
estrogen, androgen, or progesterone receptors couldn’t be identified in databases. 
Nonetheless, novel nuclear receptors and related proteins and genes are being 
identified and characterized. The elucidation of NRs gene targets as well as ligands in 
parasitic platyhelminths could allow for the discovery of new and specific pathways 
differing from those of their hosts. In this sense, these parasitic proteins seem to be 
good putative targets of new drugs. 

Chapter 7, “Perspective Chapter: Molecular Crosstalk and Signal Transduction 
between Platyhelminths and their Hosts” by Ednilson Hilário Lopes-Junior et al., 
highlights that parasitic infection is an intimate relationship between host and 
parasites with an exchange of signal and complex signaling systems involved in 
these organisms’ molecular crosstalk. With the advances of knowledge due to the 
genomic and transcriptomics projects in the last decades, several genes and the 
molecular mechanism involved in the biological function of platyhelminths have been 
described. Cytokines, hormones, and other molecules from the host have influenced 
the growth, development, and reproduction of platyhelminths. Thus, the authors 
review the effects of host cytokines (IL-1, IL-4, IL-12, IL-7, TGF-β, TNF-α) and 
hormones (T4, estrogen, progesterone, and androgens) that directly or indirectly 
affect parasite development and reproduction and the possible associated signaling 
pathways. 
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Chapter 8, “Helminths Derived Immune-Modulatory Molecules: Implications in Host-
Parasite Interaction” by Das et al., points out that the parasitic life cycle of helminths 
greatly relies on sophisticated manipulation of the host environment and successful 
evasion of the host defense. Helminths produce a repertoire of secretory molecules 
(extracellular vesicles and/or exosomes) to invade and generate habitable host 
environments and modulate the host immune responses in such a way that ensures 
their prolonged survival within the host. The authors present an outline on helminths 
derived immune-modulatory molecules and their implications in host–parasite 
crosstalk. 

Chapter 9, “Oxygen and Redox Reactions Contribute to the Protection of Free-
Living and Parasite Helminths against Pathogens and/or Host Response” by 
Agustin Plancarte and Gabriela Nava discuss how millions of years ago, the 
reductive atmosphere environment of Earth was replaced by an oxidative one as 
a result of oxidation-reduction reactions (redox reactions), which increase the 
concentration of oxygen. These oxidative conditions allowed aerobic organisms 
to populate the planet, which acquired mechanisms to both control the toxicity 
of oxygen and obtain from it via redox reactions energy, both situations, through 
their aerobic metabolism. In addition, aerobic organisms began to produce 
reactive oxygen species (ROS) via redox reactions of oxygen molecules. In aerobic 
organisms, some ROS such as H2O2 function as second messengers in cell signal 
transduction, allowing for the development of metabolic processes, including 
gene control. Free-living helminths appeared in the early Paleozoic era and 
parasite helminths appeared later in the same era. Because of their ancient origins, 
these organisms represent an excellent research area for biological models. Free-
living helminths, such as Caenorhabditis elegans and earthworms, have been used 
as host models to understand their micro pathogen defenses, particularly those 
associated with ROS. The chapter discusses the evolution of oxygen molecules and 
redox reactions, as well as of Earth’s atmosphere, and changes over time in the 
protection mechanisms of helminths. 

Section 3 includes three chapters. Chapter 10, “Toxocariasis: From a One Health 
Perspective” by Fernando Alba-Hurtado and Marco Antonio Muñoz-Guzmán, 
discusses toxocariasis, which is a neglected zoonotic infection caused by the 
nematodes Toxocara canis and Toxocara cati. The distribution of the disease is 
worldwide and mainly affects dogs and cats. Its larval stage can cause human 
infection with serious repercussions on the health of its hosts. The infection causes 
developmental delays, digestive disorders, nonspecific nervous manifestations, and 
occasionally death associated with hyperparasitosis in some puppies and kittens. In 
humans, the infection produces clinical syndromes known as visceral larva migrans 
(VLM), ocular larva migrans (OLM), neurotoxocarosis, and covert toxocariasis. The 
close contact of people with their pets and the environmental conditions that favor 
the transmission of this disease place it within the context of one health. The One 
Health concept is defined as the collaborative efforts of multiple disciplines (medical 
personnel, veterinarians, researchers, etc.) that work locally, nationally, and globally 
to achieve optimal health for people, animals, and the environment. From this 
perspective, toxocariasis is a study model in which classic and recent knowledge of the 
medical and veterinary area must be combined for its full understanding, with a goal 
of establishing integrative criteria for its treatment, control, and prevention. 
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Chapter 11, “Schistosoma Hybridizations and Risk of Emerging Zoonosis in Africa: 
Time to Think of a One Health Approach for Sustainable Schistosomiasis Control 
and Elimination” by Zacharia et al., discusses the current control of human 
schistosomiasis in Africa, which is based on preventive chemotherapy and whereby 
populations are mass-treated with the anthelminthic medication praziquantel. The 
World Health Organization (WHO) has set a goal of eliminating schistosomiasis as 
a public health problem and, ultimately, eliminating transmission in all countries 
where schistosomiasis is endemic by 2030. However, recurrent hybridization between 
Schistosoma species is an emerging public health concern that has a major impact on 
distribution of the disease and ultimately may derail elimination efforts. The One 
Health approach recognizes interconnections between the health of humans, animals, 
and the environment, and encourages collaborative efforts toward the best outcomes. 
Thus, this chapter explains how the One Health approach can accelerate the control 
and elimination of schistosomiasis in Africa. 

Chapter 12, “Dancing in a Cycle: Global Health Agenda and Schistosomiasis Control in 
Africa” by Adetayo Olorunlana, discusses that schistosomiasis and other NTDs affect 
about 2 billion people globally. Africa shares approximately 90% of the global burden 
of schistosomiasis disease. Despite, WHO efforts to control the disease, it remains 
neglected in most African countries. Control programs exclude adults in Mass Drug 
Administration (MDAs), and water, sanitation, and hygiene (WASH) because the 
drug praziquantel is used for treatment. However, migratory patterns of the neglected 
population and the interplay of social, economic, political, and cultural factors have 
introduced the disease into previously eliminated and/or new areas. The question is 
whether Africa can achieve the new goals of the WHO NTDs 2021–2030 Roadmap for 
schistosomiasis elimination. The chapter compares and contrasts Africa’s current top-
down approach to schistosomiasis control to a dynamic approach. Or if the previous 
pattern of late implementation, dependent on only one drug and shifting focus to 
other diseases of relevance continues. If a new approach is not adopted the dance in 
the cycle has just begun. 

Section 4 includes five chapters. Chapter 13, “Perspective Chapter: Integrated Root-
Knot Nematodes (Meloidogyne) Management Approaches” by Ahmad et al., describes 
the Meloidogyne genus, which contains the most prevalent and harmful worms 
formally known as root-knot nematode species. They attack a wide range of plants 
belonging to different plant families. In the infective second stage, juveniles (J-II) 
feed on the plant’s roots and, as a result, the host plant roots become swollen/produce 
galls. The attack plant shows stunted growth and in extreme cases the plant dies. 
An integrated pest management (IPM) approach is required to tackle these harmful 
nematodes spp. The integrated tactics include cultural/agronomic practices as well 
as biological and chemical control. A sole management method is not enough to deal 
with the root-knot nematode. Therefore, a proper IPM package is required for the 
farmer to gain good health for the crops. 

Chapter 14, “Perspective Chapter: The Potential Role of Nematode Parasites 
in Wildlife Decline – Evidence from Allegheny Woodrats (Neotoma magister), 
Northern Flying Squirrels (Glaucomys sabrinus) and now the Eurasian Red 
Squirrel (Sciurus vulgaris)” by Carolyn Mahan and Michael Steele points out that 
global climate change and human-induced habitat loss alter the landscape for 
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native wildlife, resulting in shifts in geographic ranges, occupation of smaller, 
remnant habitat patches, or use of novel environments. These processes often lead 
to sympatry between species that historically occupied non-overlapping ranges 
and habitats. Such interactions may result in increased competition for resources 
and expose species to novel parasites that adversely affect a species’ fitness, 
leading to wildlife declines. The chapter explores these interactions in two species 
of endangered North American rodents: Northern flying squirrels (Glaucomys 
sabrinus) and Allegheny woodrats (Neotoma magister). Northern flying squirrels 
are declining in the eastern United States due to competition with its congener, 
southern flying squirrels (Glaucomys volans). Increasing evidence indicates 
that this competition is mediated by a shared intestinal nematode, Strongyloides 
robustus. Transmission of this nematode to the endangered northern flying 
squirrel may be increasing due to habitat loss, forest fragmentation, and climate 
change. Climate change causes the northward range expansion of southern 
flying squirrels and adversely affects the health of coniferous forests, which is 
the preferred habitat of northern flying squirrels. The chapter authors also note 
the most recent discovery of S. robustus as a factor in the decline of the European 
red squirrel (Sciurus vulgaris). S. robustus is a novel parasite to this host in 
Europe and was introduced along with the invasive eastern gray squirrel (Sciurus 
carolinensis) that is native to North America. Likewise, in Allegheny woodrats, 
shrinking habitat and landscape changes have resulted in increased range overlap 
with raccoons (Procyon lotor), which harbor a nematode fatal to woodrats. The 
chapter also discusses the subsequent transmission of this nematode, Baylisascaris 
procyonis, to woodrats as a contributing factor to their decline throughout the 
Appalachian Mountains. 

Chapter 15, “Soil-Transmissible Helminths Infections; Diagnosis, Transmission 
Dynamics, and Disease Management Strategies in Low-and Middle-Income 
Countries” by James-Paul Kretchy, examines soil-transmissible helminthes 
(STHs) infections, which are among the most common sanitation-related public 
health problems among people living in poor settlements of tropical and sub-
tropical regions in low- and middle-income countries (LMICs). Though available 
data suggest occurrence of disease in adults, children of school-going age bear 
the greatest burden, as these infections affect their cognitive development and 
physical growth. The characteristic high levels of poverty, poor environmental 
hygiene, open defecation practices, and inadequate sanitation and waste 
management systems expose residents to the risks of STH infections. Walking 
bare-footed, inappropriate hand hygiene behavior, and the unavailability/
improper use of personal protective equipment (PPE) can impact transmission 
risks in endemic communities and among occupational risk groups. These must 
be properly investigated and managed, and appropriate interventions must be 
communicated to decision-makers.

Chapter 16, “Zoonotic Trematode Infections; Their Biology, Intermediate Hosts and 
Control” by Henry Madsen and Jay R. Stauffer, Jr., point out that many diseases linked 
with trematodes are zoonotic, including liver flukes (Fasciola spp., Clonorchis, and 
Opistorchis are the most common), intestinal flukes (some species of Heterophyidae), 
lung flukes (Paragonimus spp.), and the blood flukes (Schistosome species). A 
characteristic of all these species is that they have a vertebrate as the final host and 
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freshwater snail species as the first intermediate host. The foodborne trematodes also 
have a second intermediate host where their infective stage (metacercariae) lodge 
or in case of the Fasciolidae, cercariae encyst on aquatic or semi-aquatic plants. The 
chapter describes the biology of transmission with emphasis on the intermediate snail 
hosts and their control. 

Chapter 17, “Biology of the Human Filariases” by Jesuthas Ajendra, Achim 
Hoerauf, and Marc P. Hübner discusses filarial nematodes, which are parasitic 
worms transmitted by blood-feeding insects. They cause some of the most 
debilitating infectious diseases known to humankind. Mainly found in tropical 
and subtropical areas of the developing world, diseases such as lymphatic 
filariasis and onchocerciasis represent major public health issues. With millions of 
people infected and billions at risk of infection, these diseases can stun economic 
growth and impair quality of life of the affected regions. As such, the WHO has 
classified both lymphatic filariasis and onchocerciasis as NTDs. The lesser-known 
filarial disease loiasis not only affects millions of people, but also represents a 
huge obstacle during mass drug administration programs targeting other filarial 
diseases. Even less is known about mansonellosis, potentially the most widespread 
of the human filariases but underestimated due to the lack of clinical symptoms. 
Large-scale intervention as well as mass drug administration programs are 
undertaken with the long-term goal of eliminating filarial diseases, as declared 
in the WHO roadmap 2021–2030. However, there is still neither a vaccination nor 
short-term macrofilaricidal treatments available. Many drugs have side effects or 
are not suitable for all patients and thus there are still billions of people living in 
areas with a high risk of infection. 

Section 5 includes two chapters. Chapter 18, “Perspective Chapter: Advances in 
the Development of Anti-Trichinella spiralis Vaccine, Challenges, and Future 
Prospective” by Aleem et al., discusses trichinellosis, which is a very important 
foodborne zoonosis caused by Trichinella spiralis. This is an important disease and 
its causative agent is prevalent throughout the world (cosmopolitan). More clinical 
awareness of trichinellosis is required due to its many outbreaks and the increase in 
the consumption of pork meat and its byproducts. Trichinellosis is epizootic in nature 
and its economic burden is associated with the prevention of this disease from the 
human food chain. This disease is transmitted from animals to humans through the 
consumption of raw or undercooked meat containing encapsulated muscle larvae 
of T. spiralis. This chapter demonstrates the direct effect of progesterone (P4) and 
mifepristone (RU486) on the progesterone receptors of T. spiralis. It also examines the 
challenges in the preparation of DNA and recombinant protein vaccination to control 
trichinellosis. 

Finally, Chapter 19, “Perspective Chapter: Multi-Omic Approaches to Vaccine 
Development against Helminth Diseases” by Daga et al., discusses the need for 
protective vaccines for humans and livestock against helminth diseases. The “-omics” 
era has led to renewed interest in vaccine development against helminth diseases, as 
candidate vaccines can now be designed, evaluated, and refined in a fraction of the 
time previously required. In this chapter, the authors describe and review genomic, 
transcriptomic, and proteomic approaches to the design of vaccines against helminth 
diseases.
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We hope that readers find this book helpful and informative. It is our attempt to 
compile novel and important information about diseases and parasites that are a 
health burden in underdeveloped countries and an emerging health problem in 
developed ones. 
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Chapter 1

Therapeutic Properties of 
Trichinella spiralis (Nematoda) in 
Chronic Degenerative Diseases
Christian-Irene Nevárez-Lechuga, Antonio Meza-Lucas, 
Alejandro Escobar-Gutiérrez, Carlos Wong-Baeza, Isabel Baeza 
and Jorge-Luis de-la-Rosa-Arana

Abstract

Diseases produced by helminth parasites occur frequently in underdeveloped 
countries where they present a serious public health problem. At the same time, in 
these regions, a lower rate of autoimmune and allergic diseases has been observed. 
Due to these observations, some researchers have proposed that some helminths, 
such as Trichinella spiralis or its proteins, have strong anti-inflammatory potential, 
or have assessed them as modulating agents of the immune response. T. spiralis shifts 
the host immune response from a Th1 profile, characterized by pro-inflammatory 
cytokines, to a Th2 profile, characterized by the release of different cytokines with 
anti-inflammatory properties. This parasite has shown high therapeutic potential in a 
wide variety of disease models. In one of the most promising, the experimental lupus 
model in mice, the release of anti-inflammatory cytokines IL-4 and IL-10 and delayed 
onset of the key clinical features of the experimental lupus model for at least 5 months 
were observed, when previously parasitized. This is the first study to date that focuses 
on the use of T. spiralis as an immunomodulator in lupus disease. In conclusion, fur-
ther study of the immune response generated by the parasite is necessary to advance 
the development of new therapies for inflammatory diseases.

Keywords: Trichinella, immunomodulation, chronic degenerative diseases, lupus, 
helminths

1. Introduction

1.1 Helminths and parasitosis

Helminthiases are parasitic diseases caused by helminths, which are colloquially 
called “parasitic worms”. Although a great biodiversity of helminths exists, the most 
relevant in public and veterinary health are the cestodes (tapeworms), trematodes 
(flukeworms) and nematodes (roundworms). Helminthiases affect more than  
2 billion people worldwide, which can become chronic infections when untreated and 
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persist for the rest of their host’s life [1–3]. The population affected by helminthiases 
is mostly found in tropical and subtropical areas, where precarious health systems 
and poor sanitation prevail. This situation contributes to an increase in their preva-
lence due to global climate change that has caused parasites to undergo evolutionary 
changes to adapt over time, which in turn generate resistance to antiparasitic treat-
ments [3]. Although the immune system could eliminate the helminth from the host’s 
body, parasites can often evade the immune response and, in the worst-case scenario, 
the host suffers collateral damage, consequence of the immunopathology caused by 
the immune attack against helminths, as an attenuated immune response can trigger a 
tolerance towards the helminth [2].

1.2 T-helper immune response

In vertebrate animals, the immune response is divided in innate- and adaptive 
immunity. The first one acts in a non-specific but immediate manner, while in the sec-
ond is antigen-specific and can be classified as cellular (T cells) or humoral (B cells). 
The adaptive immune response develops antigen-specific immunological memory 
and drives both inflammation and tissue repair. The cellular immune response play 
a key role in the development and progression of chronic inflammatory diseases [4]. 
T cells are divided into several groups, the two most important are the T helper cell 
and the cytotoxic T cells, both respectively distinguished by CD4+ and CD8+ cell 
surface markers. The helper (Th) immune response initiates with the interaction of a 
CD4+ T cell and an antigen-presenting cell. The T-cell receptor, which is in the surface 
of the CD4 + T cells, bounds with the major histocompatibility complex type II, 
which is on the cell membrane of an antigen-presenting cell (B cells, dendritic cells, 
among others). This interaction leads to the differentiation of B cells into plasma cells 
that produce antibodies. Various cytokines and other co-stimulatory molecules can 
stimulate the CD4+ T cell population to divide itself into cell subsets, which elicit a 
different antigen-specific response, as Th1, Th2, Th9, Th17, and Treg [5]. Each subset 
has specific characteristics and specialized properties. The Th1 response express 
pro-inflammatory cytokines, as interferon-gamma (IFN-γ), interleukin 2 (IL-2) and 
tumor necrosis factor beta (TNF-β). Th1 cells respond against intracellular parasites 
including protozoa, bacteria, viruses, and fungi. Overexpression of Th1 cells can 
lead to the development of autoimmune diseases such as hypersensitivity, arthritis, 
and type 1 diabetes. The Th2 express anti-inflammatory cytokines, as IL-4, IL-5 and 
IL-13; the Th2 is induced as response to helminth parasites, but its over-activation 
leads to systemic autoimmune inflammatory diseases, such as allergies and atopic 
dermatitis. Overexpression of Th9 and Th17 cells is also involved in the development 
of autoimmune and inflammatory disorders. In the case of Treg cells, they regulate 
the differentiation and proliferation of effector T cells and promote tolerance, thereby 
limiting the development of autoimmune diseases [5].

1.3 Hygiene hypothesis

In humans, the immune system has adapted to recurrent infections caused by 
numerous non-pathogenic organisms. Through exposure to environments rich in 
microorganisms, this adaptation leads to a more effective immune response to invasion 
by pathogens. However, the elimination of these “microbial allies” from environments in 
industrialized cities because of advances in medical care, and improvements in hygiene 
and urbanization, has been associated with a dramatic increase in autoimmune, 
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allergic, and chronic degenerative conditions of inflammatory origin [6, 7]. In 1989, 
at the London School of Hygiene and Tropical Medicine, the research group led by 
Dr. Strachan found an inverse relationship between the number of children in British 
families, their quality of life, and the rate of hay fever in their children. In other 
words, the incidence of this disease is higher in families with fewer children and better 
hygienic conditions; thus, family members have a more limited exposure to the various 
antigens found in the environment, and this probably leads to a lack of stimulation of 
the immune system at an early age [6]. However, it was not the first study with these 
observations; previously, in 1968, a study showed that the Swedish urban population 
was more susceptible to developing bronchial asthma and chronic bronchitis com-
pared to Swedes living in rural areas [7]. In 1976, another study performed in Canada 
reported that the prevalence of some atopic diseases, as asthma, eczema, and urticarial 
was higher in the white community respect to a native community called Metis, which 
showed an elevated serum IgE level and a higher prevalence of helminthiases, in addi-
tion to untreated viral and bacterial diseases [8]. These studies comprise the origin of 
the so-called “hygiene hypothesis” as we know it today.

Several studies have documented the existence of an inverse relationship between 
the increased incidence of inflammatory and metabolic diseases and a decreased 
prevalence of parasitic helminthiases, such as filariasis, where helminths mildly 
immunosuppress the host in a chronic and non-specific manner [9]. This modula-
tion is associated with the development of a particular immune mechanism referred 
to as Th2 (T helper 2) response. Derived from the hypothesis that helminths have 
evolved in parallel with their hosts, it is possible to think that helminths can survive 
and perpetuate their life cycle because they “control” the host’s immune response. 
Helminths can live for prolonged periods by maintaining their hosts as asymptomatic 
carriers. It is likely that their surface proteins, as well as those secreted, excreted, and 
shed from the parasite, play a significant role in immunomodulation, which, collater-
ally, can benefit the host by reducing the consequences of exacerbated inflammatory 
responses from a Th1 response. This mechanism is a normally occurring part of many 
autoimmune disorders. Parasitic infections have also been observed to have beneficial 
effects on clinical outcomes of allergy patients [1, 10, 11]. The relationship between 
Th1 and Th2 immune response mechanisms can be understood, considering the 
immune system as a dynamic but regulated entity within a balance between these Th1 
and Th2 antagonistic responses. Naturally, there are certain cells, such as T regulatory 
lymphocytes (Tregs), which upon receiving certain stimuli can suppress competing 
responses and maintain the system balance [5].

2. Use of helminths in experimental therapies

Data from tropical and subtropical countries have shown that inflammatory and 
autoimmune diseases are rare, but helminthiases are very abundant there. However, 
in those regions, the anthelmintic treatment is associated with an increased rate of 
chronic degenerative diseases [1]. These findings have suggested that helminths or 
their products may be useful to control inflammatory diseases amending the host 
immune response from Th1 to Th2. The Th2 response is characterized by the produc-
tion of anti-inflammatory cytokines (IL-4, IL-5, IL-10, and IL-13), non-specific and 
parasite-specific IgEs, as well as the mobilization of mast cells, basophils, and eosino-
phils. During infection, Treg cells release cytokines (Il-10 and TGF-β) that negatively 
regulate the Th1 cell subset [3, 12].
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Helminths secrete enzymes and hormones, along with their debris, these molecules 
are the excretory and secretory products (ESP). ESP are the main mechanism of 
immune response evasion due to their high antigenicity and ability to migrate away 
from the helminth, “distracting” the immune response and ensuring parasite survival 
[3, 13]. Studies on helminth immunomodulation derived from this observation have 
raised interest in the use of total extracts, ESP or even, recombinant proteins as 
immunomodulatory treatment in animal models and human clinical trials. Most of 
these studies have reported clinical improvement, but do not address the molecular 
mechanisms involved in the process [1, 12].

A vast variety of parasites and their ESP have been used in studies that seek to find 
emerging therapies for many diseases, for example the findings on Trichuris suis ova 
(TSO). This approach has shown therapeutic effects in diseases such as rheumatoid 
arthritis, inflammatory bowel disease, or multiple sclerosis, with phase 1 and 2 
clinical studies being carried out. Patients received a controlled treatment of 2500 
TSO units every 2 weeks for 12 months and a low clinical efficacy was obtained, with 
just small variations in the immune response of the patients receiving the parasite 
[14]. Another trial used the nematodes Trichuris vulpis and Uncinaria stenocephala as 
a treatment in a model of atopic dermatitis in dogs, which were infected with larval 
eggs of T. vulpis (two groups with 500, and 2500 eggs respectively) or U. stenocephala 
(three groups with 100, 500, and 2500 eggs respectively). The results showed that 
all dogs improved their lesions; however, there was no change in the inflammation 
caused by subcutaneous infiltrates. In a subsequent randomized study with T. vulpis, 
no difference was found between parasitized dogs and those receiving a placebo, and 
it was concluded that T. vulpis did not generate significant changes [15]. There are 
few examples of parasites used as disease modulators and how parasites or molecules 
derived from them can induce an anti-inflammatory response through Th2/regulatory 
responses directly associated with the established helminth response.

3. Trichinella spiralis

Trichinella is a nematode genus comprised of 12 species and 3 genotypes. 
Trichinella spiralis, T. nativa, T. murrelli, T. britovi, T. patagoniensis, T. nelsoni species 
and T6, T8 and T9 genotypes are distinguished by encapsulation in the host muscle 
tissues, while T. pseudospiralis, T. papuae and T. zimbabwensis species do not induce 
capsule formation. The genus Trichinella is cosmopolitan and parasitizes more than 
150 species of domestic and wild vertebrates, mostly carnivorous mammals. All 
Trichinella species can be transmitted zoonotically, although the one most frequently 
related to human disease is T. spiralis. The parasite load is correlated with the severity 
of the disease and is the cause host death [13, 16–19].

3.1 Life cycle, physiopathology and diagnosis

The adult worm settles in the small intestine, while the larvae inhabits the skeletal 
muscle, this is the muscle larva (ML) which lives inside of a myocyte surrounded 
by a collagen capsule. In general, there is one ML per myocyte but, sometimes two 
or more larvae are found [20]. The enteric phase occurs during the first week after 
infection and is associated with gastroenteritis, diarrhea, and abdominal pain. The 
life cycle begins when the host ingests raw or undercooked meat with viable ML. In 
the stomach, the ML is released from the collagen capsule. In the duodenum, the ML 
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invade the epithelial columnar cells and molt four times to become adult. At 90 hours 
after copulation, females deposit the first larval stage, called newborn larva (NBL), 
which enters the bloodstream. The migration and invasion phase continues during 
3 to 7 days and at the end of 30 days post infection, the NBL matured into ML, and 
the invaded myocyte was repaired, but does not recovered its contractile functions; 
on the contrary, the glycocalyx hypertrophies, generating a collagen capsule and 
surrounding itself with a network of new blood capillaries. This new structure is the 
nurse cell (NC), which allows to the ML remains in hypobiosis for months or years to 
be transmitted by ingestion to a new host to complete the life cycle. During this last 
phase, fever, myalgia, and arthralgia are observed; however, individuals with a low 
parasite load may remain asymptomatic [4]. The diagnostic methods are (1) trichi-
noscopy, where the ML and the NC are sought by microscopic examination of striated 
muscle; this technique is used in post-mortem studies and food safety protocols. (2) 
The artificial enzymatic digestion allows isolate ML from meat samples; this method 
is used in food safety. (3) Antigen detection seeks parasite proteins as biomarkers, 
mainly in experimental issues (4). Nowadays ELISA and Western blotting are used 
to determine parasite-specific antibodies in the host serum; this is the gold standard 
to corroborate clinical suspicion. (5) The molecular diagnosis uses diagnostic probes 
specific to unique DNA sequences of the parasite for taxonomic purposes [21, 22].

3.2 Immunobiology

ESP from ML and intestinal larval stages as well as from adult helminths play an 
important role in a successful infection and trigger an early immune response in the 
host. Many of these proteins are glycosylated and have an N-terminal signal peptide 
indicating that they are secreted proteins. The high immunogenicity is due to these 
glycosylations being formed by repetitive chains of oligosaccharides, such as tyvelose 
and fucose, that confer them modulating properties of the host immune response. 
Tyvelose is the main antigenic component of ESP and is part of the ML immunodomi-
nant antigens [13, 23, 24]. Proteomics and immunoproteomics analyses have shown 
that some of these proteins are serine proteases, a family of proteolytic enzymes with 
varied biological functions during a parasite infection. These functions involve host 
tissue invasion, migration, and proteolysis by helminths. Serine proteases purified 
from ESP participate in the degradation of host intestinal tissues. They also allow the 
penetration of a wide range of tissues for acquiring nutrients, and mediate apoptosis-
like cell death and phagocytosis, which contributes to a higher parasite-mediated 
immunosuppression. ESP may play an important regulatory activity by controlling 
host immune reaction and recognition. In addition to serine proteases, different 
studies have found other functional proteins involved in the interactions between T. 
spiralis and its host, such as multiple DNase II isoforms that could function as immu-
nomodulators [25].

4. Therapeutic potential of Trichinella spiralis

4.1 Therapeutic potential on cancer

In 1970, Weatherly and collaborators [26] conducted one of the first studies where 
the therapeutic potential of T. spiralis was assessed. The authors observed that parasit-
ized mice survived for longer according to the dose of parasites administered, as well 
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as having a decrease in breast tumor size compared to non-parasitized mice. Since 
then, many aspects of the inhibitory effect of T. spiralis on cancer have been studied 
and described, both in animal and in vitro models with promising results, ranging 
from the induction of apoptosis in cancer cells to the total or partial inhibition of the 
growth of some of the tumors studied. The increase in the survival rate of subjects 
has also been observed in vivo in different experimental models, such as in mice that 
have been parasitized with ML and inoculated with sarcoma 180 tumor cells, where 
the suppressive effects on cancer development were observed [27–29]. Inhibition of 
tumor cell growth has also been observed in experimentally infected mice and rats; 
the inhibition of the development of B16 melanoma, mammary gland cancer, and the 
number of histiocytomas appears to be directly proportional to the dose of infection 
[30–34]. The antitumor effects of T. spiralis ML have been tested in BALB/c mice 
with A549 lung cancer, HCT-8 human colorectal carcinoma and C6 glioma [35–37]. 
In ICR mice, the mouse esophageal carcinoma and mouse ascitic hepatoma (H22) 
were studied, while in C57BL/6 mice, the hepatoma by Hepa1–6 carcinoma cells were 
studied [29, 38, 39]. In all experiments, an inhibitory effect of cancer was reported. 
In addition, studies have been conducted in mouse models of SP2/0 myeloma and 
colon cancer also immunized with extracts of the parasite and with their ESPs, which 
immune- modulate the development of both types of cancer [40–42].

ESPs contain some bioactive substances with known antitumor properties, such 
as the translationally controlled tumor-protein (TCTP) associated with growth, cell 
cycle regulation and antiapoptotic and immunomodulatory properties. The presence 
of caveolin-1 (cav-1), an essential protein component of caveolae that acts as a tumor 
suppressor, has also been described. Other proteins with antitumor properties are some 
heat shock proteins (HSPS), such as sHSP, HSP60, HSP70, and H3 and H2B histones, 
involved in fold stability, intracellular arrangement, and proteolytic turnover of many 
key regulators of growth, differentiation, and survival; they are vital to prevent cell 
death and maintain homeostasis in T. spiralis [20]. The antitumor properties of ESP and 
ML extracts were also studied in in vitro models of esophageal carcinoma, sarcoma 180, 
chronic myeloid leukemia, hepatomas, lung cancer, B16 melanoma, human cervical 
carcinoma, and Graffi myeloid tumor. The incubation of cell cultures with ESP or para-
site extract showed results that ranged from tumor apoptosis to inhibitory effect on the 
proliferation of carcinogenic cells [29, 33, 43–47]. These reports are detailed in Table 1.

4.2 Therapeutic potential in autoimmune and allergic diseases

Currently, more than 80 autoimmune diseases have been described, such as 
rheumatoid arthritis, systemic lupus erythematosus (SLE), and type I diabetes. 
Autoimmune diseases affect between 5 and 9% of the world’s population and arise 
from the loss of immune tolerance to self-antigens. Loss of immune tolerance leads to 
the development of autoreactive T and B cells and the attack of the body’s own tissues; 
for example, an organ-specific attack is presented in rheumatoid arthritis where 
the target organ is the joints, or it can occur systemically as is the case in SLE [48]. 
Because T. spiralis can induce a Th2-type response in its host to limit the inflammation 
within the tissue where it is, many studies are focused on the search for new therapies 
for autoimmune diseases based on these properties. The same happens for allergic 
diseases, where T. spiralis and its ESPs have also shown encouraging results. That is 
the case of some studies conducted in animal models of allergic asthma, a chronic 
inflammatory disorder of the respiratory tract with a strong relationship with an 
exacerbated Th2 response [49].
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Among the existent animal models for autoimmune diseases, a model of type 1 
diabetes in non-obese mice, when parasitized with ML, showed a decrease in the 
number of cytotoxic pancreatic cells, which in turn, delayed the disease progression 
up to 37 weeks [50]. Likewise, a suppressive effect on the disease was observed in 
parasitized animals with experimental autoimmune encephalomyelitis (EAE) in 
a study of new treatments for multiple sclerosis; here, there was an increase in the 
expression of the Th2 profile and a suppression of the disease signs and symptoms 
[51–53]. In the case of chronic intestinal disease, immunization with recombinant 
proteins derived from the TsP53, Cystatin-B and paramyosin proteins of T. spiralis 
(rTsP53, Tsp_03420, and rTsPmy, respectively) led to a decrease in the expression of 
Th1-type cytokines and disease progression [54–56]; in addition, ML parasitosis and 
ESP immunization also showed anti-inflammatory effects [57–60]. Another animal 
model used to observe the therapeutic potential of T. spiralis is the collagen-induced 
rheumatoid arthritis model, where parasitosis with ML and immunizations with its 
extracts and the rTsPmy protein decreased disease progression, inflammation, and 
histopathological damage in the synovial tissue of the joint cavities [10, 61, 62].

In the case of allergic diseases, the use of ESPs from T. spiralis has also shown 
promising results in animal models of allergic asthma, a chronic inflammatory 
respiratory disorder triggered by an exacerbated Th2 response. In some cases, ML 
and its soluble extracts were used in mice with airway inflammation; as a result, 
improvements were observed in the disease progression, observed by the reduction of 
the levels of infiltrated eosinophils and ovalbumin-specific IgE, the decrease in IL-4, 
and the increase in IL-10 and TGF-β [49, 63]. This modulation was also observed in a 
mouse model of sepsis-induced acute lung injury where immunization with ESP from 
the parasite increased survival by 50% and reduced inflammation by a decreased 
production of pro-inflammatory cytokines [64]. These studies on autoimmune and 
allergic diseases are mentioned in Table 2.

4.3  Therapeutic potential of T. spiralis and other nematodes on experimental 
lupus mice models

SLE is a chronic autoimmune disease that can affect all organs and tissues of 
the body due to a set of alterations in the innate and adaptive immune system, 
such as inefficient removal of apoptotic bodies, generation of autoantibodies that 
activate the complement cascade, and deposition of immune complexes in tissues 
that triggers an uncontrolled inflammatory process [65]. Renal, dermatological, 
and cardiovascular symptoms may occur as clinical features. It has an estimated 
worldwide prevalence between 6.5 and 178.0 per 100,000 people while its incidence 
varies from 0.3 to 23.7 cases per 100,000 people per year. The disease occurs in the 
young population, mainly females (9:1 ratio) [66]. SLE is a social and public health 
problem because 10–25% of patients who develop SLE die within 10 years of diag-
nosis. Currently, many of these patients die due to the uncontrolled inflammatory 
activity associated to the disease or because of the immunosuppressive treatment to 
which they are subjected [67]. Although the etiology of the disease is not completely 
known, its clinical heterogeneity suggests that different subsets of immune cells 
play a vital role in its pathogenesis, especially autoreactive B cells and autoantibody-
producing plasma cells. Likewise, T cells play a fundamental role in the progression 
of the disease due to the loss of the delicate balance between Th1 and Th2 responses 
[68]. Another pivotal part in this disease is the increased levels of a variety of pro-
inflammatory cytokines, such as type I (IFN-α, IFN-β, IFN-κ), type II (IFN-γ) and 
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type III (IFN-λ1, IFN -λ2, IFN -λ3 and IFN -λ4) interferons, tumor necrosis factor α 
(TNF-α), interleukins (IL)-1, IL-2, IL-6, IL-10, IL-12, IL-16, IL-17, IL-23, and others. 
Due to their correlation with the disease, they have been proposed as therapeutic 
candidates since there is a lack of effective treatments [69]. Thus, the study of new 
therapies based on immunomodulation that can ameliorate the symptoms and 
severity of the disease and improve the quality of life of patients has become highly 
relevant. To date, the few published reports focus on the therapeutic potential of 
the nematode Acanthocheilonema viteae in SLE, based on the use of a dominant ESP 
protein called ES-62, a widely tested glycoprotein with therapeutic effects in inflam-
matory diseases such as arthritis and asthma. This glycoprotein, administered in the 
MRL/Lpr lupus model, induced a decrease in the production of antinuclear autoanti-
bodies, reduced aortic atherosclerotic lesions, and diminished fibrosis by up to 60%. 
These results have encouraged the use of drug-like small molecule analogs (SMAs) 
based on the active phosphorylcholine found on the N-glycans of ES-62, with similar 
outcomes to those obtained by the original protein, setting up a novel approach to 
control atherosclerosis in SLE [70, 71].

Phosphorylcholine effect on the intestinal microbiome was also studied in mice 
from the MRL/Lpr lupus model that received a synthetic conjugate called TPC 
(Tuftsin-Phosphorylcholine); this is made up of a tetrapeptide with immunostimula-
tory effects called Tuftsin, part of an IgG molecule, and phosphorylcholine. The 
mice treated with TPC had significant changes in the intestinal microbiome, such 
as the increase of the populations of beneficial bacteria of the genera Turicibacter, 
Bifidobacterium, Mogibacteriaceae, Clostridiaceae, Adlercreutzia, Allobaculum and 
Anaeroplasma and the reduction of pro-inflammatory bacteria, like the genus 
Akkermansia. Furthermore, TPC treatment was related to a significant decrease in 
proteinuria levels and an improvement in the disease progression [72].

Due to the immunomodulatory properties shown above, it is important that 
further studies be carried out, focused on other parasites or their derivatives with a 
potential therapeutic effect in lupus disease, like T. spiralis.

In 2004, Baeza et al. developed a murine model of experimental lupus that shares 
strikingly similar characteristics to the human disease, such as the presence of 
anti-histone, anti-nuclear and anti-coagulant antibodies, as well as anti-cardiolipin 
and anti non-bilayer phospholipid arrangements (NPA). NPA are three-dimensional 
structures in the cell membrane, different from the canonical bilayer, formed by the 
polar fractions of the phospholipids; this rearrangement causes the generation of auto 
antibodies. The lupus mice present glomerulonephritis, splenomegaly, arthritis-like 
joint lesions, alopecia and facial lesions resembling human malar erythema. IgG 
anti-NPA antibodies are found in lupus model mice and in some human patients with 
anti-phospholipid antibody syndrome [73–75].

The influence of T. spiralis infection have been studied in the experimental lupus 
murine model to find out whether the parasite had a therapeutic effect on the pro-
gression and outcome of this inflammatory disease. One of our experiments consisted 
in study mice were orally infected with 100 ML and at day 30 post infection induce 
lupus by intrasplenic administration of 100 μL of liposomes incubated with the 
promazine to trigger the formation of non bilayer phospholipid arrangement or NPA 
[76, 77]. The NPA administration was weekly by intraperitoneal until the end of the 
experiment. Blood samples were taken every 30 days for 6 months to determine the 
presence of pro- (IL-1α, IL-17a, IFN-γ and TNF-α) and anti-inflammatory cytokines 
(IL-4 and IL-10) by flow cytometry. In addition, body weight, clinical lesions and, 
antibodies to the ML were evaluated by ELISA [22].
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The levels of IFN-γ and IL-1α did not show significant differences between 
experimental groups. Figure 1 shows that first month post-infection, low levels of 
IL-4 and IL-10 were observed in mice with lupus and lupus infected mice respect to 
infected. However, unexpected at fifth moth post-infection, the lupus infected mice 
group increased the IL-4 levels (Figure 1a); in accordance with data published in 
different experimental models of inflammatory diseases for arthritis, colitis and 
airway inflammations [2], is possible that a modulation towards an anti-inflam-
matory-type response by IL-4 along with the induction of Tregs initiated by IL-10 
(Figure 1b) were observed. In our observations, levels of IL-17a were higher in the 
lupus infected mice respected to lupus mice (Figure 1c), which contrasts with data 
shown by Cheng and collaborators, who found that the decrease in this cytokine 
did not produce any effect in an arthritis model [10]. IL-17a is commonly related 
to an inflammatory response, but also participate in tissue regeneration [78]. The 
overexpression of TNF-α in the infected mice and lupus infected mice (Figure 1d) is 
in accordance with results reported by Kim and Moudgil in 2008, using an arthritis 
model developed by the administration of heat-killed M. tuberculosis in rats and 
subsequently administered with TNF-α and IFN-γ. Authors observed that high levels 
of TNF-α had a protective effect against arthritis progression [79]. Our data shows 
absence of arthritis-like lesions in lupus infected mice in concordance with data 
reported by Cheng and collaborators in 2018, where a therapeutic effect of T. spiralis 

Figure 1. 
FMI levels of intracellular cytokines in peripheral blood of the experimental mice. Bar graphs show the levels of 
cytokines IL-4, IL-10, IL-17a, and TNF-α. Untreated (NC, negative control), infected (I), lupus (L), and lupus 
infected (L + I) mice. Circles indicate significant differences, asterisks trends between study groups, and square 
brackets the time during which the statistical difference is valid. Orange color stands for 5 months and blue color 
for 6 months of study. To determine the differences (p < 0.05), a two-way ANOVA for independent samples was 
performed. FMI stands for fluorescence mean intensity.
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in a collagen-induced arthritis mouse model was observed by promoting tolerance, 
suppressing inflammatory T-cell activity and reducing tissue damage [10]. IgG 
serum antibodies to T. spiralis was similar between infected and lupus infected mice 
(Figure 2a). Trichinoscopy of all infected mice showed similar parasite loads in 
diaphragms (Figure 2b). Clinical lesions were only observed in lupus mice  
(Figure 2c). At the beginning of the third month, half of the L group had developed 
alopecia and facial lesions, and more than half of these mice showed arthritis-like 
articular lesions.

In conclusion, data suggest a T. spiralis a protective effect during 5 months through 
the production of anti-inflammatory cytokines; this effect can delay or reduce 
the appearance of some of the lupus-related signs. It is imperative to continue the 
research to gather more data on the mechanisms of immunomodulation triggered by 
T. spiralis to look out for future lupus therapies.

5. Risks of treatment with helminths or helminth products

Nowadays, there are number for alternative therapies to autoimmune disorders, 
including the use helminth infection; however, these “treatment” is neither 
attractive nor etic because the use of live worms. Indeed, in the experimental 
approach, there are many unanswered questions such as appropriate dosing 
regimens and optimal timing of treatment, in addition to how host genetics, 
diet, and environment influence disease progression [80, 81]. Because helminth-
enabled immunomodulation can extend to other unknown effects on the immune 

Figure 2. 
Physical and clinical characteristics of the mice studied. (a) Bar graphs show serum levels of antibodies specific 
for T. spiralis. Untreated (NC, negative control), infected (I), lupus (L) and lupus infected (L+I) mice. Circles 
indicate significant differences between groups. To determine differences (p < 0.05), a two-way ANOVA for 
independent samples was performed. (b) Trichinoscopies of mouse diaphragms from the P (b1) and P+L (b2) 
groups analyzed by optic microscopy. (c) Photos show some of the lesions presented by mice at the end of the study, 
indicated by colored arrows; black arrows show joint lesions, yellow arrows facial lesions, orange arrows alopecia 
spots, and blue arrows piloerection. (c1) infected (I), (c2) lupus (L), and (c3) lupus infected (L+I) mice.
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response to other pathogens or vaccines, these interactions can induce immune 
downregulation and may lead to predispositions to other types of infections, 
such as those caused by Mycobacterium tuberculosis or malaria [1]. Even though 
some helminths reduce the risk of developing adenocarcinoma associated with 
Helicobacter pylori, others increase the development of several types of cancer, 
such as trematodes of genus Opisthorchis. In this case, it is important to consider 
that although all vermiform organisms are considered helminths, there are notable 
metabolic differences between them; in flatworms (e.g., Opisthorchis), the 
parasite–host contact is carried out through their tegument and involves a whole 
range of surface proteins. On the other hand, nemathelminths (e.g., Trichinella) 
contact its host through the cuticle that surrounds the parasite, mainly made up 
of chitin, and turning the ESP into the main antigens recognized by the immune 
response [1].

In the case of T. spiralis, there are some concerns about its use as a therapeutic 
reagent, the most important being the possible induction of an antibody response, 
which may reduce the efficacy of its ESP. Even though many of the reports do not 
use adjuvants or the administrations are intraperitoneally given for short time 
periods, limiting the response against the parasite proteins, the efficacy could be 
negatively affected if they are used repeatedly or for prolonged time periods due 
to the probable production of neutralizing antibodies. Another problem that has 
arisen from this kind of treatment is the complex composition of the ESP itself, 
which may lead to the occurrence of side effects or immunological interference, 
if ESP are used in their entirety. This complexity in composition also represents a 
problem for scaling their production, limiting ESP clinical use; thus, the charac-
terization of each component that has immunoregulatory properties is of upmost 
importance [64].

6. Conclusion

Although helminths are different, both biologically and morphologically, 
most have developed similar strategies to evade innate and adaptive host immune 
responses, allowing them to establish prolonged parasitism. Among these strate-
gies, the capacity of immunosuppression or immunomodulation stands out, turning 
helminths into a focus of attention for the study of new therapeutic strategies that 
allow improving the quality of life during chronic degenerative diseases. The study of 
Trichinella spiralis has shown to have immunomodulatory potential in experimental 
models of cancer, allergy and autoimmune diseases. In the case of experimental 
murine lupus, infection with Trichinella delayed the presence of signs of disease for 
5 months and increased the levels of the cytokines IL-10 and IL-4. To our knowledge, 
this is the only work reporting the therapeutic effects of T. spiralis in an experimental 
mouse model of lupus.
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Abstract

Anthelmintic, ectoparasiticides (insecticides, acaricides), and antiprotozoal 
chemotherapeutic drugs target parasites. Chenopodium oil like alkaloids, arsenic 
compounds, cupric sulfate, nicotine, and cupric silicate were used to destroy nema-
todes. Unfortunately, these chemicals were less effective and less safe for livestock. 
The four major groups of broad-spectrum antinematodal compounds are macrocyclic 
lactones such as milbemycins/ivermectin, benzimidazole/pro-benzimidazole, tetra-
hydro pyrimidines such as morantel, pyrantel tartrate, and imidazothiazoles such as 
tetramisole and levamisole. The various factors responsible for gastrointestinal (GI) 
parasitism make it difficult to develop effective control measures, to the best of our 
knowledge. Hence, an effective strategy for the control of parasitic diseases that do 
not solely rely on anthelmintic therapies needs to be developed at the regional level, 
based on the epidemiology of the disease. This book chapter aims to elaborate on the 
various other ways to control parasitic diseases due to Anthelmintic drug resistance.

Keywords: gastrointestinal parasitism, anthelmintic resistance, chemical Control,  
alternative control, future trends in livestock

1. Introduction

Antiparasitic chemotherapeutics can be categorized as anthelmintics, ectoparasiti-
cides (insecticides and acaricides), and antiprotozoals. Anthelmintics are those agents 
used to destroy worms and are used as anticestodal, antinematodal, and antinemato-
dal agents [1].
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The use of chemical agents against nematodes traced back to the 1990s and those 
agents were having less effectiveness. Chemicals used for nematode destruction were 
arsenic compounds, cupric sulfate, nicotine, Chenopodium oil like alkaloids. These 
chemical compounds were found less effective and more toxic for livestock. Synthetic 
drug phenothiazine antinematodal characteristics were first reported in the United 
States and were used as broad-spectrum medicine for nematode treatment in horses, 
ruminants, and chickens. Phenothiazine is removed from the therapeutic inventory 
in many countries [1].

From that time scientists were trying to produce an ideal anthelmintic drug that 
could be used as broad-spectrum dewormers and result in the use of organophos-
phorus compounds, imidazoles, and tetrahydro pyrimidines. Thiabendazole (TBZ) 
was developed in 1961 after two decades, and this drug is having high efficiency and 
safety and broad-spectrum. It was the first-generation benzimidazole group and  
used against a wide range of hosts, i.e., goats, poultry, sheep, cattle, pigs, horses,  
and humans against gastrointestinal nematodes, and it shows ovicidal, larvicidal, 
and adulticidal activities. After TBZ’s success, it was planned to structurally modify it 
toward evolving drugs with excellent properties. Levamisole was discovered in 1966 
and was marketed with the name of hydrochloride (HCL) salt having broad-spectrum 
antinematodal activities and immunomodulator effects [2].

Macrocyclic lactone derivatives including ivermectin (IVM) were discovered 
in 1981 broad-spectrum insecticidal activities. After this in 2009 after 28 years, 
monepantel was commercially released [3]. Broad-spectrum antinematodal synthetic 
compounds are divided into four major groups, i.e., macrocyclic lactone derivatives 
including milbemycins/ivermectin, benzimidazole/pro-benzimidazole group, tetra-
hydro pyrimidines group including morantel, pyrantel tartrate, and imidazothiazoles 
group including tetramisole and levamisole [1].

Commonly used chemotherapeutic groups are briefly reviewed in this review.

2. Benzimidazoles/pro-benzimidazoles and their mode of action

Compounds of this group are metabolized in the body and activate BZ metabolites. 
Members of this group are oxfendazole, ricobendazole, albendazole, thiabendazole, 
mebendazole, triclabendazole, oxibendazole, cambendazole, and other chemicals 
belonging to pro-benzimidazole, i.e., thiophanate, febantel, and netobimin [1].

Benzimidazole is effective against adult nematodes in ruminants and also has 
ovicidal and larvicidal activities. Some benzimidazole also exhibits anti-trematode 
and anticestodal activities. They are used in various hosts such as bovine, canine, 
equine, ovine, feline, reptiles, caprine, birds, and human species. In the case of 
humans, thiabendazole, mebendazole, and albendazole are used. They are having 
low toxicity and in some cases can be drenched 10 times than the calculated standard 
dose rate [2, 4].

All members of this group are having the same mode of action and disturb the 
energy metabolism of parasitic nematodes through binding with tubulin protein 
(alpha and beta molecules). This protein is present in plasma and microtubules 
and forms heterodimers and constructs blocks in polymeric microtubules [1]. 
Microtubules formation is a dynamic process affected by tubulin ring polymeriza-
tion and depolymerization. Microtubules play an important role in cell division, 
energy metabolism, shape, and transport of substrate and protein assemblage. 
Benzimidazole group members bundle with β-tubulin, and this complex integrates 
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at the propagating ends of the microtubules and inhibits the assemblage of extra 
microtubules. This whole process is known as capping [5–7].

They cause parasite undernourishment (due to failure in glucose uptake, the pro-
liferation of microtubules, and protein secretion), reduction in acetylcholinesterase 
enzyme secretion, reduction in carbohydrate catabolism through fumarate reductase 
enzyme. Histological investigation of benzimidazole pharmacodynamics also reports 
their role in disturbance of microtubule aggregation in nematodes at those concentra-
tions that do not influence mammalian cells (Figure 1) [1, 6, 8].

3. Imidazothiazoles and their mode of action

Imidazothiazoles consist of two drugs, i.e., tetramisole and levamisole HCL 
(LEV). Levamisole is a Levo isomer and has true antinematodal activity while tet-
ramisole is a mixture of Levo and destroys forms. That is why the calculated dose of 
levamisole is half that of tetramisole.

Levamisole is mostly used in goats, sheep, swine, and cattle while in the case of 
horses, it is contraindicated. This drug is having potency against both mature and 
immature stages. That’s why the calculated dosage of LEV is half that of tetramisole 
with a safety index of twice.

In sheep, goat, cattle, and swine, LEV is administrated, and in horses, mostly it 
is contraindicated. In several mature and immature stages of alimentary tract nema-
todes and lungworms, LEV has shown great potential. Whereas LEV is not antices-
todal nor it is anti-trematode. LEV has not shown any ovicidal activity such as BZs. 
Whereas the remedial index of LEV is relatively lower than that of other antinemato-
dal. LEV has also been found effective against hypobiotic larvae of the sheep parasitic 
nematode, H. contortus [1, 4].

The working mode of action of levamisoles has depicted that it works as a cholin-
ergic agonist; it acts as nicotinic acetylcholine receptors on the surface of the nema-
tode muscle cells along with neuromuscular junction. The antinematodal potential of 

Figure 1. 
Illustration of four different mechanisms of action by benzimidazoles against GI parasites.
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LEV is mostly associated with its ganglion stimulant activity. It induces ganglion-like 
structure in somatic muscle cells of nematodes. The induction ultimately results in 
determining muscle contractions that are in line with the depolarizing barricades 
causing paralysis.

The pharmacodynamics of the compound plays an important role in the paralysis 
that leads to the elimination of helminths promptly through normal intestinal peri-
stalsis (Figure 2) [1, 2].

4.  Macrocyclic lactones (avermectins/milbemycins) and their mode of 
action

Macrocyclic lactones have different commercialized products that show insecti-
cidal activity against a broad range of parasitic nematodes and ectoparasites (ticks, 
mites, lice) that infest domestic animals [9, 10]. Avermectins that include doramectin, 
ivermectin, abamectin, and eprinomectin are the fermented products of actinomy-
cete Streptomyces avermitilis. On the other hand, milbemectins including moxidectin 
and selamectin are the fermented products of Streptomyces cyanogriseus. On a chemical 
basis, avermectins differ based on the side chain of the lactone ring while milbemy-
cins differ from each other because of the lactone skeleton [1].

The unequal larvicidal and adulticidal activity of IVM against Gastro-Intestinal 
Tract (GIT) roundworms and lungworms of ruminantia, porcine, and equine is 
its main factor of characterization [10, 11]. The control of microfilariae of canine 
heartworm Dirofilaria immitis is also achieved by the same chemical [1]. These chemi-
cals do not have any anticestodal or antitrematodal activity nor are they ovicidal. 

Figure 2. 
Illustration of the mechanism of actions of levamisole and ivermectin against GI parasites.
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Because of the nematicidal, acaricidal, and insecticidal activity of IVM, it is frequently 
used in sheep in different countries [4].

IVM along with other ML derivatives such as moxidectin is frequently used against 
haemonchosis in sheep due to its mode of action [1]. This increases their influence 
by binding to glutamate and GABA-gated chloride channel receptors in nematode 
and arthropod nerve cells. The whole process results in the opening of the channel 
and allows the entry of chloride ions (Cl−). This will lead to the paralysis of the body 
wall, pharyngeal muscles, and uterine muscles in nematodes [12]. It is stated that the 
sensitivity of dissimilar chloride channel subunits to MLs and expression location are 
variable characters, and it can be accounted for the paralytic effect of different concen-
trations of MLs on the neuromuscular systems. It is also stated that nematode paralysis 
and body wall muscle paralysis can be proved serious for prompt exclusion, also pha-
ryngeal muscle paralysis is more sensitive [13]. It has also been revealed that MLs cause 
the flaccid paralysis of the pharynx of nematodes along with moxidectin and IVM as it 
is more sensitive than somatic musculature, which shows that the target is the nervous 
system of parasites. If the concentration of MLs drops, then the motility of the parasites 
can be recuperated. As compared with somatic muscles, the paralysis of the pharyngeal 
muscles, as well as consequential inhibition of nourishing, can be longer. The reason 
for the ineffectiveness of ML derivatives against trematode and cestode parasites is that 
these worms do not have receptors at their glutamate-gated chloride channel.

5. Anthelmintic resistance of GIT nematodes

Resistance development against anthelmintics consists of a certain phase, i.e., 
during first phase, number of parasites developing resistance against specific 
anthelmintics is less; there is a gradual increase, and heterozygous parasites develop 
resistance and lead to the final phase where individuals become resistant against 
those anthelmintics, and the population becomes homozygous parasites population. 
It is also observed that parasite resistance against a specific anthelmintic also brings 
resistance against some other anthelmintics groups [14].

Resistance is a drug tolerance ability of a worm and survives in the recommended 
doses of anthelmintics that are normally an effective dose [15]. Parasitic resistance 
was first described in 1957, and firstly studied anthelmintic agents were organophos-
phates, phenothiazine, rafoxanide, thiabendazole, and macrocyclic lactones [16]. 
Recently different GIT parasites especially H. contortus resistance are studied against 
different anthelmintics groups, i.e., rafoxanide, macrocyclic lactones, phenothiazine, 
organophosphates, levamisole, ivermectin, and thiabendazole in small ruminants 
[17]. It is also noted that resistance development started after a few years of drug 
development especially in H. contortus [18]. But, the resistance of the parasites against 
a broad spectrum of anthelmintics is increasing gradually within days; multiple 
factors are involved in developing resistance such as excessive and repeated use of the 
same anthelmintic, underdosing, poor management, etc. [19, 20]. Resistance of some 
GI parasites, specifically of H. Contortus against diverse groups of drugs, namely 
rafoxanide, organophosphates, phenothiazine, macrocyclic lactones (ivermectin), 
thiabendazole, and levamisole in small ruminants, has been reported worldwide [18]. 
Currently, numerous tests are available for the detection of anthelmintic resistance 
of GI parasites including in vitro egg hatch assay, fecal egg count reduction test,  
in vivo anthelmintic efficiency assay (AEA), and tubulin binding assay (TBA) [21]. 
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The prominent anthelmintic classes reported for resistance of H. contortus in sheep 
[3, 22] have been presented in the Table 1.

6. Geographic regions where resistance has developed

Initially, the development of resistance against nematicidal drugs was reported 
in the Southern hemisphere, and the most resistant was studied on H. contortus 

Country Anthelmintic drugs Reference(s)

Argentina BZs, LEV, IVM [24]

Australia Ops, BZs, LEV, TBZ, OXF, Closantel, Morantel [19, 20]

Belgium BZs [25]

Brazil BZs, LEV, IVM, Closantel [24]

France BZs, LEV [26]

Germany IVM,BZs, Pyrantel tarterate, FEN, Febantel, OXF, LEV, TBZ, 
ALB, MBZ

[27]

India BZs, IVM, FEN, Morantel, Closantel, LEV, Thiophanate, [28]

Kenya BZs, LEV, RAF, FEN, IVM [29]

Malaysia BMZ, LEVS, IVM, Moxidectin, Closantel [25]

Netherlands OXFS, LEVS, BMZ, IVM [30]

New Zealand BMZ, LEVS, IVM [18, 31]

Pakistan OXFS, LEVS, ALB, IVM [32, 33]

Paraguay BMZ, LEVS, IVM [34]

South Africa BMZ, IVM, RAF, Closantel [35]

Uruguay BMZ, LEVS, IVM [36]

United State of 
America

FEN, IVM, Pyrantel pamoate, LEVS, TBZ, [37, 38]

Zimbabwe RAF, BMZ, LEVS, [39]

ALB = Albendazole, BMZ = Benzimidazoles, FEN=Fenbendazole, IVM = Ivermectin, LEVs = Levamisole, 
OXFS=Oxfendazoles, RAF = Rafoxanide, and TBZ = Thiabendazole.

Table 2. 
Geographical distribution of anthelmintic resistance developed by helminths in different parts of the world 
(selected references).

Imidazothiazoles 
(Levamisole HCL)

Benzimidazoles (most 
members)

Tetrahydropyrimidines (Morantel 
and Pyrantel)

Common Very common Less common

Salicylanilides (Closantel) Avermectines (Ivermectin and 
Moxidectin)

Amino acetonitrile derivatives 
(Monepantel)

Common Common Less common

Table 1. 
The renowned anthelmintic classes (with drug examples) reported resistance [3, 22].
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nematode. The development of resistance has differed geographically based on 
various factors such as weather conditions, species of parasite, mode of therapy, use 
of variable drugs, etc. The resistance rate is slightly lower in temperate zones in the 
Northern hemisphere [1, 23]. Prominently in the previous three decades, anthelmintic 
resistance is reaching its peak and becoming a great issue in livestock development, 
and the resistance is being reported around the globe including South Pacific, 
Australia, Latin America, North America, Africa, Eastern Union, and Southeast Asia 
[23]. Several studies reporting the occurrence of antinematodal resistance against 
various chemotherapeutic agents residing in sheep abomasa from different parts of 
the world are shown in Table 2:

Hence, the growing anthelmintic resistance is threatening livestock production, 
increasing the toxic level in the environment, and ultimately reducing the food 
availability for human beings [23, 40]. Therefore, the scientists and parasitologists 
are performing the duty to raise one’s hope by launching alternatives to overcome the 
developing resistance such as biological control (phytotherapy) [33].

7.  Globally applicable gastrointestinal nematodes control measures/
strategies

Control of gastrointestinal nematode parasite (GINP).
Numerous techniques and plans have been utilized to lower the gastrointestinal 

(GI) nematode parasites of small ruminants across the world. Some of the techniques 
and methods are appropriate, and a few of them have limitations. Moreover, new 
methods and new approaches are being evaluated and established. The prime meth-
odologies that have been used routinely to reduce the burden of GI nematodes are 
reviewed here.

7.1 Chemical control methods

7.1.1 Chemotherapy (anthelmintic)

Anthelmintics are those drugs that kill the helminths and are playing a toxic role 
to the worms and can be achieved by exposing the nematodes to a higher concentra-
tion of anthelmintics. This higher concentration is for worms not for the host body 
cells. This higher concentration inhibits the vital metabolic processes of the worms 
and kills the worm either by starving it or paralyzing it [23]. Resistance is a reduc-
tion in the efficacy of certain anthelmintics against parasites that are susceptible to 
anthelmintics in normal conditions [41]. Chemotherapeutic application is a very 
common and primitive method (conventional) to control the GINP around the 
globe. The agents have been used for both therapy and prophylaxis. Benzimidazole, 
Ivermectin, and Imidathiazole are three major chemical groups that have been used 
frequently for decades.

Several reports are published that demonstrate the resistance generation of GI 
nematodes to these chemicals worldwide [23]. Few studies reported the higher level 
of resistance produced against the broad-spectrum anthelmintics and also reported 
the side effects at higher dose levels [41]. A higher level of resistance in H. contortus 
is developed in the endemic areas of haemonchosis. Nevertheless, the side effects 
and resistance produced by the excessive use urged scientists to adapt alterna-
tive GI nematode control methods to reduce the risk of environmental pollution. 
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The consumer requested “clean and green” by-products that are free from residuals 
and growth promoters and cost-effective, and scientists were appealed to work for the 
launching of new and effective drugs and strategies [23]. Various factors such as fre-
quent dosing of the same brand to infected and noninfected without discrimination, 
wrong choice, inappropriate administration massively involved in the development 
of resistance and reoccurrence of disease with re-exposure of the parasites [41].  
H. contortus (roundworm) has been reported as resistant to all broad-spectrum 
families of anthelmintics [33, 35, 42].

Resistance is a global issue, and some regions are more exposed to it as compared 
with others, e.g., tropical and subtropical regions are more affected by the resistance 
of GI nematodes [33]. Soli et al., [40] reported multiple anthelmintic resistance in 
goats from Punjab Pakistan, and various other researchers also reported anthelmintic 
resistance in goats [33, 35, 42]. The most extensively used model for the control of 
nematode parasites is the use of chemical agents, and among these the most com-
monly used chemicals are benzimidazoles and avermectin. However, resistance devel-
opment against these anthelmintics results in difficulty in the use of these chemicals 
as a control measure at the farm level [23]. High-degree resistance is reported in 
parasites against multiple chemical agents [43]. Along with H. contortus, some other 
nematode parasites develop resistance and are studied well, e.g., Trichostrongylus spp. 
and Ostertagia spp. [23]. Due to resistance development, the introduction of new 
administered drugs shows reduced efficacy [41].

Regions where haemonchosis is endemic and anthelmintic treatment is frequently 
used at the farm level are exhibiting more resistance in H. contortus. So, the use of 
alternative strategies is the necessity of time to control parasite burden at farm level, 
and also consumer demand is changed; they need cost-effective and residual-free 
strategies for control [23]. Some other methods are also used for the control of para-
sites in the animal industry, which are still underutilized and can be a more successful 
alternative against resistance development issues.

7.1.2 Copper oxide wire particles

In grazing ruminants, copper is administered along with diet as a feed additive to 
overcome the deficiency symptoms. The use of copper started in the 1900s, in vari-
ous forms to minimize the worm load (SCSRPC). The use of copper oxide wire par-
ticles (COWPs) was found more successful in reducing nematodes, more precisely H. 
contortus [40, 43]. Following administration of COWP, it enters the abomasum along 
with the ingesta and sticks to the mucosal folds [44]. In the acidic conditions of the 
abomasum, stuck elements take several weeks to dissolve, and free copper is released 
slowly, which augments the soluble copper concentrations. Ultimately, copper 
reserve of the liver increases. The copper mode of action is yet to be understood, but 
researchers assumed that it alters the abomasum conditions that hinder nematode 
attachment and cause their death or expulsion. Following the COWP ingestion, an 
increase in packed cell volume (PCV) and a decline in EFC have been observed. The 
efficacy of COWP is higher against adult worms of abomasum but ineffective in the 
case of intestinal helminths [43]. Therefore, fecal culture is recommended to explore 
the higher population of H. contortus, before COWP administration [45]. The COWP 
is found to be equally effective against nematodes in both sheep and goats [40].

For administration in cattle, COWP boluses (Copasure©) of 12.5 and 25 g are 
available and for small ruminants, smaller dosages of 0.5–2 g are used [40, 43]. The 
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recommended COWP dosage for cattle of weight above 227 kilograms was 12.5 g [45]. 
The sensitivity of sheep is higher against copper, and a little higher dosage may lead to 
toxicity although COWP is released slowly. Risk factors of copper toxicity that should 
be considered during administration are animal breed, age, health status, and other 
minerals deficiency such as molybdenum, poultry litter exposure [46]. Investigation 
on the use of COWP among exotic artiodactyls has been performed at Disney’s 
Animal Kingdom® Lodge. During the trials, four artiodactyl species included roan 
antelope, blesbuck, scimitar-horned oryx, and blackbuck. The corollary of their study 
indicated a marked reduction in EFC (above 90%) on day 7 post-COWP therapy. 
The animal species variations, liver health status, copper level, interaction level with 
other minerals, and history of copper supplementation should be considered before 
the implementation of the COWP GIN control program in exotic animals. Before 
the use of COWP in an integrated pest management program, the impact of COWP 
on reproduction, accumulation level, and sensitivity level among species should be 
investigated [45].

7.2 Nonchemical methods to control GI parasitism

7.2.1 Biological control

In this perspective, the naturally found pest antagonist organisms are used 
to control the pest population. Grønvold et al. [47] ascertain the role of fungi as 
nematophagous, earthworm, and dung beetle as anthelmintic [48], and these 
are potentially effective biological agents. Biological control is an effective way 
of overcoming the GI helminths. Mainly nematophagous fungus, Duddingtonia 
flagrans, is used to control the nematodes infesting GI tract. During the field trial, 
it shows encouraging results toward sheep and goats’ GI nematode parasite control 
[42]. The fungal spores are fed to animals along with a diet that passes through 
the GI tract without harming the gut mucosa. Fungus sporulates in animal feces 
and their hyphae kill the nematode larvae in fecal material; hence, diminished the 
pasture burden of nematodes larval stage [49–52]. The use of nematophagous fungi 
is an effective alternative approach, but there is a limitation regarding delivery to 
animals and antagonist role of other drugs, namely benzimidazole as an antifungal 
agent. Duddingtonia flagrans also show their effectiveness toward the larvae that 
escape out after the COWP treatment, which proposes another application of 
biological control for helminths [43].

The biological control strategies were proposed to reduce the parasite population 
below the economic threshold and clinical level above that considerable production 
losses are there. High efficacy of D. flagrans was noticed against larval stages of vari-
ous nematodes of cattle [47], sheep [53], and horses [52]. It has been proven by field 
trials that among grazing animals, daily fungal spores feeding for 3–4 months hinder 
the build-up of various larvae up to dangerous levels on pasture.

Sheep feeding supplemented with D. flagrans chlamydospores lowers the egg 
counts and improves animal weight gain in comparison with untreated animals [54]. 
For the application of nematode-trapping fungi against GINs of ruminants, a strategy 
was formulated [55]. D. flagrans can produce a large quantity of thick-walled chla-
mydospores, which makes them more effective against nematodes in comparison with 
other nematode-trapping fungi [56]. D. flagrans is used as a biological agent against 
nematode such as H. contortus in grazing animals [42].
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7.3 Control through monitoring

7.3.1 Parasite monitoring strategies

Strategies for worm load investigation: FEC, larval developmental assays (LDA), 
FEC reduction test, and fecal larval culture (FLC) have proved valuable linkage with 
monitoring and control of worm infection. Mainly FEC is used for monitoring and 
management of GIN parasites. LDA is used for nematode species identification and 
to explore the resistance level [57]. FLC helps in identifying worm species, seasonal 
variation, and enclosure of GIN population. FECRT is the most authentic approach 
to determine anthelmintic resistance, but it is expensive and labor-intensive [57]. 
The demands for the exploration of alternative strategies toward helminth control 
have been augmented due to the lack of new anthelmintics. The applications of 
plants having condensed tannins, COWP, nematophagous fungi, and other biologi-
cal approaches in combination with anthelmintics, animal management, control of 
ecological factors, and GIN level monitoring strategies could be effective to overcome 
GIN resistance in small ruminants.

7.3.2 FAMACHA chart and mac master technique

Among TST methods FAMACHA chart and McMaster are mainly used way to 
identify the worm-infected animals and require treatment. The former method is 
used to diagnose anemic animals by comparing their eye (conjunctiva) color with 
the chart. The latter method provides a real-time picture of parasite burden via egg 
counting in fecal material. In the McMaster method, fecal material is suspended in 
floatation solution and supernatants are taken on a specific glass slide (Mc Master 
chamber) and observed under a microscope for egg counting. For reducing anthel-
mintic resistance among GI parasites, selective therapy is highly effective. By using 
the aforementioned methods, medicinal cost of animals declines because they 
selectively purchase few anthelmintics and animals are responsive against these 
drugs. On the other hand, selective therapy is laborious and time-taking, farmers 
have to perform the FAMACHA check once a month. Routine-wise performance of 
McMaster is mandatory because sometimes with FAMACHA check animals found 
healthy while through McMaster they were found with high worm burden, and such 
animals should be treated because these animals may act as a source for others. The 
FAMACHA score system is found to be highly effective in the selection of worm-
resilient animal breeds [58].

7.4 Control through management

7.4.1 Pasture management, grazing management, rotational grazing

For the control of GI nematodes infections, two most commonly used methods 
include the use of anthelmintics and pasture management; they are associated with 
reduction of production losses because of nematodes infections. Two ways of produc-
ing safe pastures and reducing the infectivity of pasture include rotational grazing 
and pasture spelling, this strategy is very [59]. In rotational grazing, it is assumed that 
significant larval mortality occurs because of break-in grazing. But, unfortunately, 
the period in between animal rotations makes the best use of available and nutritious 
forage coincides with the period during that high concentration of L3 becoming 
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available for reinfection. In the United States, a study was conducted at a farm and 
reported that lambs raised under a rotational grazing system were highly infested 
with helminths in comparison with others. Most of them were infected with nema-
todes, H. contortus, and gained less weight in comparison with control (non-grazing). 
It is therefore concluded that rotational grazing is not a good option in sheep. In 
some situations, it is recommended to extend the periods between the rotations of 
(60–90 days) as it may significantly lessen the parasitic infection. Rotation of younger 
susceptible animals with highly resistant older animals may prove to be beneficial. But 
such a strategy may not be possible due to practical restraints [35].

7.4.2 Manipulating supplementation of nutrients

With the provision of a good and high level of nutrition, the productivity of 
animals can be improved with an increase in the immune response against parasites. 
With an increase in the level of proteins in the diet, an increase in the resistance and 
resilience of lamb against H. contortus has been observed [60]. The supplementation 
of a meal with sorghum and soybean for the grazing kids has shown increased resil-
ience against helminth parasites [61]. Indeed, improvement in nutrition is an efficient 
strategy to lessen and compensate for the negative impacts of parasitic infection. 
Whereas approach to urea molasses increases both resistance and resilience in graz-
ing East African goat kids in an environment overshadowed by H. contortus [62]. In a 
review by Hoste et al., [63], it has been discussed that the supplementary feeding to 
the goats has shown an increased response concerning resilience, whereas the effects 
on host resistance were less prominent.

7.5 Control through medicinal plants

In ethnoveterinary medicine, medicinal plants are used for the prevention and 
treatment of gastrointestinal parasitism. There is a wide range of medicinal plants 
or plant extracts that are used to treat almost every kind of livestock disease related 
to parasites. There are so many studies and available literature on the anthelmintic 
properties of plants and their extracts, which confirms the antinematodal effects of 
these plants [33, 42, 64–67]. In comparison to synthetic drugs the herbal preparations 
are way cheaper and easily available and thus have been used for a long time in the 
therapy of livestock diseases of helminth parasites [68].

Many plants and herbs are used as control agents for human and veterinary endo-
parasites, and the efficacy of each plant depends upon the chemical composition and 
secondary metabolites composition. The composition of a plant is a variable character 
depending upon soil properties, climatic conditions, geographical variability, and 
environmental conditions. Anthelmintic activity of a plant is variable in different 
areas of the world and depends upon the harvest of the plant, plant parts, which 
are used as anthelmintics, storage of the plant, and combination of different plant 
extracts [68]. Choice of extraction solvent is also an important factor that affects the 
solubility of secondary metabolites of the target plants usually water and methanol 
are used as extraction solvents. Ethanolic extracts are considered a better choice as 
they can easily enter the body of the parasite through absorption [69].

To determine the plant properties, two different study types are used. i.e., in vitro 
and in vivo, and each study type has some merits and demerits. In vitro studies are 
cost-effective and can study a variety of plants at the same time, allowing the study 
of specific parasites and their lifecycle stages [70]. While in vivo studies are lengthy 



Parasitic Helminths and Zoonoses - From Basic to Applied Research

36

processes and can study a single plant at a time. Sometimes the result of the in vivo 
and in vitro can be different as the outcome of the study depends on the internal fac-
tor of the host and plant species, e.g., the digestive system of the host [71].

Till today 25% of modern pharmacopeia use plant-derived drugs and some semi-
synthetic using plant as prototype compound [72]. Anthelmintic efficacy of plants 
is derived from different parts, e.g., saponins (can cause teguments degradation and 
vacuolization), tannins, and polyphenols can form a protein complex in the rumen 
and increase the protein supply, interfere with energy generation, reduction in gastro-
intestinal metabolism, and ultimately death of the helminth and alkaloids (effect the 
transport of sucrose transfer from the stomach to the intestine and helminth glucose 
support is disturbed causing paralysis) [73].

7.5.1 Condensed tannins

Tannins are compounds that attach with proteins and other molecules and are 
used as a biological alternative against chemical anthelmintic; many plants naturally 
contain condensed tannins. There are two main groups in which tannins are divided: 
one is hydrolyzable tannins (HTs) and the other one is condensed tannins (CTs). 
Among the two of these groups, condensed tannins are more abundant and are natu-
rally present in browse, legumes, plants, and forage. The concentration of CT, type 
of animal consuming CT, the plant itself, and the concentration of CT in the plant are 
the factors that stimulate the effects of CTs. The high concentration of CT can have 
negative effects, and the noticeable negative effect is reduced palatability that ulti-
mately causes a reduction in intake and digestion, which exerts a negative impact on 
productivity [46]. There are several benefits of CT intake that include increased wool 
growth and growth rate, increased amount of bypass protein, reduced bloating, high 
milk production, as well as a high rate of ovulation.

The prominent and most important benefit of CTs is their positive impact on 
the GIN infection. It has been observed that CTs specifically H. contortus reduce the 
GIN infection, it also reduces the overall egg output through the reduction in female 
fecundity. In addition to this, there is also a decrease in the GIN egg hatchability and 
the development of larva in the feces. Concerning reduction in GIN infection, the 
most important and researched CTs include big trefoil, sericea lespedeza, sulla, and 
sanfoin [46]. When the animals are allowed to graze SL management benefits have 
been observed that are less exposure to GIN as the plant grows off the ground, and 
since there is also an increase in the level of proteins that causes a potential increase in 
the resilience and resistance.

7.5.2 Plants as nutraceuticals

The nutritional combination of animal feed affects the biodiversity of GIT fauna, 
which may affect the parasite fitness by altering the intestinal environment in which 
the parasites propagate [63]. Tannins, flavonol glycosides, sesquiterpene, and second-
ary metabolites are potential candidates for integrated nematode control at the farms 
level [63, 74, 75]. The plants having these properties are known as nutraceuticals, 
which are considered for both the nutritional value and as an anthelmintic. It has 
been reported that supplementation of bioactive plants to goats played role in the 
regulation of bionomics of resistant parasitic populations along with enhancing the 
ability of the goat to withstand negative effects of the pathophysiology of parasitic 
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infections [63]. An increase in post-ruminal protein availability playing role in reduc-
ing the parasitic infections in large ruminants has also been reported, which may be 
attributed to the availability of condensed tannins (CTs) or proanthocyanidins and 
polymers of flavonoid units [48].

7.6 Control through immunological interventions

7.6.1 Vaccines (immunization and vaccination)

The most effective way of controlling infection is vaccination; therefore, 
demand for vaccine development against GI parasites rises. In disparity with 
vaccines of viral and bacterial pathogens, vaccine development against parasites 
did not gain similar success although parasitologists are working in this regard for 
the last 30 years. The vaccine has been developed against tapeworm and lungworm 
sheep and cattle respectively. Studies have been conducted in the identification 
of various antigens of nematodes as vaccine agents [76]. Gut-associated antigens 
have been reported as vaccine candidates, namely H-gal-GP and H11 of H. con-
tortus [77]. Fecal egg count has been markedly declined in goat kids with the use 
of vaccine candidates. Secretory and excretory products of parasites have been 
found as effective vaccine candidates. It has been reported that the use of secretory 
and excretory antigens as vaccine candidates in infection of H. contortus results in 
enhancing the immunity of the host, thereby reducing the FEC and worm burden 
by 70% [78]. It has been reported that the use of H-11 and H-gal reduces 60–75% 
of worm burden and 80–90% FEC, and they can be good candidates for vaccine 
development [79]. Both of these candidates have been reported to induce protective 
immunity in terms of IgG production, PCV maintenance, FEC, and worm burden 
reduction in lambs and kids [77].

Traditional use of chemotherapeutic agents against infection of ectoparasites as 
well as endoparasites leads to the development of resistance against these therapeutic 
agents. It converges the scientists for exploring the nontraditional ways of controlling 
GI parasites; development of a resistant breed of the host through selective breeding, 
vaccine development, implementation of other control measures (alternate pasture 
grazing and rotational grazing), and synergistic use of anthelmintics [80].

In vaccines, acquired immunity plays a pivotal role in the protection of the host 
against pathogens, and it needs to be explored for the development of a vaccine. In 
the case of parasites, the role of acquired immune response is not fully explored. 
Therefore, vaccine development against GI parasites for protection remains  
ineffective [81].

Some fungi of Arthrobottrys spp. have been reported to attack and kill the larvae 
of nematodes in fecal pats, but these fungi are being killed by passage through the 
gut and therefore are of no great importance, but nowadays, a new fungus D. flagrans 
has been reported, which will grow and pass through the gut harmlessly and is active 
against larvae of nematodes in fecal pats [13].

8. Alternatives

Gastrointestinal nematode resistance to anthelmintics has been growing day 
by day, gaining currency to consider it for adopting control measures shortly of 
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the domestic livestock industry. The use of chemical anthelmintics in combination 
with bioactive plants as nutraceuticals seems to be a potential strategy for parasitic 
control. Alternate strategies, i.e., use of plants containing condensed tannins, 
plant-based vaccines, COWP, and biological control through nematode-trapping 
fungi along with husbandry management may prove helpful in minimizing the 
mortality and morbidity of parasitic diseases in small ruminants. However, animal 
breeds selected based on their response to nematodes present in the gastrointes-
tinal tract are an alternate control strategy toward minimizing gastrointestinal 
problems in goats [43].

8.1 Breeding for resistance

Identification of resistant individuals is necessary for the production of parasitic-
resistant breeds. Two parameters are mostly reported for the selection of resistant 
breeds, i.e., FEC, which is an indirect parameter for measurement of the relative level 
of infection [82]. Hematocrit and PCV are being used for the identification of worm 
burden, especially in the case of H. contortus. In Australia, FEC both in natural and 
artificial infections has been used for many years to select the animals for parasitic 
resistance [83].

The researchers cannot divide the magnitude of resistance into discrete genetic 
units; therefore, the resistance is described in the form of heritability estimates 
[84]. The phenotype of quantitative traits is regulated by the additive effect of 
specialized genes [85], which are yet to be identified. The resulting resistance may 
be attributed to the effect of a combination of many small genes or a group of major 
genes that are being regulated not only by additive effects but also by the environ-
mental effects [84].

8.2 Genetic and phenotypic parameters for worm resistance

Packed cell volume and fecal egg count are the most useful markers/parameters to 
estimate the response of host challenge and natural infection with nematodes present 
in GI in general and specifically H. contortus. Both PCV and FEC are heritable traits. 
Heritability of FEC ranges from 0.04 to 0.37. Morris et al. [86] described a heritabil-
ity estimate of 0.05 in Saanen goats at the age of 12 months in New Zealand, and 
Woolaston et al. [87] described a heritability estimate of 0.04 and 0.08 in Fijian goats 
at 12 months of age in Fiji. [88]. Similar studies have been conducted in Kenya where 
they found FEC heritability estimates of 0.15, 0.16, and 0.12 in small East African 
goats at the age of 4, 5, 8, and 10 months, respectively. Some more studies have been 
conducted by Vagenas et al., [89] in Scotland, and they found 0.37 and 0.32 estimates 
of heritability for FEC in Scottish Cashmere goat’s breed.

8.3 Genetic and phenotypic correlation between resistant traits

Estimations of phenotypic and genetic correlation explained the amount to which 
genes affect two different traits and the phenotypic correlation guides the number 
of relations between two traits. Correlation evaluations are important in the mea-
surement of the appropriateness of indicator traits as indirect criteria in programs 
related to breeding. Mandonnet et al., [88] under tropical conditions, stated positive 
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(0.37–0.58) and negative (0.56–0.79) genetic correlations between FEC and PCV and 
eosinophil and FEC amount in goats. Costa et al., [66] in Brazil also describe a highly 
negative and significant relationship between changed PCV and FEC or hemoglobin 
−0.53 and − 0.45 in H. contortus infected goats. Very strong negative correlations 
between IgA activity and FEC have been found in Teladorsagia circumcincta infected 
Scottish Blackface lambs (−0.97, s.e. 0.11 and − 0.78, s.e. 0.18, respectively) and also 
in resistance-related traits and burdens of worms [90].

8.4 Genetic and phenotypic parameters for production traits

Host live weight is a production trait that has been considered as an important 
parameter while assessing the genetic resistances of the host toward GI nematode 
parasites. The heritability estimates of live weight (LWT) varied widely ranging from 
0.13 in Australian Angora goats to 0.50 in Texan Angora goats [91]. Likewise, herita-
bility estimates have been reported in South Africa goats breed as 0.29 and 0.35 [92]. 
It has been shown that resistance to infection by nematode parasites may not neces-
sarily equate to resistance to the effects of the parasite challenge in grazing animals 
[86]. The association between FEC and productivity varies in magnitude and direc-
tion depending on the breed and the environment in which the evaluation was done. 
The genetic correlations between packed cell volume (PCV) and packed cell volume 
decline (PCVD) and production (live weight and wool growth) are either negligible 
or favorable [93].

Several studies around the globe have been conducted to assess the genetic 
potential of sheep and goats breeds that are resistant to gastrointestinal nematodes 
in the last three to four decades [82, 83, 87, 93]. The selection of breeds that are 
resistant to gastrointestinal nematode parasites is assuming the most promising 
alternate control method of gastrointestinal nematodes. Improved resistance toward 
nematodes control leads to reduced cost of anthelmintic treatment and diminished 
production losses associated with worm burden. Australia and New Zealand initi-
ate programs on breeding for resistance and adopt them successfully by utilizing 
phenotypic markers [94]. Approximately 96% of the world’s goat population is kept 
by smallholders in developing countries, and genetic improvement programs are 
rare [95].

8.5 Phenotypic traits as indicators of GI resistance

Host selection for resistance has based mostly on quantitative measurement of 
phenotypic traits. These traits have been measured to check the response of the host 
being evaluated for resistance, which are biochemical, immunological, parasitologi-
cal, and pathological features [84]. For the development of high-resistant breeds, 
it is necessary to identify the high-resistant individuals. Criteria for the selection of 
parasitic resistance are commonly based on two traits, i.e., packed cell volume, which 
indicates anemia, and fecal egg count, which measures the amount of infection. 
There is variation in the development of resistance between the animals of different 
breeds and within the same breeds, which is because of their genetic makeup. The 
scientists are working to investigate the cause of the development of resistance, and 
up to some extent they succeeded in finding some reasons while the others are under 
 investigation [84].
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9. Conclusion

According to the best of our knowledge about different factors that are responsible 
for GI parasitism, it is hard to develop control measures. So, the epidemiology of each 
parasitic disease is needed to be studied at the regional level to recommend an effec-
tive strategy for the control of parasitic diseases, which is not completely dependent 
on anthelmintic therapy [11]. Keeping in mind the subtropical and tropical areas in 
which dry seasons are more might be grazing management, rational use of anthel-
mintics, and use of resistant breeds.
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Chapter 3

Recent Advances in  
Anti-Schistosomiasis Drug 
Discovery
Ezra J. Marker and Stefan L. Debbert

Abstract

Schistosomiasis, a parasitic disease caused by infection by helminths of the 
Schistosoma genus, affects over 200 million people, primarily in the developing world. 
Treatment of this disease largely relies on one drug, praziquantel. Although this 
drug is cheap, safe, and effective, the looming prospect of drug resistance makes the 
development of a pipeline of anti-schistosomiasis drugs a priority. Many new drug 
leads have arisen from screening existing sets of compounds such as the Open Access 
Boxes developed by the Medicines for Malaria Venture (MMV) in collaboration with 
the Drugs for Neglected Diseases Initiative (DNDI). Other leads have been found 
through work focused on druggable targets such as kinases, histone deacetylases, 
proteases, and others. This chapter will discuss recent work concerning the discovery 
and development of novel anti-schistosomiasis drug leads from many sources.

Keywords: schistosomiasis, drug discovery, praziquantel,  
antiparasitic medicinal chemistry, drug screening, enzyme inhibitors

1. Introduction

Schistosomiasis is a neglected tropical disease that affects hundreds of millions of 
people, primarily in the developing world [1, 2]. The disease is caused by blood flukes 
of the genus Schistosoma; the three main infectious species are S. mansoni (in Africa 
and tropical South America), S. japonicum (in China and the Philippines), and S. 
haematobium (in Africa) [1]. Infections occur when parasites in their cercariae stage 
swim from their freshwater snail hosts and penetrate human skin. The cercariae then 
lose their tails and migrate to the intestinal or urogenital area. There they mature 
to adult worms, form male-female pairs, and lay eggs prolifically; the host’s disease 
symptoms are due to an immune response to these eggs [3]. Eggs shed into a water 
source by human defecation hatch and release miracidia, which infect the intermedi-
ate snail host and continue the cycle.

Chronic schistosomiasis is associated with diseases of the kidneys, spleen, liver, 
bladder and intestine [3]. In endemic areas, up to 75% of the incidence of bladder 
cancer has been attributed to infection with S. haematobium; [4, 5] the link between 
S. mansoni infection and cancer is still being investigated [6]. In all, the global burden 
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due to schistosomiasis, in terms of disability-adjusted life years (DALYs, which com-
bine premature mortality data with years lived with a disability) has been estimated 
at 1.7–4.5 million [7].

Current treatment of this disease relies almost exclusively on one drug: praziquantel 
(PZQ, Figure 1). While PZQ has so far proven effective against adult Schistosoma 
worms of all species, the specter of drug resistance, as well as PZQ’s ineffectiveness 
against immature parasites, have motivated the search for new antischistosomals. 
Several excellent reviews have recently been published on these efforts [8–13]. In this 
chapter, I will briefly discuss current antischistosomals in use, antimalarials with anti-
schistosomiasis potential, and finally, the discovery of novel scaffolds for drug devel-
opment, by screening for phenotypic changes or against a specific biological target.

2. Praziquantel

In 1972, Merck and Bayer tested PZQ among 400 other drugs, in efforts to develop 
a commercialized treatment against schistosomiasis [14]. It was first approved and 
used as a veterinary treatment against the disease, but in the 1980s, it was transi-
tioned into treatment against infections in humans [15]. It is regarded as a safe and 
highly effective drug against all adult Schistosoma worms [16]. PZQ’s main metabolite 
is its 4-trans-cyclohexanol derivative 1, which is 4 to 10 times less effective against S. 
mansoni than PZQ itself [17, 18].

PZQ analogs derivatized with ferrocenyl groups at various positions, including 
2, were determined to have only moderate in vitro activity against S. mansoni [19]. 
Tricarbonylchromium PZQ derivatives such as 3, however, have demonstrated in 
vitro anti-schistosomiasis activity on par with that of PZQ itself [20]. Further work 
established that chromium derivatives of R-PZQ were more effective than derivatives 
of S-PZQ, but still only effected low worm burden reductions (WBRs) in vivo [21].

PZQ appears to owe its activity to its activation of a Ca2+-permeable ion channel 
in S. mansoni that belongs to a family of transient receptor potential (TRP) channels, 
which are non-selective cation channels [22, 23]. This target has been widely exploited 
by other antihelmintics [24, 25] as well as therapies for respiratory diseases, cancer and 
other conditions [26–28]. By activating this ion channel, PZQ effects a rapid calcium 
uptake across the ion channel, with deleterious effect to the parasite’s morphology [29].

Since PZQ has been found to target a TRP channel, TRP channels have been further 
studied as druggable targets for schistosomiasis. A high-throughput screen of about 16,000 
compounds against a TRP channel in the melastatin family yielded 4 as a strong receptor 
agonist (EC50 = 1.6 ± 0.3 μM) and 32 potential receptor antagonists, including 5 [22].

Figure 1. 
Praziquantel (PZQ), its primary metabolite (1), and related compounds 2–5.
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3. Oxamniquine

The development of oxamniquine (OXA, Figure 2) as an anti-schistosomiasis 
drug began with the study of Pfizer compound UK 3883 (6) [30, 31], a conformation-
ally restricted analog of Mirasan (7), which was itself a simplified version of the early 
anti-schistosomiasis drug lucanthone (8). Mirasan proved effective against S. mansoni 
in mice but not in primates, suggesting that it and its analogs were acting as prodrugs 
activated by metabolic oxidation at their benzylic positions. The hydroxymethyl 
metabolite of 6, OXA, has showed excellent anti-schistosomiasis activity in both mice 
and humans [32].

Although OXA can be easily absorbed orally, is active against both intestinal and 
liver infections, and has a lower cost than PZQ [18], it remains the second choice 
when compared to PZQ for a variety of reasons. OXA is only effective against S. 
mansoni, whereas PZQ is effective against all major forms that manifest in humans 
[33]. OXA also can cause a wide variety of side effects, such as nausea, dizziness, 
drowsiness, and headache [18]. OXA is a prodrug, converted into its reactive sulfate 
ester form by an S. mansoni sulfotransferase enzyme (Smp089320, or SmSULT-OR) 
[34, 35]. Recent work guided by the crystal structure of this enzyme has led to the 
development of OXA derivatives with greater efficacy not only against S. mansoni, 
but S. japonium and S. hematobium as well [36].

Ferrocenyl and ruthenocenyl derivatives of OXA (9–10) were also synthesized 
and found to be roughly as active as the parent OXA against S. mansoni, but sig-
nificantly more active in in vitro testing than OXA against S. haematobium and S. 
japonicum [37–39]. Notably, this work also found a benzylated OXA, 11, to be effec-
tive against all three parasites in vitro [37]. However, the in vivo efficacy against the 
parasites was limited, in part due to their instability in acidic media [39].

4. Antischistosomal antimalarials

4.1 Artemisinins

Artemisinin (12, Figure 3) and its congeners are the active ingredients in the extracts 
of Artemisia annua, which have been used as traditional Chinese medicine for a variety 

Figure 2. 
Oxamniquine (OXA) and related compounds (6–11).
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of ailments for thousands of years [40]. The disclosure of the artemisinins’ antimalarial 
potential in 1979 [41] was followed closely by a 1980 report on their antischistosomal 
activity [42]. The schistosomicidal activity of 12 and similar antimalarials may stem from 
their ability to interfere with the blood-feeding parasite’s ability to detoxify heme [43].

Artemisinins such as 12 and artesunate (13) have demonstrated high in vivo 
efficacy against juvenile schistosomes and moderate in vivo efficacy against adult 
schistosomes [43], suggesting that simultaneous treatment with artemisinins and 
PZQ may prove complementary [40]. Although one study did find synergistic effects 
when artemisinins were combined with PZQ, this treatment method would have to be 
administered repeatedly to prevent reinfection [44].

4.2 Trioxolanes

The success of artemisinins as antiparasitic agents has motivated the development 
of fully synthetic derivatives [45]. OZ78 (14, Figure 3) is a carboxylic acid trioxolane 
that achieves high WBRs (greater than 80%) against juvenile S. mansoni in mice [46]. 
Its endoperoxide moiety appears to be necessary for its antischistosomal activity, as 
non-peroxidic analogs showed no activity. Another trioxolane, OZ418 (15), is orally 
active and targets multiple developmental stages of S. mansoni. With a single oral dose 
of 200 mg/kg, infections of juvenile S. mansoni were completely cured, and an 80% 
WBR was achieved [43]. Antimalarial hybrids of trioxolanes with quinine derivatives 
(e.g. the “trioxaquine” 16) have also demonstrated promising antischistosomal activ-
ity [8, 43], as have similar trioxolane-PZQ hybrids (e.g., the “trioxaquantel” 17) [47].

4.3 Other antimalarials

Other antimalarials, including mefloquine (18, Figure 4), have also shown broad  
antischistosomal activity [48]. Recent work has added pyronaridine (19) and methylene 
blue (20) to the list of antimalarial compounds that show promise against schisto-
somiasis; both demonstrated sub-micromolar IC50 values against schistosomula, as 
well as complete killing of adult worms at 30 μM [49]. Pyronaridine was found to be 
active against juvenile S. mansoni but not the adult parasite [48], while methylene 
blue showed good activity against adult worms in vivo. In a small observational trial 
in Gabon, three out of four children with an S. haematobium infection were cured 
with Pyramax, a combination of pyronaridine and artesunate (13) [49].

Figure 3. 
Artemisinin derivatives (12–13) and synthetic endoperoxides with antischistosomal potential (14–17).
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Many natural products have demonstrated anti-schistosomiasis activity [10, 
50–52]. The aurone scaffold is another source of antimalarial compounds [53, 54] that 
has been investigated for anti-schistosomiasis potential [55, 56]. Aurone 21 proved 
efficacious against S. mansoni in an in vivo mouse model (against both juvenile (21-day-
old) and adult (49-day-old) parasites) and caused a marked decrease in both immature 
and mature eggs eliminated in feces by infected mice [55].

Cryptolepines, isolated from the roots of Cryptolepis sanguinolenta, have been used 
as traditional medicine in Central and West Africa, and more recently have studies as 
an antimalarial treatment [57]. Piperazinyl-substituted norneocryptolepines such as 
22 have been shown to have high antischistosomal activity (IC50 < 5 μM against adult 
S. mansoni); six out of sixteen neocryptolepines showed 100% worm mortality at a 
concentration of 5 μg/mL after five days [58].

5. New antischistosomals found by phenotypic screening

5.1 Medium-throughput phenotypic screening results

In vitro phenotypic screening of selected compound sets has provided several new 
drug leads for further optimization [8, 59]. Compound sets prepared by the Medicines 
for Malaria Venture (MMV) have proven particularly fruitful in this regard. The 
first of these sets to be assessed was the Malaria Box, which contained 400 diverse, 
commercially available compounds, 200 of which were “drug-like” according to 
Lipinski’s Rule of Five, all with confirmed in vitro activity against the blood stage of 
P. falciparum [60]. In vitro screening of these compounds against newly transformed 
schistosomula (NTS) was followed by similar testing against adult parasites; the five 
most active of these compounds (23–27, Figure 5) were then tested in vivo for efficacy 
and pharmacokinetic properties [61]. While three of the five were ineffective in vivo 
(WBR <20%), compounds 26 and 27 were able to reduce worm burdens in infected 
mice by 52.5% and 40.8%, respectively, with a single 400 mg/kg dose [61].

The diarylurea MMV665852 (26) above stood out for its good in vivo activity and 
its ease of synthesis, so it was chosen for further development. A set of MMV665852 
analogs, including bissulfonamide, oxalamide, thiourea, carbamate, imidazolidi-
none, and pyrazine central moieties, was assessed against S. japonicum [62]. The 
parent MMV665852, along with six urea analogs, demonstrated IC50’s under 10 μM 
for both juvenile and adult parasites in in vitro testing, but none of them produced 
WBR values above 35% in mice harboring either a juvenile or an adult S. japonicum 
infection.

Figure 4. 
Antimalarials/antiparasitics with anti-schistosomiasis activity (18–22).
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Commercially available analogs of 26, including ureas (25), benzamides (17), and 
carbamates (4), were screened for activity against S. mansoni as above [63]. While 
nine of these compounds had IC90’s of <10 μM against adult worms, only the salicyl-
anilide 28 (Figure 6) demonstrated significant in vivo activity. While its worm burden 
reduction was greater than that of the lead compound 26, its cytotoxicity (as mea-
sured against L6 cells), and the resulting poor selectivity index (4.9), may preclude its 
further development as antischistosomal lead.

Further exploration of the diarylurea chemotype resulted in the synthesis and 
testing of 20 new analogs designed with aqueous solubility and chemical diversity 
in mind. Seven of these analogs demonstrated sub-micromolar IC50’s against adult 
S. mansoni with high antischistosomal selectivities [64]. Three of these (29–31), all 
bearing 4-fluoro-3-trifluoromethylaniline moieties, showed modest in vivo activ-
ity, with WBRs between 37% and 50%. Pharmacokinetic data suggest that 31 has 
significantly higher overall systemic exposure than the other two, perhaps due to the 
pyridine substituent. N,N′-diarylureas bearing pentafluorosulfanyl (∙SF5) groups, 
such as 32, have also been synthesized and assessed; like the other ureas tested, they 
demonstrated excellent activity in vitro (IC50’s as low as 0.6 μM against S. mansoni 
NTS) but marginal efficacy in vivo [65].

Another of the leads from the Malaria Box screening, the dianilinoquinoxaline 
MMV007204 (27), was also selected for further development. Quinoxaline com-
pounds have previously demonstrated utility against other parasitic diseases such 

Figure 6. 
Antischistosomal analogs of diarylurea 26 and quinoxaline 27 (28–38).

Figure 5. 
Antischistosomal hits from the MMV malaria box (23–27).
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as malaria, Chagas disease, leishmaniasis, amebiasis, giardiasis, and filariasis [66]. 
Analogs of quinoxaline 27 (47, including 12 triazoloquinoxalines) were screened as 
above; three nitroquinoxalines (33–35) showed IC50’s of under 0.31 μM against adult 
S. mansoni worms. Again, the in vivo potency of these compounds was underwhelm-
ing, with highest WBR among them 46.3% for compound 35 [67]. In a separate 
contemporaneous study, other quinoxaline analogs of 36 bearing nitro, amine and 
amide functionalities were screened for both phenotypic and motility effects on 
schistosomula [68]. Compared to compound 27, compounds 36, 37 and 38 showed 
significantly greater efficacy against the adult worms; the latter two compounds also 
showed excellent activity against S. japonicum and S. haematobium adults [68].

The MMV Stasis Box, containing 400 compounds that whose development as drugs 
was stopped at an advanced stage for various reasons, was also explored as a source 
of new chemotypes for anti-schistosomiasis drug development [69]. Eleven of these 
compounds showed an in vitro effect against adults of least 75%, with four demonstrat-
ing complete lethality, but the only compound to have an in vivo effect on worm burden 
over 50% was MMV690534, (39, Figure 7) with a 51.4% WBR. Compound 39 is a 
TGF-β receptor I kinase inhibitor developed for cancer chemotherapy; [70] other kinase 
inhibitors with anti-schistosomiasis activity will be discussed later in this review.

The MMV also prepared a Pathogen Box containing 400 compounds with 
activity against various neglected diseases, including malaria, tuberculosis, toxo-
plasmosis, and schistosomiasis. Three institutions explored this compound set for 
 anti-schistosomiasis activity; teams at the Swiss Tropical and Public Health (TPH) 
[71] and the University of California-San Diego (UCSD) conducted in vitro pheno-
typic assays of these compounds against S. mansoni NTS, while a team at the Fundação 
Oswaldo Cruz (FIOCRUZ) used a metabolic activity indicator to assess schistosomula 
viability [72]. The two phenotypic assays showed a strong 87% concordance, but the 
inclusion of the FIOCRUZ assay only lowered the overall concordance slightly, to 74%. 
At 72 h drug treatment, 35 compounds in the Pathogen Box, including the antimalarial 
mefloquine (18), registered as “active” on all three screens against schistosomula. Five 
of those common hits demonstrated moderate in vivo activity in mice infected with S. 
mansoni: MMV022478 (40, 70.7% WBR), MMV022029 (41, 67.8%), MMV688761 (42, 
55.2%), MMV687273 (43, 22.4%), and MMV690102 (44, 32.8%) (Figure 7) [71].

Figure 7. 
Antischistosomal hits from the MMV Statis, pathogen and pandemic response boxes (39–45).
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Notably, PZQ was not one of those 35 common hits, showing only borderline 
activity in the Swiss TPH screen and no activity in the FIOCRUZ screen. This reminds 
us that overreliance on obvious phenotypic signs in screening might be keeping us 
from discovering anti-schistosomiasis compounds with more subtle modes of action, 
especially modes that rely on the host immune response. A recent essay by Zamanian 
and Chan recommends the further development of in vitro screens to more closely 
model in vivo environments [73].

The most recent MMV Box to be assessed for anti-schistosomiasis activity was 
the Pandemic Response Box, a set of compounds with antibacterial, antiviral and/
or antifungal activity [74]. Phenotypic screening found 17 of these 400 compounds 
to have at least moderate activity (>66%) against adult S. mansoni in vitro. The most 
promising of these compounds was found to be the isoquinoline MMV1581558 (45), 
with an EC50 of 0.18 ± 0.01 μM against adult S. mansoni, and a WBR of 42 ± 25% in in 
vivo testing.

Phenotypic screening of a set of 2160 compounds purchased from Microsource 
Discovery Systems, containing 821 FDA-approved drugs, against S. mansoni NTS 
yielded about 100 hits, which were narrowed by subsequent screening against adult 
worms as well as consideration of known compound toxicity and side effects [75]. The 
ionophoric antibiotic lasalocid sodium 46 (Figure 8) effected moderate reductions 
in worm burden (~40%) and egg burden as well as improvements in spleen and liver 
pathology in the same model [75]. The anthelminthic niclosamide (47) demonstrated 
excellent in vitro activity but no WBR in infected mice; among related salicylanilides 
that were tested, rafoxanide (48) reduced WBRs by half at a 50 mg/kg dose [75].

Recently, a set of 73 non-steroidal anti-inflammatory drugs (NSAIDs) was 
screened for activity against S. mansoni [76]; this was in part motivated by the 
reported antischistosomal activity of the NSAID diclofenac (49), which is structur-
ally similar to PZQ [77]. The most active NSAID in the set proved to be mefenamic 
acid (50), with good activity in vitro (EC50 = 11.1 μM) and in vivo (at 400 mg/kg, 
>70% reduction in both worm and egg burden) [76].

5.2 High-throughput screening results

Development of reliable high-throughput screening (HTS) tools promises to 
accelerate the identification of novel anti-schistosomiasis chemotypes [78]. Using 
a previously developed high-throughput protocol for screening NTS [79], Mansour 
et al. tested over 294,000 compounds taken from MMV, Pfizer, European Screening 

Figure 8. 
Other hits from phenotypic screening (46–50).
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Port, GSK (the Tres Cantos Antimalarial Set), and Enamine [80]. The compounds 
from this set selected for further development, compounds 51–57 (Figure 9) and the 
previously mentioned TRP channel ligand 4, demonstrated EC50 values under 7 μM 
for NTS, and under 15 μM for juvenile and adult worms.

Several of these leads bear indole or azaindole (e.g., triazolopyridine) units; 
indoles similar to 57 have also demonstrated activity against S. mansoni peroxiredoxin 
Prx2 and TGR in other high-throughput screening assays [81, 82]. Further develop-
ment of the lead compound 52 led to the development of a series of pyrazolopy-
rimidines and imidazopyrazines, the latter typified by compounds 58 and 59 [83]. 
Compound 58 combined exceptional potency in in vitro testing (EC50 27 nM against 
juvenile worms, and 46 nM against adult worms) with decent metabolic stability and 
good in vivo efficacy.

Another HTS strategy uses ATP quantitation to assess test compounds’ effect on 
the number and viability of schistosomula in a sample [84]. Applying this screen to 
a 40,000-sample set, followed by clustering and retesting, led to compounds 60–62 
(Figure 10) being identified as the most promising leads [85]. The latter of those, per-
hexiline maleate (62), is an anti-angina drug whose efficacy against schistosomiasis 
had been studied previously [86, 87]. Starting from those three hits, pharmacophore 

Figure 9. 
Leads resulting from a large high-throughput screening experiment (51–59).

Figure 10. 
Leads resulting from a high throughput screen using ATP quantitation (60–67).
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modeling resulted in the selection of compounds 63–67 as novel scaffolds for poten-
tial development. All eight of these compounds not only proved efficacious, in vitro 
and in vivo, against both juvenile and adult worms at 10 μM, but strongly impaired 
egg production in S. mansoni at sub-lethal doses (2.5–5 μM) [85].

6. Target based approaches

6.1 Targeting thioredoxin glutathione reductase

The redox system of Schistosoma parasites depends on the enzyme thioredoxin 
glutathione reductase (TGR), This enzyme is critical to the redox homeostasis of 
schistosomes as it acts in the detoxification of reactive oxygen species present in the 
host. Inhibitors of this enzyme have been sought and assessed for antischistosomal 
potential [88–91]. The silencing of S. mansoni TGR (SmTGR) expression with RNAi 
led to parasite death within 4 d in an in vitro study [89]. Though PZQ does not inhibit 
this enzyme, two previously studied antischistomals, potassium antimonyl tartrate 
(69, Figure 11) and oltipraz (70), were found to be effective SmTGR inhibitors.

Auranofin (71), a gold complex widely used to treat rheumatoid arthritis, strongly 
inhibited the enzyme (IC50 < 10 nM) and effected good WBRs (~60%) in infected 
mice [89]. Further work has established that treatment with 71 causes cysteine-gold-
cysteine bridges to form in SmTGR, and that this process may be catalyzed by the 
selenocysteine present in the enzyme [92].

Early HTS efforts in this vein revealed the oxadiazole 2-oxide scaffold as a 
promising lead for novel SmTGR inhibitors [81]. Treatment with furoxan derivative 
72 at 10 μM caused 100% parasite death in adult S. mansoni, S. japonicum and S. 
haematobium within 24 h in in vitro studies, and was highly effective in vivo (>88% 
WBR at 10 mg/kg dosage) [93]. The parasite’s phenotypic response to treatment with 
72 resembled the effects of RNAi silencing of SmTGR expression [89]. The addi-
tion of a nitric oxide (NO) scavenger to the system slowed the schistosomal activity 
of 72 considerably, indicating that 72’s release of NO in the presence of SmTGR 

Figure 11. 
Inhibitors of S. mansoni thioredoxin glutathione reductase (SmTGR) (69–78).
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contributes to its potency [93]. Further structure-activity relationship (SAR) work 
established the 3-cyano-1,2,5-oxadiazole-2-oxide moiety as the pharmacophore of 
interest [94]. Testing several aryl-substituted furoxans against S. japonicum yielded 
several active compounds, but no correlations between antischistosomal activity and 
either TGR inhibition or NO release rate [95].

HTS efforts to find other SmTGR inhibitors yielded a set of eight hits with IC50 
values under 10 μM [96]. Four of these, 73–76, showed consistent antischistosomal 
activity against S. mansoni, S. japonicum, and S. haematobium, rapidly killing at least 
half the adult worms present at a 10 μM dose [96].

A secondary “doorstop pocket” binding site in SmTGR has recently been identified; 
binding to this site appears to preclude NADPH binding elsewhere in the enzyme 
[97]. Piperazine derivatives 77 and 78 were predicted to bind tightly to this pocket 
in binding studies, and in fact proved to be good SmTGR inhibitors with antischisto-
somal activity against adult worms in vitro [97].

6.2 Targeting kinases

Kinases play critical roles in regulating vital functions like cell proliferation, 
differentiation, apoptosis, and migration in various organisms. The use of protein-
kinase-targeting drugs against S. mansoni and S. japonicum has been reviewed 
recently [98–100]. S. mansoni has 357 kinases; 351 of those are transcribed in adults 
with 268 being protein kinases (PKs) [99]. Phenotypic screening of a set of 114 
approved oncology drugs against S. mansoni NTS revealed several kinase inhibitors 
with good activity against both NTS and adult S. mansoni (IC50 < 10 μM) in vitro 
[101]. Six of those compounds (Figure 12)— trametinib (79), bosutinib (80), pona-
tinib (81), afatinib (82), sunitinib (83), and vandetanib (84)—were then assessed for 
in vivo activity. In a murine model, only 79 and 84 showed in vivo efficacy, with WBR 
values of 63.6% and 48.1%, respectively [101].

Protein tyrosine kinases (PTKs) are involved in angiogenesis, reproduction, cell 
proliferation, and many other processes [102]. Many PTK inhibitors (or “tyrphostins”, for 
tyrosine phosphorylation inhibitors [103]) are able to inhibit multiple PTKs, including 
receptor tyrosine kinases (RTKs) like growth factor receptors, insulin receptors, (IR) 
and Venus kinase receptors (VKR). Among the RTK inhibitors that have demonstrated 

Figure 12. 
Anti-schistosomiasis kinase inhibitors (79–86).
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antischistosomal activity is BIBF1120 (85), which inhibits fibroblast growth factor recep-
tors in S. mansoni (SmFGFR-A and -B) and which, in in vitro testing, caused unpairing of 
coupled worms at 5 μM and complete worm death within 48 h at 10 μM [104]. Another is 
tyrphostin AG1024 (86), which inhibits both insulin receptors and VKRs in S. mansoni, 
induces death in both schistosomula and adult worms at 10 μM [105].

Other kinases that have been studied as antischistosomal targets include mitogen-
activated protein kinases (MAPKs) [106, 107], Polo-like kinases (PLKs) [108], Abl-
kinase [109], and SmTAO and SmSTK25, two protein kinases discovered in a recent 
large-scale RNAi screen to be critical to worm survival [110].

6.3 Targeting hemozoin formation

Like other blood-feeding parasites, S. mansoni must free themselves of toxic free 
heme, and do so by polymerizing heme to crystalline hemozoin [111, 112]. Inhibiting 
the parasites’ heme polymerization, then, presents another anti-schistosomiasis 
strategy; this is considered to be the antischistosomal mode of action for several 
antimalarials [113, 114]. However, recent work showing that some hemozoin in the 
Schistosoma gut is actually consumed to yield free iron for egg development indicates 
that there is more to learn about hemozoin formation in this parasite [115].

A series of pyrido[1,2-a]benzimidazoles, some of which with demonstrated 
inhibition of heme polymerization in P. falciparum, were screened against S. mansoni 
[116]. A majority of the compounds tested (48 of 57) showed good activity against 
NTS, with 19 of those demonstrating IC50 values below 3 μM against adult worms. 
However, the correlation between hemozoin inhibition and antischistosomal activity 
was weak (R2 < 0.05 for both NTS and adults).

Further investigation of this scaffold led to analogs 87 and 88, with IC50’s under 
0.4 μM against adult S. mansoni and moderately good WBR effects in infected mice 
(62.2% and 69.1%, respectively) [117], and to the chiral 1-phenylethylamine deriva-
tive 89, which combined excellent WBR activity (89.6%) at 50 mg/kg with some 
toxicity concerns (Figure 13) [118].

Figure 13. 
Antischistosomals targeting hemozoin formation (87–89), cysteine proteases (90–92), tubulin (93), and histone 
deacetylase (94–95).
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6.4 Targeting cysteine proteases

Cysteine proteases are integral to metabolism, nutrition and immune invasion in 
several parasites, including Trypanosoma cruzi, Trypanosoma brucei, and S. mansoni 
[119, 120]. In particular, S. mansoni cathepsin B1 (SmCB1) inhibitors have been 
assessed for anti-schistosomiasis activity. A series of thiosemicarbazone and thiazoles 
were assessed for SmCB1 inhibitory activity and screened for phenotypic effect on 
S. mansoni schistosomula and adult worms [121]. The best SmCB1 inhibitor found, 
thiosemicarbazole 90 (IC50 = 1.5 ± 0.4 μM), displayed no activity against the parasite 
in vitro, while thiazole 91, which showed no SmCB1 inhibition, was the most active 
compound against schistosomula, and the only one active against adult worms, in the 
set [121]. However, a series of peptidomimetic vinyl sulfones including K11777 (92) 
has demonstrated both excellent SmCB1 inhibitory efficacy (IC50 = 2.09 ± 0.08 nM for 
92) and good activity against schistosomula in vitro [122, 123].

6.5 Targeting tubulin

Tubulin, and tubulin-containing cellular components like microtubules, which are 
essential for cell division and many other functions of the eukaryotic cell, have long 
been considered druggable targets in S. mansoni [124, 125]. In 1977, colchicine and 
vinblastine were shown to inhibit red blood cell ingestion and microtubule formation 
in the parasite [126]. However, the cytotoxicity of these natural products preclude 
their wider application as anti-schistosomiasis agents.

Phenotypic screening of a library of tubulin-binding compounds led to the further 
exploration of the phenylpyrimidine scaffold as a source of new leads [127]. Further 
development resulted in thiophene-substituted phenylpyrimidines such as 93, 
which reduced worm movement by over 90% at 5 μM but lacked the mammalian cell 
cytotoxicity of other tubulin-targeting compounds [127].

6.6 Targeting histone deacetylase

Histone deacetylase (HDAC) inhibitors, developed for epigenetic cancer chemo-
therapy [128], have shown effectiveness against S. mansoni at all stages [129–131]. 
In target validation studies, reducing expression of S. mansoni HDAC8 (SmHDAC8) 
leads to decreased worm and egg counts in infected mice [132]. A series of 
hydroxamic acid SmHDAC8 inhibitors has been developed [133, 134]; the most potent 
of these, dibenzofuran 94, strongly inhibited SmHDAC8 (IC50 = 270 nM) and killed 
>98% of S. mansoni schistosomula at 10 μM, but its poor solubility foiled efforts to 
test its in vivo activity [134]. Triazole hydroxamic acids such as 95 were found to have 
similar in vitro activity [135]. Related enzyme studied as S. mansoni drug targets have 
included SmHDAC6 [136], histone methyltransferase EZH2 [137], and some sirtuins 
(particularly SmSirt1 and SmSirt2) [138, 139].

6.7 Other targets

Other S. mansoni targets being investigated for new antischistosomal drugs include 
phosphodiesterase-4 [140–142], dihydroorotate dehydrogenase [143], 3-hydroxy-
3-methylglutaryl coenzyme A (HMG-CoA) reductase [144, 145], farnesyl transferase 
[146], carbonic anhydrase [147], NAD+ catabolizing enzyme [148], cytochrome P450 
(CYP3050A1) [149] and aldose reductase [9, 150, 151].
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7. Conclusion

The drawbacks of global schistosomiasis monotherapy with PZQ have motivated 
considerable work to generate a pipeline of new drug leads for further development. 
In recent years, screening studies agnostic on candidates’ modes of action have 
complemented more target-focused work. The limits of both approaches are evident, 
as hit compounds with excellent in vitro activity often fail to ameliorate a Schistosoma 
infection in in vivo models. This calls for better understanding of the pharmacokinet-
ics required of effective schistosomicides, better screening techniques to approximate 
in vivo conditions, and more research into host-parasite interaction. The embrace of 
these challenges by the drug development community is encouraging.
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Abstract

Zoonotic infections may be defined as infections of animals that might be obviously 
transmissible to people. The contamination may transfer from ingestion of infective 
level of worms with food, infected soil, skin penetration, or direct animal contact. 
Parasitic helminths are a group of parasites that remains poorly studied in comparison 
to viruses and bacteria but may pose a considerable future risk to humans. Zoonotic 
parasites may be separated into four classes—direct-zoonotic, meta-zoonotic, cyclo-
zoonotic, and sapro-zoonotic. Helminth parasitic zoonosis is possible to prevent 
and manage by simple service of hygiene and sanitation or regular deworming with 
anthelmintic pills. However, because of the lack of effective vaccines and appeared of 
anthelmintic resistance to medication, suppression of parasitic infestation still lingers 
a venture, which needs to improve the new possibility techniques. As a result, the 
hobby of exploiting probiotics as an alternative to pills has accelerated significantly 
during the last couple of years. Probiotics are exogenous residing microorganisms, 
which are beneficial to the host’s fitness when administered inside the digestive tract. 
The most extensively used microorganisms, for this reason, are microorganisms of the 
genus Lactobacillus and Enterococcus, and a few fungi and yeasts. The current chapter 
is proposed to summarize some topics related to the use of probiotics toward helminth 
parasitic zoonosis.

Keywords: probiotics, anti-parasite, helminth parasitic zoonosis,  
environmental protection, hygiene

1. Introduction

Zoonotic infections may be defined as infections of animals that might be obviously 
transmissible to people. As such, they are worldwide and frequently unfold with humans 
via their partner and home animals [1, 2]. Zoonotic infections are among the most not 
unusual on earth and are accountable for over 60% of human infectious sicknesses, some 
of which can be as a result of helminth parasites. Contamination may also result from 
ingestion of infective levels of worms with food, infected soil; skin penetration, or direct 
animal contact. Parasites, such as helminths and protists, are considered pathogenic 
organisms that occur in developed and developing areas, which are responsible for both 
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foods—water-borne diseases. Their international prevalence is tough to estimate, how-
ever the world health organization (WHO) has indicated the worldwide disorder burden 
of 11 waterborne and foodborne parasitic illnesses, is liable for inflicting over 407 million 
ailments ensuing in an estimated 94 passable deaths and 11 million disability-adjusted 
life years [3, 4]. Parasitic helminths are followed by the parasites group that still need 
more studied as viruses and bacteria, which may pose a future risk to humans. Helminths 
are macro-parasites, commonly tapeworms (cestodes), roundworms (nematodes), 
or flatworms (trematodes), and are usually recognized for persistent infections of the 
gastrointestinal tract, although helminths can infect nearly all human tissues [5, 6].

Helminths include one of the most diverse and geographically widespread 
groups of parasites that infect humans and animals. Approximately 100 species 
had been mentioned from humans, generally generating asymptomatic infection or 
mild signs and symptoms. However, approximately 20 species are of public health 
significance inflicting severe or maybe fatal infections. Some of the most important 
and well-known human zoonoses are caused by worm or helminth parasites, includ-
ing species of nematodes (trichinellosis), cestodes (cysticercosis, echinococcosis), 
and trematodes (schistosomiasis) [7, 8]. Others include intestinal capillariasis, ani-
sakidosis, eosinophilic enteritis, oesophagostomiasis, and gnathostomiasis [9]. The 
change of surroundings via wars, famine and the ever expanding and increasingly 
population brings people into close contact with new environments and flora and 
fauna species which makes the observe and manage of zoonoses is special interest 
and complexity [10].

Those zoonotic helminths can cause human diseases and be transferred from consum-
ing food. This food may be meat contaminated with the parasite (taeniasis; trichinosis); 
fish (diphyllobothriasis; Diplogonorus granidis; clonorchiasis; anisakiasis); invertebrates 
(paragonimiasis; angiostrongyliasis) or ingestion of the infective degree of the germ 
with contaminated soil (toxocariasis; hydatid) water or salad (fascioliasis; fasciolopsia-
sis; hydatid; toxocariasis); pores and skin contact with infected soil/water containing 
energetic infective larvae and subsequent pores and skin penetration (cutaneous larva 
migrans; cercarial dermatitis); from direct animal touch (hydatid; toxocariasis) or thru 
insect vectors/intermediate hosts thru ingestion (dipylidiasis; Hymenolepis diminuta or 
Inermicapsifer contamination) or injection by way of a mosquito (dirofilariasis; Brugia 
contamination) [1, 11]. Numerous parasites have been observed on ready-to-consume 
produce, indicating that modern-day sanitation tactics utilized in the manufacturing of, 
for example, salads, do not always bring about a product this is free of parasites of fecal 
origin [12, 13]. This displays that parasite transmission stages within the surroundings are 
typically incredibly proof against the sanitation approaches normally used inside the food 
chain. Moreover, as those organisms often have low infectious doses, they may constitute 
the main danger for customers. A worldwide ranking of foodborne parasites of public 
fitness significance prepare through the food and Agriculture enterprise (FAO)/WHO 
become launched in 2014 [14].

Zoonotic parasites may be divided into four classes: direct-zoonotic, meta-zoonotic, 
cyclo-zoonotic, and sapro-zoonotic. Direct zoonotic parasites infect people directly 
from animals and involve Entamoeba histolytica, Cryptosporidium parvum, Toxoplasma 
gondii, and Sarcoptes scabiei. Meta-zoonotic parasites, which contain Fasciola spp. and 
Schistosoma spp. can infect human beings from invertebrate intermediate hosts. Cyclo-
zoonotic parasites have vertebrate intermediate hosts and consist of Echinococcus granu-
losus, Taenia saginata, and Taenia solium. Saprozoonotic parasites can infect people from 
soil or water and consist of Ancylostoma caninum and Strongyloides stercoralis [15, 16].
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Because of the zoonotic nature of so sufficiently of those food or water-borne 
parasites, one health recognition technique is needed for controlling and preventing 
most of those infections. The one health method for tackling zoonotic illnesses desires 
to take into account the mitigation and prevention of ailment risks that originate at 
the interface among humans, animals (domestic and wild), and their environments. 
Accordingly, veterinarians, collectively with other meals and environmental experts 
worried about the production of food and agricultural and consuming water, play an 
extensive function in safeguarding food safety [17, 18].

2. Use of probiotics toward helminth parasitic zoonosis

Helminth parasitic zoonosis is simply controlled and prevented by using hygiene 
and sanitation or regular deworming with anthelmintic pills. However, the vac-
cines not found to control the helminth parasitic infection, also, the occurrence of 
anthelmintic medication resistance so, the suppression of parasitic infestation are still 
needed improvement with new strategies. As a result, the used probiotics was consid-
ered the new alternative way instead of on pills or beside the medication which had a 
significant effect occur in the last couple of years.

Probiotics are anaerobic or aerobic microorganisms found naturally in the raw 
food and able to isolate simply, which are helpful to the host when consumed with 
a sufficient amount inside the gastrointestinal tract. These “Good Microorganisms” 
can be obtained from various dairy products and non-dairy products. The most 
broadly used microorganisms are used for this purpose, the genus of Lactobacillus and 
Enterococcus, also, a few fungi and yeasts could be used (Figure 1, [19]). The protective 
effect of probiotics is by the competition between probiotics and pathogens against 
colonization or antagonistic elimination within the intestine. An extra mechanism for 
probiotics is the ability to produce antimicrobial substances, such as bacteriocins or 
oxygen peroxide, some acids as lactic acid, or through immunomodulation [20, 21]. 

Figure 1. 
Important probiotic strains.



Parasitic Helminths and Zoonoses - From Basic to Applied Research

78

Similarly, probiotics may also inhibit and opposite the working of parasites inside the 
intestine. Additionally, their productions could have anthelmintic values and may 
reduce many parasites’ virulence. Also, probiotic strains play a wide range in the host 
body as decreasing illnesses and stress, enhancing immunity, modulation of gut micro-
biota, and nutritional assistance. From this point, probiotics may be used as a new and 
imperative strategy to control helminth parasites [22].

A suitable probiotic strain requirement to confer beneficial belongings 
(stimulate the immune, antimicrobial activity against pathogens, production of 
metabolism as bacteriocins and other compounds, and many others.), also, con-
firmed the probiotic strains to be not pathogenic, able to survive at low pH and 
acid conditions, thereby continuing within the intestine, and able to colonized 
and adhered inside the intestine epithelium [23, 24]. Approximately 50 traces 
similar to 26 species satisfy these standards. Probiotic strains are gram-positive 
bacteria, isolated from the human intestine microflora or numerous dairy products. 
However, the beneficial effects of probiotics were more usually tested in model 
animals than thru direct therapeutic indications and depended largely on the dose 
consumed. The dose of probiotics is suggested at least 5 billion colonies forming 
per day for a minimum of 5 days to give their effect [23]. This minimal dose takes 
under consideration the survival capability of the ingested probiotics inside the 
gastrointestinal tract, where they may be in opposition with the resident bacteria 
[25]. Three principal advantages are pronounced: Modulation of the intestinal 
surroundings, through probiotics having the capacity to manipulate the prolifera-
tion of surrounding microorganisms, and/or by using opposition for the occupancy 
of a common biotope (e.g., get entry to nutriments) [23]. As an example, iron is a 
proscribing nutriment—it is miles important for maximum bacteria and probiotics 
can compete for its availability. Lactobacillus can bind ferric hydroxide and reduces 
iron unavailability for pathogenic microorganisms [26] or by secreting siderophores 
that chelate and shipping iron [25]. Some probiotics are also capable to influence 
the composition and balance of the gut microflora [27]. For instance, in probiotic 
therapy, the use of a mixture of probiotics became shown to grow the whole number 
of intestinal microorganisms and to repair the variety of the bacterial microbiota in 
patients [28].

In the end, probiotics also can manage their biotic environment via regulation of 
intestinal motility and mucus secretion [23, 29]. Secretion of the energetic compounds 
(such as bacteriocins, antibiotics, loose fatty acids, and hydrogen peroxide) that could 
manage the boom and/or survival of surrounding microorganisms. Bacteriocins are 
secreted peptides or proteins that commonly kill closely associated bacteria by using 
penetrating their membranes or by means of interfering with vital enzymes [28]. Lots 
of them are produced with the aid of Lactobacillus probiotic lines (lactacin B, lactacin 
F, nisin, and so forth.). Lactobacillus reuteri produces reuterin (three-hydroxypropion-
aldehyde), an extensive-spectrum antibiotic, lively against bacteria, yeast, fungi, pro-
tozoa, and viruses [30]. By means of lowering the nearby intestinal pH with lactic acid, 
probiotics can also regulate the increase of acid-sensitive organisms [28]. Also, differ-
ent probiotics were able to stimulate the reaction of the host immune to an expansion 
of pathogens to create immunity modulation. Within the intestine, probiotics join with 
the epithelial cells; Peyer’s patches cells, and immune cells. Those interactions result in 
a boom within the quantity of IgA producing cells followed by a way of development 
of IgM and secretory IgA which might be particularly crucial in mucosal immunity, 
contributing to the barrier against pathogenic organisms [31, 32]. In addition, probiot-
ics can also affect dendritic cells, which might be accountable for the collection of 
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antigens from the intestine and their presentation to native T cells, leading to their dif-
ferentiation to T-helper (Th1, Th2) or T-regulatory lymphocytes. Probiotic molecules 
implicated in dendritic cellular induction are poorly characterized, one exception 
being the S layer protein A of Lactobacillus acidophilus NCFM that regulates matura-
tion of dendritic cells and T cell features [33]. Probiotics have additionally been shown 
to modulate cytokine release (TNF-α IFN-γ, IL-10, IL-12) [34]. Those cytokines play 
a valuable function in retaining the delicate balance between important and excessive 
protection mechanisms. For example, polysaccharide A, synthesized by Bacillus fragilis 
NCTC 9343, protects in opposition to experimental colitis via an adequate induction of 
IL-10 manufacturing [35].

3.  Some examples for the effect of probiotics in helminth parasitic 
zoonosis

3.1 Effect of probiotic on Cryptosporidium

Cryptosporidium is an abdominal pathogen followed by the Alveolata group. It 
could cause overwhelming contamination of gastrointestinal in immunosuppressed 
humans. In the surroundings, the infective form Cryptosporidium is determined as 
oocyst found in water. After consumption, the oocysts passage through the gut lumen 
to the small intestine, in which they release the motile sporozoites that adhere and 
attack the epithelial intestine cells. The sporozoites are disrupting the microvilli and 
penetrate to the cells of the host to arrange their intracellular position, wherein they 
continue to be in a further cytoplasmic vacuole. After replication of parasite and elu-
sion, oocysts are produced and excreted within the faces [36, 37]. Intestinal epithelial 
cells, inflamed by way of Cryptosporidium parvum, show lessened sodium ions and 
water absorption as well as greater chloride ion secretion, leading to diarrhea. Also, 
the use of paromomycin and azithromycin or nitazoxanide is the handiest powerful in 
mixture with immune restoring agents [38]. Beneficial outcomes of probiotics upon 
cryptosporidiosis have been tested—female mice were fed day-by-day for 4 weeks 
vintage with L. reuteri traces 4000 and 4020 or L. acidophilus NCFM provided 
reduced oocyst dropping [39, 40]. Waters et al. [41] recommended that protection 
becomes due to secretion of as yet unidentified antimicrobial products. Curiously, in 
vitro research tested the inhibitory results of cellular-unfastened supernatants of L. 
acidophilus NCFM and L. reuteri stress 23,272 on C. parvum and C. hominis viability 
and infectivity [42, 43]. In addition, mobile-unfastened supernatants of Bacillus 
brevis, Enterococcus faecium, and Pseudomonas alcaligenes reduce C. parvum oocyst 
persistence by inducing oocyst premature excystation [44, 45]. The compounds at the 
basis of such inhibition are under investigation. Pickerd and Tuthill, [46] resolved 
diarrhea due to Cryptosporidium oocysts via probiotic lines Lactobacillus rhamnosus 
GG 109 CFU/day and Lactobacillus casei Shirota 6.56 X 109 CFU/day during 4-week. 
Within 10 days of beginning, the pain was decreased and the pattern of stool unfas-
tened from Cryptosporidium after 4 weeks after beginning with probiotics.

Also, Sanad et al. [47] studied the therapeutic effects of daily administration of a 
mixture of L. acidophilus, L. helveticus, and Bifidobacterium bifidum against C. parvum 
infection in an immunosuppressed mouse model. The parasite was not achieved by 
eradication. But, the infection of the probiotics used caused a significant reduction in 
parasite burden, ultrastructural changes with respect to parasite attachment, inter-
nalization into epithelial cells, partial compensation of the mucosal damage caused 
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by the parasite, and an increase in serum level IFN. These results reveal the beneficial 
effects of probiotics on cryptosporidiosis and suggest that they can help to reduce the 
risk of serious disease in immunosuppressed patients.

Moreover, Del Coco et al. [48] studied the treated C. parvum infection by oral 
administration of Enterococcus faecalis CECT 7121 as probiotic strain in immunosup-
pressed mice. Also, studied the effect of C. parvum infection in the intestinal mucosa 
and counted at each part of the intestine. The results were established that when 
both E. faecalis and C. parvum were present in the same intestinal location happened 
interfered with them. Also, proposing that supplementation of E. faecalis can improve 
the harmful effects on infection of C. parvum. Also, Glass et al. [42] recognized 
that L. acidophilus (LA) and L. reuteri (LR) cell-free supernatants able to diminish 
about 21–42% and 30–35%, respectively of the infection of bovine C. parvum and 
C. hominis in a cell-culture immunofluorescence (CCIF) test. Moreover, reduction of 
oocyst viability reached 40–80% at 24 h incubation of bovine C. parvum oocysts in 
the bacterial cell-free supernatants and this reduction was evaluated by flow cytomet-
ric analysis and the infectivity of oocyst reached up to 95% by the CCIF analysis. So, 
the production of antimicrobial compounds secreted from LA and LR had a harmful 
effect on bovine C. parvum and C. hominis. Likewise, Khalifa [49] evaluated a study 
consisting of 70 mice as; 60 mice were infected with Cryptosporidium oocysts and 
immune-suppressed, other 10 mice were not infected and left immune-competent. 
Formerly, the mice were divided into three groups; group (1) infected mice were 
treated with L. casei, group (2) infected mice were treated with yogurt, and group 
(3) infected mice but not treated as control. The counts of oocyst in the mice stools 
were determined to evaluate the cryptosporidiosis progress and measured by the 
developmental stages in histopathological sections of ilea. The results found that the 
parasitic burden in mice was reduced by regular administration of yogurt and L. casei 
in comparison with the control group. Moreover, the use of yogurt daily was more 
effective than L. casei where the yogurt was stopped oocyst shedding previous than 
 L. casei and the counts of oocyst were lesser during the experiment duration in com-
parison with infected mice that treated with L. casei. Previous studies indicated that 
the used probiotics are promising and hopeful to control and treated the parasite’s 
development.

In contracts, Guitard et al. [50] studied the feeding rates with L. casei daily with 
2 × 107 CFU before 2 days of the infection until the spontaneous clearance of the para-
site. Effects on weight gain, parasite burden, mucosal histology, and production of 
mucosal cytokines (IFNγ, IL10, and TNFα). The authors also indicated that adminis-
tration of probiotic strains through the infection course was not significantly affected 
the weight gain, parasite burden, mucosal damage, or mucosal cytokines kinetics. 
Overall, the studied model data revealed that the use of L. casei as regular administra-
tion was unable to eradicate the parasite. Other studies established that treatment the 
cryptosporidiosis by probiotic strains did not eradicate the parasite, but resulted in a 
moderate benefit with a decrease in parasite burden and mucosal damage, and these 
results were obtained after long-term feeding (7–28 days) or prolonged pre-feeding 
(≥7 days) before infection [51–55].

3.2 Effect of probiotics on Giardia

Giardia lamblia (also known as Giardia intestinalis or Giardia duodenalis) is an 
intestinal pathogenic protozoan parasite belonging to the Diplomonad institution that 
reasons ∼280 million symptomatic human infections in line with 12 months [56]. This 
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monoxenous waterborne parasite has the capability to contaminate an extensive vari-
ety of hosts. To initiate the infection for humans need, 10 environmentally resistant 
cysts to infect. When the cysts passage through the gastrointestinal, they unlock and 
replicates to form trophozoites. These trophozoites had the ability to reproduce inside 
the gut lumen and adhere to the epithelium. These proliferate of trophozoites in the 
gut was associated with the disorder symptoms, such as watery diarrhea, epigastric 
pain, nausea, vomiting, and weight drop, which appeared during 6–15 days after 
cyst consumption, but half of the infections stay asymptomatic. The infection was 
mainly treated by metronidazole and nitroimidazole, but infections can also solve 
spontaneously. The immune response T cells, neutrophils, macrophages also with 
IgM, IgG, and IgA antibodies are major players for the decision of giardiasis. L. casei 
MTCC 1423 stress as well as E. faecium SF68 were additionally effective in eliminating 
Giardia contamination from mice [53, 57]. Protection becomes related to a diminution 
of atrophied villi and infiltrating cells inside the small gut of probiotic-handled mice 
[57] or with an enhancement of the immune response for the reason that production 
of specific anti-Giardia intestinal IgA and IgG was noticed in dealing with mice. In 
vivo experimentation on malnourished mice showed that day-by-day pretreatment 
with L. casei MTCC1423 effectively decreased severity and period of giardiasis, as 
compared to non-probiotic-fed malnourished mice [58, 59].

Shukla et al. [60] determined the acid-tolerated strains of probiotics L. casei 
or Lactobacillus yogurt when found in the gastrointestinal tract. The authors have 
studied the possibility of these isolates to therapeutic treated the infected mice with 
the Giardia. After 1 day of Giardia infection, it was found that supplementation of 
probiotics either L. casei or L. yogurt were eliminated the infection severity compari-
son with Giardia infected mice. All changes in the Pathophysiologically, the morpho-
logical and cellular changes of the small intestine were slightest in treated mice with 
probiotics in compared to harshly inflamed, edematous, vacuolated epithelial cells 
in infected mice with Giardia. The results concluded that L. yogurt possessed better 
probiotic properties and has the possibility to diminish the severity of infection in 
mice with Giardia. Also, Goyal et al. [61] investigated the efficiency of four probiotic 
strains (L. rhamnosus GG (LGG), L. acidophilus, L. plantarum, and L. casei) against 
the murine giardiasis modulation. The daily strain was received around 109 CFU for 
single animal via orogastric gavage. The more effective strain was LGG, which proved 
more effect in decreasing the duration of G. lamblia cycle, by eliminating the active 
trophozoite number in the intestine, increasing cyst excretion, and leading to sup-
pression of the disease around 13 days after trial inoculation. Amer et al. [62] evalu-
ated in vitro and in vivo the beneficial effectiveness of bacteriocins that resulted from 
new Egyptian probiotic Lactobacilli strains [L. acidophilus (P106) and L. plantarum 
(P164)] against G. lamblia. The results showed that 50 μg of bacteriocin from L. aci-
dophilus eliminated the trophozoites adherence and the counts around 58.3 ± 4.04%. 
Oral feeding of 50 μg/mouse of bacteriocin from L. acidophilus every 5 days was able 
to reduce the density of parasites inside the intestines and enhance the strength of 
the gut disease system of infected mice. The authors established that bacteriocin 
from strain L. acidophilus (P106) had a promising potential therapeutic outcome and 
alternative safety way instead of present commercial drugs to treat G. lamblia.

In the same line, the Bifidobacterium efficiency can be evaluated in an experiment 
against infected mice with G. lamblia infection. The single-dose about 0.1 ml of 
Bifidobacterium cells for every day significantly eliminated the G. lamblia cysts 
shedding in feces, and this infection was disappeared totally at the 5 days of probiotic 
Bifidobacterium inoculation. Also, in the mice group that used metronidazole, the 
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authors found that Giardia cysts were reduced and infection cured on the day 17th of 
treatment, in comparison with the control group that showed parasite shedding cysts. 
Moreover, for histopathological results, in vivo by gut cells, the Bifidobacterium has 
prevented inflection of the Giardia colonization and able to reduce the infection with 
this parasite [63]. Generally, the usage of probiotic strains, such as Lactobacillus and 
Saccharomyces, had a positive influence to reduce gastrointestinal symptoms time and 
repair the damages, especially for giardiasis. Probiotics had the ability to control the 
composition of commensal microbiota and balance which lead to therapeutic impact. 
According to pre-clinical and clinical searches, different probiotic strains can increase 
the antioxidant capacity, destroy oxidative products, regulate the systemic, and 
activate the responses of mucosal immune as well as reduce gastrointestinal symp-
toms time, that lead to protect against mucosal damages that induced by parasites. In 
addition, they can reduce the G. duodenalis proportion load by directly targeting the 
parasite. They can produce some anti-giardial factors that feature destroy the parasite’s 
cellular architecture and suppress the parasite’s proliferation and growth [64, 65].

3.3 Effect of probiotics on Eimeria

Eimeria is an apicomplexan parasite responsible for formed coccidiosis found 
in poultry, cattle, rabbits, dogs, and cats mainly small animals. A primary parasitic 
ailment in poultry is avian coccidiosis, with a major economic importance worldwide 
impact [66]. When the chickens ingest oocysts, it is become inflamed and eventu-
ally exocyst to shape sporozoites within the lumen of the top gut. Those sporozoites 
migrate to their preferred sites of development. They then invade villi enterocytes 
and undergo a first asexual multiplication, the schizogony, leading to the discharge of 
numerous merozoites that initiate a 2d schizogony via infecting new epithelial cells. 
Macro- and microgametes are finally produced, starting up the sexual phase that 
yields environmental resistant oocysts which might be shed within the feces [67]. 
Two main ways to control this parasite are by drugs, such as amprolium, halofugi-
none, and monensin lasalocid, or live vaccines. But stay vaccines against coccidiosis 
are incredibly effective, primarily based on non-attenuated and attenuated lines.

Probiotic supplementation can enhance performance and help alleviate the negative 
effects of a mixed Eimeria infection. The study by Ritzi et al. [68] evaluated the effects 
of probiotics on birds and resistance to a mixed Eimeria infection in commercial broil-
ers. Using treatments, including negative control (non-infected, NEG), positive control 
(Eimeria-infected, PoS), anticoccidial control (0.01% salinomycin, SAL), irregular 
high-dose water-applied probiotic (WPI), irregular low-dose water-applied probiotic 
(WPC), and feed-supplemented probiotic (FSP). On day 15 of the experiment, all birds 
except those in NEG were treated with a mixed dose of Eimeria acervulina, Eimeria 
maxima, and Eimeria tenella. Samples of birds feces were collected from day 20 to 24 
for counts of the oocyst and evaluated the lesion scores were at day 21. The probiotic 
groups were comparable with the birds for SAL-treated, except during the 6 days 
immediately following the Eimeria species challenge, where the SAL birds displayed 
well performance. The lower duodenal and jejunal lesion scores were found for WPC 
birds, signifying a healthier intestine and improving the resistance to Eimeria species 
in comparison with the positive control (PoS). Also, fewer oocysts in the feces were 
recorded for birds in the WPI treatment, although this was not a trend for all of the 
probiotic treatment groups. The addition of probiotic secretion compounds containing 
Pediococcus acidilactici in the ration of the birds before experimental infection with E. 
tenella resulted in mild improvement in the performance parameters, a slight reduction 
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in lesion score, and in the oocysts count when compared with the birds treated with 
anticoccidial drugs, but that picture was better than the infected non-treated group. 
The addition of compounds containing natural microflora (especially those produc-
ing lactic acid) to the poultry feed or water to overcome coccidial infection especially 
[69]. Also, chickens fed on Lactobacillus-based ration showed reduced oocysts output 
compared to controls after challenge with E. acervulina [70].

Another effect of probiotics was observed on malaria as the recent study by 
Elli et al. [71] investigated the use of probiotic L. casei in treating malaria in mice 
with chloroquine. Probiotics in combination with chloroquine showed complete 
suppression in the parasitemia rate. The data were established by histological observa-
tion of two major organs, the liver and spleen. Interestingly, further suppression of 
parasitemia and hemosiderosis was observed when probiotic was given along with 
chloroquine. Another author Oliveira-Sequeira et al. [72] have shown a reduction in 
the number of Strongyloides venezuelensis in infected mice about 33% and egg output 
upon feeding with probiotic Bifidobacterium animalis, and probiotics was improved 
the immune responses. A new study has linked the microbiome of the human gut with 
immunity against malaria infections. Gut probiotics represent innovative tools for 
malaria prevention and lead the way to novel types of vaccination strategies [73, 74].
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Abstract

Parasitic infection research, performed on both humans and domestic animals, 
has been mostly focused on vaccines, diagnostic methods, epidemiology, and the evo-
lutionary origins of parasites, thanks to the emergence of genomics and proteomics. 
However, the basic biology of the host-parasite interactions of several medical or 
veterinary important parasites has not been fully studied. Limited information 
has been obtained on the intricate neuroimmunoendocrine effects of host-parasite 
interplay in particular; therefore, the consequences of these interactions, and their 
possible therapeutic applications, are in need of thorough research. The current 
manuscript attempts to review the available literature regarding the host-parasite 
neuroimmunoendocrine network and to discuss how this basic research can be used 
to design new treatments using hormones, antihormones, and hormone analogs as a 
novel therapy against parasitic diseases. In addition, these studies may also contribute 
in identifying alternative treatments for parasitic diseases in the future. The complex 
immune-endocrine network may also help in explaining the frequently conflict-
ing results observed in infections with regards to host sex and age and offer helpful 
insight into other research avenues besides parasite treatment and control strategies. 
Finally, several natural products isolated from plants, used in traditional medicine, 
offer an alternative approach for natural products in the preparation of inexpensive 
and effective antiparasitic drugs.

Keywords: drugs, parasitic diseases, parasitology, parasite, parasite infection treatment

1. Introduction

Parasitic infections rank amongst the most significant causes of morbidity and 
mortality in the world, yet economic and other factors have contributed to a lack of 
innovation in treating these diseases. Nitazoxanide (NTZ), a pyruvate ferredoxin 
oxidoreductase inhibitor, is a new antiparasitic drug notable for its activity in treat-
ing common intestinal helminths. The availability of a product with this spectrum of 
activity raises interesting new possibilities for treating intestinal parasitic infections 
[1]. Recent studies have shown that NTZ inhibits pyruvate ferredoxin oxidoreductase 
(PFOR), a vital enzyme of central intermediary metabolism in protozoan. In contrast 
to the nitroimidazoles, NTZ appears to interact directly with PFOR (i.e., NTZ is not 
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dependent on reduced ferredoxin), and the products of NTZ activation do not induce 
mutations in DNA. This distinct mechanism of action is important in explaining the 
therapeutic efficacy of this drug against organisms displaying high level of resistance 
to metronidazole [2].

The use of hormones, or hormone antagonists, as immunoregulators or as agents 
to prevent colonization, growth, or reproduction of parasites, may be potentially 
useful in the treatment of a large variety of parasitic diseases, particularly those in 
which hormones are known to have a strong controlling effect. The discovery of new 
antiparasitic drugs is a very expensive process that has resulted in few drugs being 
commercialized over an extended period of time (Figure 1).

Since new drugs must be targeted against parasite survival interactions and be 
selective and unimpaired by known resistance mechanisms, the knowledge gained 
by studying physiological regulation of the host-parasite interaction could make it 
less expensive and faster, to produce antiparasitic drugs. Recent advances in genomic 
technology offer us the opportunity to identify, validate, and develop constructs of 
parasite key molecules that could be regulated by hormones, for testing drugs such as 
tamoxifen, RU-486, fadrozole, or flutamide (all of them hormone agonists) that could 
result in the identification of antiparasitic drug targets. This would also give new uses 
to old drugs that are already on the market. Understanding how the host’s neuroim-
munoendocrine system can, under certain circumstances, favor the colonization of 
a parasite and how the characterization of the parasite’s hormone receptors involved 
might assist the design of hormonal analogs and drugs that affect the parasite exclu-
sively [3]. Most of the current research on parasitic infections that affect humans and 
domestic animals has been focused on vaccines, diagnostic methods, epidemiology, 
new drug design, and recently, with the advancement of genomics and proteomics, 
on the evolutionary origins of parasites. However, the design of new treatments using 
hormones, antihormones, and hormone analogs as a possible novel therapy during 
parasitic diseases has been recently proposed. The pharmaceutical industry is now 
currently investing a higher sum of resources in the development of new antiparasitic 

Figure 1. 
The cost and time of the drug development process. It does start with targeting the disease. Then it goes throughout 
the basic research until it gets the lead compound. If there is a failure, and the compound is not promissory, then 
it goes back. Then the process continues until a marketable drug is obtained. The accumulated cost is around 300 
million dollars to get to the final product. Today, these costs are being greatly decreased. The time since the basic 
compound is found in the marketable drug is around 20 years. However, it may be more if there are failures in the 
development of the same. In the case of helminthology, few compounds are being discovered since praziquantel, 
mebendazole, and albendazole were discovered.
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drugs. We and other research groups (focusing mainly on sex-associated susceptibil-
ity to infection, the direct effects of adrenal and sex steroids as well as the study of 
parasite genomes) have suggested the study of known drugs, whose formulae have 
been redesigned, to test possible antiparasitic function. In this respect, animal models 
are highly convenient in the study of infectious diseases and the design and test of 
new drugs. It is desirable that these drugs are also tested in in vitro systems, where 
parasite growth, reproduction, and viability can be evaluated in response to pharma-
cological treatment [3]. An in vitro approach is convenient when seeking to define the 
molecular mechanisms by which a drug affects a parasite without including host-
parasite interaction parameters (Figure 2).

In the present manuscript, we highlight the novel use of known drugs (cur-
rently used in cancer treatment and other proliferative disorders) to treat parasitic 
infections, i.e., cysticercosis, trichinellosis, ascariasis, schistosomiasis, toxocariasis, 
onchocerciasis, and others helminthic infections. Parasite fecundity is extremely 
important in the biological course of infection, therefore, it is worth considering some 
of the well-described antiproliferative drugs, which may also have inhibitory effects 
upon parasite reproduction, even if pathogens are inside the host cell. The genome of 
several parasites is currently being sequenced, which enables the knowledge acquisi-
tion on the molecular mechanisms involved in the infectious process, as well as in the 
design of different transcriptome maps, that could potentially explain the interaction 
and expression of the involved genes in parasite colonization and reproduction [3]. 
Hormonal effects are the keystone for parasite development. Experimental evidence, 
previously obtained by our group, suggests that the scolex evagination of Taenia 
solium cysticerci is stimulated by progesterone, however, other authors refer to the 
opposite effect for progesterone, which inhibits the reproduction and parasite molt-
ing in Trichinella spiralis [4, 5]. The target genes for progesterone action remain to be 
identified, and we must wonder if commercial progestin would inhibit parasite repro-
duction and differentiation. Although the knowledge of host-parasite interactions 
has grown over the last few years, there are still many unanswered questions that 
would allow us to fully unravel these host-parasite events and consider the complex 
neuroimmunoendocrine network involved in this pathogenic relationship. With this 
in mind, it is important to understand the biological role of sex steroids and the use 
of their inhibitors, alongside other drugs, aimed to inhibit cellular proliferation in the 
parasite. An experimental approach could clarify these points and further contribute 

Figure 2. 
The current drug discovery process specifically in helminthology. In this case, we focus on proteases as an example. 
But it is only the step of finding the lead compound. It can take up to 3 years to find the lead compound, and up to 
2 million dollars to obtain it. Then, it has to go throughout all the further steps pointed out in Figure 1.
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to elucidating the host’s biological factors that control, or facilitate infection. Research 
on drugs utilized to treat different diseases could well allow the discovery of their 
active role in the regulation of parasite gene transcription during proliferation. Only 
a few novel classes of antiparasitic drugs have emerged over the last few decades thus 
reflecting the difficulties associated with bringing a safe and effective molecule to 
the market. Moreover, the screening paradigm has shifted from an empirical whole 
parasite screening to mechanism-based high-throughput screening. This approach 
requires a heavy investment in molecular parasitology and in depth understanding of 
the basic biology of parasites, as well as considerable infrastructure for the screening 
assays. Add to this the fact that the drug discovery process is interactive with high 
attrition, and the animal health industry, by necessity, must focus on discovering 
medicines for diseases that will provide a profit in return. In this regard, the rapid 
progression of genomics has unlocked a plethora of tools dedicated to target identi-
fication, validation, and screening, resulting in revolutionizing mechanism-based 
screening methods for antiparasitic drug discovery [3]. Therefore, the use of sexual 
hormones, their analogs, and other immune-regulatory factors are receiving more 
attention concerning new therapeutic strategies in the prevention and outcome of 
parasitic diseases. As an example, the treatment with testosterone or dihydrotestos-
terone in a model of murine cysticercosis, prior to infection, reduced the parasite load 
by 50% and 70%, respectively. This effect was mediated by significant lymphocyte 
proliferation recovery and enhanced IL-2 and IFN-γ production in the infected mice 
[6], suggesting the possible use of androgens to activate the host’s immune system 
and increase resistance against lethal infections [7]. Estrogens and progestins, par-
ticularly estradiol and progesterone, contribute to either susceptibility or resistance to 
parasitic disease during pregnancy [8]. Usually, these sexual hormones are associated 
with immunosuppression leading to susceptibility to infection, as demonstrated in 
the murine cysticercosis model [9, 10]. However, parasiticidal activity was observed 
in murine trichinellosis. In vitro and in vivo experiments performed on Trichinella 
spiralis newborn larvae (NBL) in pregnant rats showed that progesterone can induce 
activation of peritoneal cells to destroy NBL in an antibody-independent manner. This 
observation opened up the possibility for the use of progesterone to treat trichinel-
losis but not cysticercosis [11, 12]. Sexual hormone precursors, analogs, antagonists, 
or inhibitors can also be used to modify the immune response induced by specific 
parasites to affect the outcome of infection. For example, exogenous administration 
of dehydroepiandrosterone confers resistance to several intracellular metazoan and 
protozoan parasites [13–15]. Concerning Taenia crassiceps in specific, this effect is not 
mediated through over induction of the Th1 response. Instead, the antiparasitic effect 
of dehydroepiandrosterone targets the reproduction, growth, viability, and infectiv-
ity of the parasite [16]. Regarding sexual steroid analogs, the synthetic androstane 
steroid 16α-bromoepiandrosterone (HE2000) has shown positive immune effects 
in experimental infection as malaria and tuberculosis, even infection with human 
immunodeficiency virus [17], due to its anti-inflammatory properties and the induc-
tion of innate and adaptive cellular immunity [13, 17–19].

In other studies, the inhibition of sexual hormones induced the recovery of a 
specific cellular immune response. Recently, the use of phytoestrogens as antiparasitic 
drugs has increased. Genistein, an isoflavone isolated from soybean, exhibits signifi-
cant metacestodicidal activity in vitro but also binds to the ER and induces estrogenic 
effects. Furthermore, modified synthetic genistein derivatives have shown improved 
metacestodicidal activity [20].
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2. Resistance to antihelminthic drugs

The development of resistance to antihelminthic drugs is an increasing problem 
that compromises livestock productivity and threatens the success of treatment in 
humans [21]. The intensive use of drugs in the livestock industry has led to wide-
spread resistance to all current antihelminthic drugs [22]. Notably, resistance to anti-
helminthic drugs occurred rather quickly after their introduction to animals. The first 
widely administered antihelminthic, phenothiazine, was introduced into the market 
in the 1940s, and resistant populations were reported by 1957. In 1961, thiabendazole 
was released by 1964, resistance to this compound had been reported. Similar trends 
occurred with the release of levamisole in 1968, ivermectin in 1981, and moxidectin 
in 1991 [21]. Resistance to these was reported in 1979, 1988, and 1995, respectively 
[23]. Parasite populations are genetically heterogeneous, and this genetic diversity 
leads to a variable response to drugs. Although the impact of parasitic diseases could 
be reduced dramatically by improved sanitation for humans and pasture control 
in domestic animals, such methods are not sufficient to eradicate helminths [21], 
which are treated with a variety of drugs, i.e., macrocyclic lactones, benzimidazoles, 
 imidazothiazoles, and praziquantel [24].

3. Alternative drugs for parasitology

The fact that hormones have a direct effect upon parasites opens the possibility 
for designing new strategies for parasitic control and hormonal therapy based on: (1) 
the knowledge of which hormone has direct restrictive actions on pathogen growth, 
reproduction, and/or differentiation, independently of the immune system; (2) the 
design of hormonal analogs that exclusively affect the parasite, diminishing any 
collateral effects upon the host; and (3) the improvement of drugs that competitively 
bind to parasite receptors, thus blocking gene expression as well as other important 
cellular processes of the invading organism.

The pharmaceutical industry invests ~25 million dollars annually for the 
development of new antiparasitic drugs. However, some of these drugs are being 
commercialized almost every fifteen years. These new antiparasitic drugs focus on 
interfering with the parasite’s survival; however, they also must be safe for the host 
and avoid cross-resistance with other existent drugs. Furthermore, the development 
of new drugs is an expensive and very slow process since these drug candidates must 
first be tested in experimental animal models where high antiparasitic efficiency 
and low toxicity for the host must be evaluated before they can be tested in humans. 
This process takes at least 5−10 years, being the main reason why the pharmaceutical 
industry and medical research have stopped this task. Presently, the current age of 
parasite genomics promises to reduce both the cost and time of antiparasitic drug 
development, again with an impact on the pharmaceutical industry and medical 
research. However, the genome of several parasites is still being sequenced, and the 
uses and applications derived from that knowledge are thought to be applicable in at 
least another five to ten years.

With the results obtained at our laboratory and elsewhere, our research group 
has sought the possibility of using old drugs (unrelated to parasite infections) with 
renewed formulae to test their antiparasitic potential in experimental infection mod-
els in vitro and in vivo. In addition, the dire need of developing countries to control 
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or eradicate parasitic infections led us to test certain drugs currently approved by 
the Food and Drug Administration (FDA) for human use as a strategy to reduce the 
impact of these parasitic diseases, but also reducing the costs and time in which a new 
drug is generated.

Considering the fact that parasite reproduction is extremely important in the bio-
logical course of the infection, it is possible that some of the well-described antiprolif-
erative drugs could also have inhibitory effects on parasite reproduction (Table 1).

The challenge remains, however, to identify novel chemical entities with the 
required properties to deliver a safe and effective antiparasitic drug. At present, we 
have data suggesting that steroids can exert a wide spectrum of effects (suppression 
or induction) on the host’s immune system during the course of infection and also 
affect the viability of metazoan parasites. In this regard, the use of sexual hormones, 
their analogs, and other immunoregulatory factors is being focused to develop 
alternative therapeutic strategies to prevent parasitic diseases.

The hypothesis that sex steroids regulate the expression of genes important in 
either susceptibility or resistance to infection has been explored by testing antihor-
monal and antiproliferative drugs.

3.1 Dehydroepiandrosterone

We have also shown the protective effects of progesterone on neutered mice 
infected with Taenia crassiceps cysticerci. Neutered male and female mice treated 
with progesterone were completely protected from the parasite in comparison with 
untreated-infected, infected Gx, and vehicle-treated infected mice. These results 
showed higher protective levels than any other reported in the literature yet, includ-
ing vaccination. Notably, no variation was observed in this experimental system, 
which otherwise, showed large differences in parasite numbers among mice. The fact 
that progesterone was being metabolized to DHEA further supports our data indicat-
ing that progesterone levels were not as high as expected and, in contrast, DHEA 
levels were greatly increased. Thus, it seems that the observed effects were the result 
of adrenal conversion of progesterone metabolism to DHEA. This hypothesis was 
confirmed when the administration of DHEA prior to infection reduced the parasite 
load by 50% when compared with untreated mice. Interestingly, this protective effect 

Compound Current status Possible parasiticidal use References

DHEA Complementary health therapy Schistosomiasis and taeniasis [14–16, 
25–29]

Tamoxifen Cancer drug Cysticercosis [26, 30]

Doxycycline Antibiotics Filarial diseases [31–38]

Amiodarone For irregular heartbeat treatment Schistosomiasis [39–49]

Paclitaxel Cancer drug Echinococcus protoscoleces and 
metacestodes

[50, 51]

Docetaxel Cancer drug Alveolar echinococcosis [51]

Cisplatin Cancer drug Schistosomiasis [52]

Genistein Reduce symptoms of menopause Metacestodicidal effect [53–62]

Table 1. 
Antiproliferative compounds with parasiticidal effects upon parasites.
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was not associated with the host’s immune response as there was no effect on the 
mRNA levels of interleukin (IL)-2, interferon (IFN), IL-4, or IL-10; notably, in vitro 
treatment of Taenia crassiceps with DHEA reduced reproduction, motility, and viabil-
ity in a dose- and time-dependent manner. These results indicate that DHEA has a 
direct and strong negative modulation effect on murine cysticercosis [16]. DHEA has 
been demonstrated as a strong parasiticidal molecule in several systems. In another 
study, exogenous DHEA administration was shown to upregulate the immune system, 
specifically the cellular immune response, by increasing the number and function of 
natural killer cells [25]. However, our findings do not support this notion since IL-2 
mRNA levels do not change in response to DHEA treatment [16]. The lack of any 
DHEA effect on cytokine expression, regardless of its dramatic effect on parasite load 
and reproduction in vivo and on survival in vitro, supports the hypothesis that DHEA 
exerts its protective properties by directly affecting the parasite. To the best of our 
knowledge, this effect is consistent with the known effects of DHEA on the survival 
of protozoan parasites [14–16].

For example, it has been suggested that in human schistosomiasis, DHEA is the 
cause of the puberty-associated drop in susceptibility. This idea has been reinforced 
by experiments in which the treatment of mice with the bloodstream form of DHEA 
(DHEA-s) protected them from infection with Schistosoma mansoni [15].

In this manuscript, we extend these findings on the role of DHEA in protecting 
mice against Taenia crassiceps infection. Our findings of decreased DHEA levels in 
mice as the infection progresses agree with previous results in a S. mansoni-baboon 
model, in which baboons with primary infections showed decreasing levels of DHEA 
as the infection progressed, compared with uninfected and re-exposed baboons [63].

Our results showing that DHEA treatment protects mice against Taenia crassiceps 
infection support and extend the notion that androgens are an important factor 
involved in limiting Taenia crassiceps colonization in immunocompetent hosts. 
Previous immunological experiments have suggested that testosterone and dihy-
drotestosterone, two potent androgens (such as DHEA), negatively regulate parasite 
reproduction in mice of both sexes, presumably by interfering with the thymus-
dependent cellular immune mechanisms that inhibit parasite growth (Th2) and 
enhancing those that facilitate it (Th1) [63], but also by directly affecting parasite 
motility, survival, and reproduction [16].

It has been shown that administration of tamoxifen (an antiestrogen) increases 
the cellular immune response, which protects against the parasite but also has a direct 
parasiticidal effect on the parasite’s reproduction, motility, and survival. These activi-
ties lead to a reduction of 80% and 50% of parasite burden in female and male mice 
infected with Taenia crassiceps, respectively. Also, increased mRNA levels of inter-
leukin (IL)-2 (Th1) and IL-4 (Th2) and a decreased expression of estrogen receptors 
(ER) (ER-α and ER-β) were observed. In all, these features indicate that the treatment 
of cysticercosis with tamoxifen could well be a new therapeutic possibility [26]. In 
other cases, the inhibition of sexual hormones could induce recovery of the specific 
cellular immune response. In murine cysticercosis, 17β-estradiol (E2) positively 
regulates parasite reproduction in hosts of both genders, obstructing the Th1 response 
and facilitating the Th2 immune response [27, 28]. Administration of fadrozole, an 
aromatase inhibitor, suppressed the production of 17β-estradiol in males and females 
interfering with the enzyme P450 aromatase, which converts testosterone to E2 in 
ovary and testes [29]. This led to a 70% reduction in parasite burden, an increase in 
IL-6 serum levels, and a shift of the Th2 to the Th1 immune response [9], opening the 
possibility of a new therapeutic approach against several infections.
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3.2 Tamoxifen

Tamoxifen is one of the most prescribed drugs used in cases of estrogen-dependent 
breast cancer in the world. A selective modulator of estrogen receptors, its mechanism 
of action is to prevent estrogen binding in cancer cells, thus halting replication and 
cancer progression. Indicated in the treatment or prevention of breast cancer, it is 
administered continuously over 5 years with daily doses of 20–40 mg [30]. The use 
of Tamoxifen in parasitic diseases, such as Taenia crassiceps, has also been attempted, 
showing that tamoxifen administration produced an 80% parasite load reduction in 
female mice and a weaker effect of 50% in male mice [26]. This protective effect was 
associated, in both genders, with increased mRNA levels of IL-2 (a cytokine associated 
with protection against cysticerci) and IL-4 (no effect on infection). In vitro, treatment 
of Taenia crassiceps with tamoxifen reduced both reproduction rate and loss of motility. 
These results indicate that tamoxifen treatment is a new therapeutic possibility in the 
treatment of cysticercosis because it can act at both ends of the host-parasite interac-
tion, i.e., increasing the protective cellular immune response against the parasite and 
directly affecting the parasite’s reproduction and survival capabilities [26].

3.3 Antibiotics

Antibiotics do not have any antiparasitic effects against helminths; however, 
different therapeutical approach has been developed in the last two decade for 
filarial diseases. Filarial nematodes (Onchocerca volvulus, Wuchereria bancrofti and 
Brugia spp) infect over 138 million individuals worldwide, causing morbidity, dis-
ability, and economic hardship and are distributed mainly in tropical and subtropical 
regions. The majority of infections are caused by Onchocerca volvulus, which causes 
human Onchocerciasis (river blind-ness) in sub-Saharan Africa, Latin America, and 
the Arabian Peninsula [31, 32]. After Onchocerciasis Control Programme (OCP) 
(1974−2002) using mainly insecticides for vector control, subsequently the ivermectin, 
a microfilaricidal drug, was distributed on large scale since 1989 in all communities 
where onchocerciasis was endemic. The ivermectin mass treatment reduced the burden 
of parasite infection since it can produce “embryostatic” effect, which temporarily pre-
vents the release of microfilariae and temporary parasites’ sterility [33]. Unfortunately, 
the drug has been administered for years and some Onchocerca volvulus populations are 
less responsive to ivermectin, which could be explained by genetic drift [34].

In the last twenty years, key drug trials have been performed with a new chemo-
therapeutical approach to antifilarial therapy, targeting the essential Wolbachia endo-
symbiotic bacteria present in many filariae that is important for their viability and 
fertility [35]. The objectives of the anti-Wolbachia (A-WOL) research programmed 
by the Bill and Melinda Gates Foundation (BMGF) proposed to evaluate antibiotics 
such as doxycycline, rifampicin, and azithromycin in Onchocerca volvulus infected 
population to find out the most effective dose for large scale use [36]. After extensive 
research, it was demonstrated that doxycycline had the better larval burden reduction 
since it affects development embryonic stages as well as the development from L3 into 
adult worms [37, 38].

3.4 Amiodarone

Amiodarone is an antiarrhythmic medication that affects heartbeat rhythm. This 
compound has been tested against different protozoan parasites such as Trypanosoma 
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cruzi [39–42], Acanthamoeba castellanii [43], Leishmania spp. [42, 44–46], and 
Plasmodium [47].

In the case of helminth parasites, this compound has been tested against S. 
mansoni. Porto et al., (2021), by electron microscopy analysis, reported that amio-
darone affects the viability of schistosomes in vitro with effective concentrations 
of 50% and 90% values ranging from 8 to 50 μM. Also, amiodarone was tested in 
a murine model of schistosomiasis for both early and chronic S. mansoni infec-
tions using a single oral dose of 400 mg/kg or 100 mg/kg daily for five consecutive 
days. They report that Amiodarone had a low efficacy in chronic infection, with 
the worm and egg burden reduction ranging from 10 to 30%. In contrast, this 
compound caused a significant reduction in worm and egg burden in early infec-
tion (>50%) [48]. Similarly, Talaam et al., (2021), evaluated the possible effect of 
amiodarone against S. mansoni. In this experiment, amiodarone showed complete 
inhibition of cercaria motility after 18 hours. In the case of schistosomula, after 
24 hours with amiodarone, the inhibition of motility was complete. In adult 
parasites, amiodarone inhibited the motility after 20 hours of incubation was not 
complete, providing mean motility scores of 0.3 and 1.0 for the male and female, 
respectively [49]. In in vivo experiments, mice were prophylactically treated with 
amiodarone (50 mg/kg) by 4 days of once-daily intraperitoneal injection, start-
ing 1 day prior to infection, and then euthanized six days postinfection to recover 
the schistosomula from the lungs. The results show a worm burden reduced to 
14.7%. In the case of therapeutic treatment, the mice at week six after infection 
were treated intraperitoneally with amiodarone (50 mg/kg) for 4 days, and sub-
sequently, they were sacrificed 14 days after the last treatment, the parasite load 
showed a decrease to 29.2% [49].

3.5 Paclitaxel

Paclitaxel (Taxol) is a drug used in the treatment of breast, ovarian, lung, bladder, 
prostate, melanoma, esophageal, and other types of solid tumor cancers. It has also 
been used in Kaposi’s sarcoma.

The use of this drug against helminths has been little tested. Pensel et al., (2014), 
tested the in vitro effect of this compound against germinal cells, protoscoleces and 
cysts of Echinococcus granulosus, and parasites responsible for echinococcosis in 
humans. They report that the use of paclitaxel at a concentration of 1, 5, and 10 μg/
ml inhibited the growth of Echinococcus granulosus cells in a time-dependent man-
ner. In addition, paclitaxel had a direct effect against protoscoleces in a dose- and 
time-dependent manner. At 30 days postexposure with 10 and 5 μg/ml paclitaxel, 
viability of protoscoleces decreased to approximately 60% and the treatment with 
1 μg/ml also showed protoscolicidal effect, with 75.3% of parasites remaining viable 
in culture. Finally, in an in vitro cyst incubation it was shown that paclitaxel resulted 
in dramatic alterations within 3 to 5 days after initiation of treatment [50]. In another 
experiment, Huang et al. (2018) evaluated the effect of paclitaxel on growth and 
proliferation of Echinococcus multilocularis metacestodes. They exposed metacestode 
tissues in vitro to paclitaxel (2, 5, and 10 μM) for one week and, thereafter, were 
injected into the peritoneum of Meriones unguiculatus. After, magnetic resonance 
imaging and simultaneous positron emission tomography were applied to monitor 
in vivo growth of drug-exposed Echinococcus multilocularis. The in vivo growth of 
metacestodes was suppressed until 3 months postinfection, thereafter, parasite tis-
sues enlarged up to 3 cm3 [51].
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3.6 Docetaxel

Docetaxel (taxotere) is a chemotherapeutic drug administered as a treatment for 
some types of cancer, such as breast, prostate, and non-small cell lung cancer, but it 
also may be used for many other types of cancers.

The only report where the effect of docetaxel against a helminth has been 
evaluated was carried out by Huang et al. (2018). They report that at three months 
postinfection, docetaxel (at 10 μM, 5 μM and 2 μM) inhibited in vivo growth and 
proliferation of Echinococcus multilocularis, and at 5 months postinfection, only 
in the 2 μM docetaxel exposure group 0.3 cm3 of parasite tissue was found [51]. 
Moreover, in Meriones infected with Echinococcus multilocularis metacestodes previ-
ously exposed to docetaxel, in vivo grown parasite tissues weighed 0.2 g and in vitro 
cultured Echinococcus multilocularis metacestodes exposed to docetaxel did not 
produce vesicles until 7 weeks post-drug exposure. With the above, they suggest that 
the use of this drug can work as an alternative option for the treatment of alveolar 
echinococcosis [51].

3.7 Cisplatin

Cisplatin is a first-generation platinum-containing drug, used in the treatment of 
various solid tumors. This drug prevents or inhibits cell maturation and proliferation.

The effect of cisplatin against helminths was tested by Eldeed et al., (2018), in an 
in vivo and in vitro experiments where they tested a single dose of cisplatin against 
S. mansoni. In in vitro experiments, they report that a single dose of cisplatin (10 to 
200 μg/ml) for 24 or 48 hours demonstrated as reduction in viability of the treated 
worms after 24 hours and, especially, after 48 hours. Moreover, the survival rate of 
the treated worms decreased gradually in a concentration-dependent manner [52]. On 
the other hand, in in vivo experiments in which female mice were injected subcutane-
ously with cercariae of S. mansoni and administered cisplatin at a dose of 8 mg/kg/day 
for 3 days beginning on day 42 postinfection, to which samples were collected 2 weeks 
after the last dose of treatment, they reported that cisplatin significantly reduced 
the number of living ova, while the number of dead eggs significantly increased. 
Furthermore, the number of worms recovered was less compared to the control group 
[52]. The examination for the tegument of adult male S. mansoni recovered from 
infected mice showed erosion, necrosis, and severe damage to the tegument surface, 
abnormal dropped spines from the tegument surface, vacuolization of the subtegu-
mental cells, and disorganization of muscle layers after treatment with cisplatin [52]. 
Finally, hepatic histological analysis of S. mansoni-infected mice shows that cisplatin 
treatment decrease granuloma size. In liver function tests, alanine aminotransferase 
was decreased in infected animals treated with cisplatin compared to their infection 
control [52].

3.8 Natural products

Recently, the use of phytoestrogens with antiparasitic activity has increased. One 
of them, genistein, an isoflavone isolated from soybean, exhibits significant meta-
cestodicidal activity in vitro, but also binds to the ER and induces estrogenic effects. 
Furthermore, synthetic genistein derivatives have shown an improved metacestodi-
cidal effect [53].
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Parasitic diseases remain a major public health problem affecting hundreds of 
millions of people, particularly in tropical developing countries. The limited avail-
ability and affordability of pharmaceutical medicines mean that the majority of the 
world’s population depends on traditional medical remedies, and it is estimated that 
some 20,000 species of higher plants are used clinically throughout the world [54]. In 
medieval times, plants with reputed antihelminthic properties were often mixed with 
mineral salts (arsenic, copper, etc.) or more esoteric materials (blood, feces, fluids 
from reptiles, wild animals, etc.) to form quite bizarre and often hazardous concoc-
tions – for both parasites and hosts alike. With time, trial, and error, such prepara-
tions were refined in an attempt to at least moderate the undesirable consequences 
to the host, but with the advent of safer and more effective synthetic antihelminthic 
compounds, they rapidly disappeared from the veterinary antihelminthic market. 
Nevertheless, it is of interest to note that the WHO has recently estimated that 80% 
of the population of developing countries rely on traditional medicine, mostly plant 
drugs, for their primary health care needs. Higher plants represent a rich source of 
new molecules with pharmacological properties, which are lead compounds for the 
development of new drugs. During the last decades, the renewed interest in research-
ing natural products has led to the introduction of several important drugs, such 
as the anticancer drugs vinblastine and taxol or the antimalarial agent artemisinin. 
Success in natural products research is conditioned by careful plant selection, based 
on various criteria such as chemotaxonomic data, information from traditional 
medicine, field observation, or even random collection. One main strategy in the 
isolation of new lead compounds consists of so-called bioactivity-guided isolation, 
in which pharmacological or biological assays are used to target the isolation of 
bioactive compounds. One major drawback of this strategy is the frequent isolation 
of known metabolites. The tropical fruit Carica papaya and its seeds have proven 
antihelminthic and anti-amoebic activities [55]. To determine the effectiveness of 
air-dried C. papaya seeds on human intestinal parasitosis, 60 asymptomatic Nigerian 
children with stool microscopic evidence of intestinal parasites received immediate 
doses (20 mL) of either an elixir composed of air-dried C. papaya seeds and honey 
(CPH) or honey alone (placebo) in two randomized treatment groups. Repeat stool 
microscopic examinations were conducted 7 days post-intervention for intestinal 
parasites. Significantly more subjects given CPH elixir than those given honey had 
their stools cleared of parasites [23 of 30 (76.7%) vs. five of 30 (16.7%); z = 4.40, 
P = .0000109]. There were no harmful effects. The stool clearance rate for the various 
types of parasites encountered was between 71.4% and 100% following CPH elixir 
treatment compared with 0−15.4% with honey. Thus, air-dried C. papaya seeds are 
efficacious in treating human intestinal parasites and without significant side effects. 
Their consumption offers a cheap, natural, harmless, readily available monotherapy, 
and preventive strategy against intestinal parasitosis, especially in tropical com-
munities. Further and large-scale intervention studies to compare C. papaya with 
standard antiparasitic preparations are desirable [55]. For example, schistosomiasis, 
a widespread helminthic disease whose treatment is chemotherapy based, the drug 
of choice being praziquantel. Since resistance to praziquantel has been discovered in 
the exposed parasites, alternative drugs must be considered. Myrrh is an oleo-gum 
resin from the stem of the plant Commiphora molmol [56]. This study was performed 
on 204 patients with schistosomiasis. The drug was administered at a dose of 10 mg/
kg of body weight/day for three days, inducing a cure rate of 91.7%. Re-treatment of 
cases who did not respond with a dose of 10 mg/kg of body weight/day for six days 
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gave a cure rate of 76.5%, increasing the overall cure rate to 98.09%. The drug was 
well tolerated, and side effects were mild and transient. Twenty cases provided biopsy 
samples six months after treatment and none of them showed living ova [56]. Other 
treatments involve hand infusions and decoctions of the leaves, roots, and inflores-
cences of the herbaceous shrub Chenopodium ambrosioides (American wormseed, 
goosefoot, epazote, paico); additional related species, indigenous to the New World, 
have been used for centuries as dietary condiments and as traditional antihelminthics 
by native peoples in the treatment of intestinal worms [57]. Commercial preparations 
of Chenopodium oil and its active constituent, ascaridol, obtained by steam distilla-
tion, have been and continue to be used with considerable success in mass treatment 
campaigns. Ethnopharmacological studies in a community of Mayan subsistence 
farmers in Chiapas, Mexico, confirmed that decoctions containing up to 300 mg 
of dry plant material (kg/body weight) were widely used and traditionally highly 
regarded in the treatment of ascariasis. However, therapeutic doses of up to 6000 mg 
(kg/body weight) of powdered, dried plant material had no significant antihelmin-
thic effect on the adults of Necator, Trichuris, or Ascaris. Gas-liquid chromatographic 
analyses of plant samples used consistently demonstrated the presence of ascaridol in 
the expected amounts. Possible origins of subjective belief in the efficacy of C. ambro-
sioides may be related to the positive association of spontaneous or peristalsis-induced 
passage of senescent worms immediately following a therapeutic episode [57]. It is 
also possible that, in the past, varieties of the plant containing much more ascaridol 
were used. The results of these controlled field studies did not sustain any widely held 
traditional beliefs nor did they support the value of the therapeutic practices regard-
ing this plant. It is, therefore, essential that all indigenous ethnomedical practices be 
objectively evaluated for efficacy and safety using the appropriate protocols before 
being considered for their adaptation or promotion in health care programs [57].

Naphthoquinones are naphthalene-derived compounds that can be found in some 
plants. These products possess antibacterial, antifungal, antitumoral, and antipara-
sitic properties. Aranda-López et al., (2021), evaluated in vitro anti-helminth effect 
of a pure naphthoquinone (naphthoquinone 4a) in a model of murine cysticercosis 
caused by Taenia crassiceps. Naphthoquinone 4a causes paralysis in the cysticerci 
membrane from day 3 of the in vitro treatment. Moreover, it induces changes in 
the shape, size, and appearance of the cysticerci and a decrease in the reproduction 
rate depending on the duration of the treatment and the concentration of the com-
pound [58]. Wang et al., (2017), evaluated the effect of 1,4 naphthoquinone against 
Caenorhabditis elegans nematodes and eggs and report that 1,4 naphthoquinone kills 
more than 50% of nematodes and inhibits more than 50% of eggs hatching at a dose 
of 50 μg/ml. This effect is mediated by stimulating oxidative stress (increase reactive 
oxygen production, superoxide dismutase activity, and the heat-shock transcription 
factor (HSF)-1 pathway). In addition, they showed that the lethality caused by naph-
thoquinone was related to the Insulin/IGF signaling (IIS) pathway, and the effect on 
IIS pathway-related genes (age-1, sod-3, mtl-1, ctl-2, daf-12) indicated that 1,4-naph-
thoquinone could activate this pathway and suppress the expression of DAF-16 target 
genes [59]. El-Beshbishi et al., (2019), in an in vitro study tested the use of artemis-
inin-naphthoquinone phosphate combination against Schistosoma haematobium and 
its vector Bulinus truncates. They report that naphthoquinone treatment at a dose of 
1 μg/ml of Schistosoma haematobium worms for 24 hours reduces worm motility, while 
the dose of 20 μg/ml results in 25–100% mortality of adult flukes within 48–72 hours. 
Moreover, the incubation of miracidia and cercaria with artemisinin-naphthoquinone 
phosphate at a concentration of 7.5 μg/ml killed all the free larval stages within 40 and 
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15 min, respectively. Finally, the exposure of Bulinus truncatus adult snails to 20 ppm 
of the combined regimen caused a mortality rate of 100% within 24 hours [60]. In an 
experiment realized by Cha et al., (2019), where they evaluated the nematicidal activ-
ity of three naphthoquinones (1,4-naphthoquinone, juglone, and plumbagin) against 
the pine wood nematode (Bursaphelenchus xylophilus), showed that lethal concentra-
tion 50 (LC50) at 48 hours of exposure was 100 ppm for 1,4 naphthoquinone, 57 ppm 
for juglone, and 104 ppm for plumbagin. In in vivo test, they report that mortality 
of Bursaphelenchus xylophilus was significantly affected by the presence of the three 
naphthoquinones at concentrations above 62.5 ppm. In the semi-in vivo assay, the 
population of inoculated Bursaphelenchus xylophilus was significantly decreased at 
two weeks after treatment with juglone when compared with the effects of treatment 
with 1,4-naphthoquinone and plumbagin. The mechanism by which mortality occurs 
was associated with the generation of reactive oxygen species by naphthoquinones 
that cause oxidative stress in the parasite [61]. Rufener et al., (2018), tried in vitro 
and in vivo buparvaquone (a second-generation naphthoquinone with action on 
hemoprotozoa) against Echinococcus multilocularis. Their results show that buparva-
quone has an Inhibitory Concentration 50 (IC50) of 2.87 μM against in vitro cultured 
Echinococcus multilocularis metacestodes. Moreover, transmission electron microscopy 
revealed that treatment with buparvaquone impaired parasite mitochondria early 
on, and additional tests showed that had a reduced activity under anaerobic condi-
tions. Furthermore, buparvaquone show an inhibition effect of the cytochrome bc1 
complex in Echinococcus multilocularis germinal layer cells. On the other hand, in a in 
vivo experiment using mice with secondary alveolar echinococcosis were treated with 
buparvaquone (100 mg/kg per dose, three doses per week, four weeks of treatment), 
the treatment failed to reduce the parasite burden [62].
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Abstract

Thanks to the increasing availability of the parasitic Platyhelminthes genomes in 
recent years, several studies have been directed to the identification of the nuclear recep-
tors set expressed by these organisms. Nevertheless, important gaps in our knowledge 
remain to be addressed, concerning their mechanism of action, ligands, co-regulator 
proteins, and DNA binding sequences on target genes. The proposed review chapter will 
be an account of research into the nuclear receptors field of parasitic Platyhelminthes. 
Several in vitro effects of host steroid hormones on Taenia and Echinococcus species 
were observed, however, the classical mammalian estrogen, androgen, or progesterone 
receptors could not be identified in databases. Nonetheless, novel nuclear receptors and 
related proteins and genes, are being identified and characterized. The elucidation of 
their target genes as well as ligands in parasitic Platyhelminthes could allow discovery 
of new and specific pathways differing from those of their hosts. In this sense, these 
parasitic proteins seem to be good putative targets of new drugs.

Keywords: nuclear receptors, parasitic Platyhelminthes, host–parasite relationship

1. Introduction

Since the biochemical identification of the first nuclear receptor (NR) more than 
60 years ago [1], the study of these proteins has been increasing. In particular, the cloning 
of the first NR was a milestone [2], ushering in a new chapter in research into the regula-
tion of cell function and metabolism [3]. NRs are transcription factors that modulate 
numerous physiological processes such as metabolism, development, reproduction, and 
inflammation [4–6], through the regulation of target genes transcription by binding to 
specific DNA response elements [3, 6]. Unlike other transcription factors, the activity of 
nuclear receptors can be modulated by the binding of specific ligands, these being mainly 
small lipophilic molecules that easily penetrate biological membranes [7], providing a 
direct link between the cellular signals and the transcriptional responses of a cell. These 
lipophilic ligands can be fatty acids, steroids, retinoids, and phospholipids. This protein 
family also contains “orphan” members for which no ligand has yet been identified [8].

Despite the diversity of functions presented by the different NRs, they share 
a common modular structure, with various degrees of conservation among their 
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respective domains. A typical nuclear receptor contains an N-terminal domain (NTD 
or A/B region), a highly conserved DNA binding domain (DBD or C region), a poorly 
conserved hinge domain (region D), a ligand-binding domain (LBD or E region), and 
a C-terminal region (F region) [9, 10]. The A/B region is a poorly structured domain 
that shows a low percentage of conservation at size and sequence level and may not 
be present in some NRs [6]. This domain is regulated by the interaction with co-
regulatory proteins and also contains an autonomous transactivation region 1 (AF-1, 
Activation Factor 1) independent of ligand binding [11]. The DBD is the most con-
served region compared to the other domains [12] and it is responsible for the binding 
of the NR to specific DNA sequences, named response element (RE) [13]. Structural 
studies have determined that the DBD has two subdomains that each contain four cys-
teine residues that coordinate a zinc ion to create the typical DNA-binding zinc finger 
motif [14–16]. The hinge domain is the region with the lowest sequence conservation 
and it constitutes a flexible linker between the DBD and the LBD [10], giving the 
connecting domains some independent mobility [17]. The LBD regulates the receptor 
activity through ligand binding and direct interaction with co-regulatory proteins 
[18, 19]. This region contains functionally related interaction surfaces: a dimeriza-
tion surface, which mediates interaction with another LBD [20]; a hydrophobic 
ligand-binding pocket (LBP) that interacts with lipophilic small molecules [21]; and 
an activation function surface called AF-2 (Activation Function-2), essential for the 
ligand-dependent transcription activation [22, 23]. Finally, the F domain is a poorly 
conserved region, and even many members of the family lack this domain. However, 
when this domain is present, its deletion or mutation alters transactivation, dimeriza-
tion, and the receptor response after ligand binding [24].

More than 900 nuclear receptor genes have been identified throughout the animal 
kingdom [25, 26]. The NRs have a common ancestral origin and a high conservation 
rate in all animal taxa and therefore are considered strong phylogenetic markers of 
animal evolution [27]. This protein group shows an interesting complexity probably 
driven by gene duplication and gene loss [28], for example, 2 members have been iden-
tified from sponges, 48 in mammals and up to more than 250 in nematodes [29–32]. 
Phylogenetic studies demonstrated that NRs emerged long before the divergence of 
vertebrates and invertebrates, during the earliest metazoan evolution [33]. The nomen-
clature currently used to name the NRs is based on phylogenetic relationships, gener-
ated from conserved DBD sequence alignment and the construction of phylogenetic 
trees. This classification, which was approved by the Nuclear Receptor Nomenclature 
Committee in 1999 [34], subdivides the nuclear receptor family into six subfamilies 
(NR1-NR6). The subfamily NR0 was added later and includes atypical nuclear recep-
tors that contain only DBD (NR0A, identified in arthropods and nematodes) or only 
LBD (NR0B, present in some vertebrates) [34]. In the last decades, the existence of a 
new NR subgroup called 2DBD-NR was evidenced in parasitic Platyhelminthes; whose 
members present two DBDs and one LBD [35, 36]. This new group has not yet been 
included in the classification system described by the NR Nomenclature Committee 
[21, 34]. However, recent publications already classify it as a subfamily NR7 [37]. 
Furthermore, nuclear receptors can be classified according to their mechanism of 
action into four types (I-IV). This classification groups the NRs according to the signal-
ing mechanisms, taking into account the subcellular site where NR-ligand binding 
occurs (cytosol or nucleus) and the mode of DNA binding (homodimer, heterodimer, 
or monomer) [6]. Briefly, type I NRs reside in the cytosol and upon ligand binding 
are trafficked into the nucleus where they typically bind to palindromic REs in pro-
moters as a homodimer. Type II NRs are localized in the nucleus and generally form 
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heterodimeric complexes with RXR; in their unliganded state, are inactive and upon 
ligand binding, they activate by the co-regulators exchange. Type III NRs are similar 
to Type II, however, these receptors bind to direct repeat REs as homodimers. Type IV 
NRs have a similar mechanism of action to Type II and III NRs but instead, bind to 
DNA as a monomer and recognize extended half-sites within RE [6].

Platyhelminthes are a phylum of bilaterian, unsegmented, soft-bodied inverte-
brates, but also, they are acoelomates and lack specialized circulatory and respiratory 
organs. These characteristics make these organisms have a flattened shape that allows 
the exchange of gases and nutrients throughout the body [38]. Platyhelminthes are 
traditionally divided into four classes: Rhabditophora, Monogenea, Cestoda (tape-
worms), and Trematoda (flukes). The class Rhabditophora includes all free-living 
flatworms, while all members in classes of Monogenea, Trematoda, and Cestoda are 
parasitic flatworms [39]. The Platyhelminthes or flatworms include more than 20,000 
species [40, 41].

Parasitic Platyhelminthes are a large group of parasites that can affect both 
human and animal health, causing neglected diseases such as Schistosomiasis, 
Paragonimiasis and Cestodiasis that can be fatal and are difficult to treat. These 
infections generally lead to pain, physical disabilities, etc., impeding economic 
development through human disability and billions of dollars of lost production in 
the livestock industries [42, 43].

In the last decade, the advent of genome projects has allowed the identification of 
the nuclear receptors expressed in the different parasitic Platyhelminthes [21, 44]. 
Nevertheless, only a few NRs have been characterized in these organisms and their 
biological function continues to be unknown. The first parasitic Platyhelminthes NRs 
were identified in Schistosoma mansoni [45–48] and after this, NRs were identified 
in the genomes of 33 Platyhelminthes species [44, 49]. The number of NRs varies 
from 15 to 61 in Platyhelminthes, 18–23 NRs are present in Monogenea, 15–20 NRs 
are present in Cestoda, 21–22 NRs are found in Trematoda, and 27–61 members are 
identified in Rhabditophora [49]. In this chapter, we performed a systematic review 
of characteristic and underlying mechanisms of parasitic Platyhelminthes nuclear 
receptors hoping to provide directions and ideas for future research.

2. Parasitic Platyhelminthes nuclear receptors

2.1 Subfamily 1

The most characterized proteins of this group are SmTRα and SmTRβ from S. 
mansoni. Both proteins share the consensus structure of TR receptors, including 
a conserved N-terminal signature of TRs in the A/B domain as well as the specific 
sequence CEGCKGFFRR of the NR1 subfamily. SmTRs can form a heterodimer with 
RXR (SmRXR1), similarly to vertebrate members of this family [50].

Screening S. mansoni female worms using the whole-mount in situ hybridization 
was conducted to the identification of a gene predicted to encode a homolog of the 
Drosophila melanogaster nuclear hormone receptor Ecdysone-Induced protein 78c 
[51]. A second putative member of this group of nuclear receptors is the Smp_248100, 
an uncharacterized protein from S. mansoni [52]. Primary sequence analysis con-
firmed that Smp_248100 contains a DBD with high amino acid identity to DBDs from 
other vertebrates and invertebrate NRs, including HRp6 from D. melanogaster and 
DAF-12 from Caenorhabditis elegans [52].
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In 2011, Förster and collaborators characterized for the first time a cestode NR, 
named EmNHR1. The isolated Echinococcus multilocularis receptor is homologous to 
NRs of the DAF-12/HR96 group that regulates cholesterol homeostasis and longevity 
in metazoans. EmNHR1 gene expression was described in all E. multilocularis larval 
stages that are involved in the infection of the intermediate host. The authors report 
that EmNHR1 is related with the TGF-beta signaling pathway and that human and 
bovine host serums contain a ligand that induces homodimerization of EmNHR1 
LBD. Since the serum is an important component in all culture media that enables 
the E. multilocularis development in vitro [53–56], it was suggested that this NR could 
play a role in host cross-communication mechanisms during infection [57].

The second NR characterized in cestodes was EgHR3 of E. granulosus. This protein 
contains the typical structure with a DBD and an LBD. The EgHR3 expression was 
especially high in the early stage of adult worm development. Immunolocalization 
revealed that the protein was localized in the parenchyma of protoscoleces and adult 
worms [58]. The authors suggested that this protein could participate in development-
specific responses to ecdysteroid as was described for insects [59]. On the other hand, 
ecdysteroids and molecules of the ecdysteroid signaling pathway had been identified 
in protoscoleces of E. granulosus [60]. With this input, a genomic search allowed 
the identification of two sequences coding to the following nuclear receptors: E78 
(GenBank accession: CDS17388.1) and FTZ-F1 (GenBank accession: CDS15732.1) 
[61, 62].

2.2 Subfamily 2

Several members of subfamily 2 nuclear receptors were isolated and characterized 
in Platyhelminthes: SmTR2/4, SmRXR1, SmRXR, HNF4, and HR78. SmTR2/4 is a 
protein of 223 kDa with extremely large A/B and hinge domains. It shares sequence 
identity with the DBD of other members of this group of NRs ranging from 69 to 
88%, while with de LBD shares from 16 to 38% of similarity. The corresponding gene 
is expressed in all S. mansoni developmental stages. SmTR2/4 might play a role in the 
regulation of schistosoma female reproductive development [63].

Homologous proteins of vertebrate retinoid-X-receptor (RXR) were identified in 
S. mansoni being classified as NR2B4-A and NR2B4-B [64–67]. Vertebrate counter-
parts can heterodimerizate with thyroid hormone receptor, retinoic acid receptor, or 
vitamin D receptor. They bind to DR1 to D5 response elements with the consensus 
sequence Pu GGTCA [68]. These receptors contain the general basic structure of the 
nuclear receptors. DNA binding domain sequence of both receptors shares high iden-
tity with mouse and human RXRα, and Drosophila USP receptor. Low conservation 
was observed when ligand-binding domain is analyzed. Long A/B, hinge domains, 
and C terminal tail (F domain) are characteristics of both S. mansoni receptors. 
Members of this group usually lack the F domain. Sequence differences in ligand-
binding signature and AF-2 motif between SmRXR and SmRXR1 suggest that specific 
cofactors may be necessary for the transactivation activity. A low level of identity 
was also found comparing the DBD sequences of both receptors, strengthening the 
idea that these two NRs differ in the recognition of their target genes. In addition, 
DNA binding properties also differentiate both receptors, while SmRXR1 binds to 
a DR1 response element, SmRXR fails to bind to direct repeat response elements on 
its own. SmRXR probably binds to conventional response elements and dimerizes 
with SmFtz-F1 [69]. A differential regulation expression was observed between 
both S. mansoni receptors since SmRXR transcript is expressed at all life cycle stages 
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with highest levels in miracidia and cercaria and much lower in female worms, while 
SmRXR1 seems to be constitutive.

Hnf4 expression was detected by a single-cell sequence approach in S. mansoni 
stem cells. RNAi experiments indicated that the gene product could be a regulator of 
intestinal cell proliferation. Further studies indicated that luminal microvilli were 
altered and the loss of cathepsin proteolytic activity, an enzyme involved in hemoglo-
bin digestion. These results encouraged the authors to initiate in vivo trials, to assess 
the digestive capability of hnf4 (RNAi) parasites, finding that the treated parasites 
failed to ingest or digest red blood cells. Finally, mice receiving hnf4 (RNAi) para-
sites had morphologically normal livers in contrast to controls infected with native 
parasites. This key regulator of blood-feeding parasites was proposed as a potential 
therapeutic target to blunt the pathology caused by adult parasites [70]. Since egg 
deposition depends on blood digestion, hnf4 is at least indirectly required for parasite 
growth and egg-induced pathology in vivo.

Four more members of this family were also identified in S. mansoni by cDNA 
cloning of the entire DBD. They are SmTLL, SmPNR, SmDSF, SmCoup-FII [71]. The 
expression at mRNA level was examined in egg, adult, female, and adult male. Only 
SmCoup-TFII was expressed in all stages at similar levels; SmTLL expression was high 
at the egg stage while SmPNR and SmDSF had a very low expression compared with 
the other receptors [71].

Finally, the orthologues of fax-1 and NHR236 receptors were recently identified in 
free-living and parasitic flatworms, respectively. It is the first time that an orthologue 
of NHR236 has been shown to exist in parasitic Platyhelminthes [49].

2.3 Subfamily 3

For a long time, it has not been possible to identify subfamily 3 NRs in 
Platyhelminthes [21, 72], so this class of proteins seems to have been lost in this 
phylum. However, recent genome sequence analysis studies identified several ERRs 
(estrogen-related receptor) belonging to subfamily 3 [37, 49].

Several reports strongly indicate that host steroid sex hormones affect the biol-
ogy, and in particular reproduction and growth, of parasitic flatworms. However, to 
date, it has not been possible to identify steroid hormone receptors similar to those 
of mammalian hosts in the available genomes. It was demonstrated through in vitro 
assays that sex steroids act directly on Taenia crassiceps (Cestoda) cysticerci prolifera-
tion and viability [73]. Host hormones 17-β estradiol (E2) and progesterone (P4) 
promote parasite reproduction without affecting their viability. On the contrary, tes-
tosterone (T4) and dihydrotestosterone (DHT) significantly inhibit parasite prolifera-
tion, generating a deleterious effect. When 17-β-estradiol concentrations increased, 
the number of T. crassiceps cysticercus buds also increased, and an opposite behavior 
was observed when tamoxifen (human alpha estrogen receptor antagonist) was tested 
in cysticerci culture [73]. However, the existence of a T. crassiceps ER-like protein 
(GenBank: AY596184.1) is controversial since a similar protein could not be identified 
in any of the published genomes of Taenia and Echinococcus species which are avail-
able in WormBase Parasite (https://parasite.wormbase.org/index.html). Although this 
T. crassiceps protein is not the product of contamination by host cells, functional stud-
ies are necessary to demonstrate that it is capable of binding estrogens. Undoubtedly, 
this parasitic flatworm would have to express one or more proteins responsible for 
the binding of the hormone and triggering of signaling. Finally, in 2014, two papers 
showed the inhibition of the survival of Echinococcus granulosus protoscoleces and 
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Echinococcus multilocularis metacestode vesicles after an in vitro tamoxifen treatment 
and a pharmacological screening, respectively [74, 75]. Nevertheless, the parasitic 
estrogen receptors or other proteins responsible for these effects have not yet been 
isolated and characterized.

It was in vitro demonstrated that T. solium cysticerci treatment with P4 increases 
evagination and growth [76]. The P4 direct effect could be mediated by the pres-
ence of a putative progesterone-binding protein in the parasite similar to a nuclear 
classical progesterone receptor (PR) or a membrane receptor. A nuclear classical 
progesterone receptor could not be identified in Taenia spp. genomes. However, it was 
reported that T. solium cells expressed a P4-binding like protein exclusively located at 
the cysticercus subtegumental tissue. This protein named as membrane-associated 
progesterone receptor component (PGRMC) was identified by 2D-electrophoresis 
and sequencing [77]. Molecular docking showed that PGRMC is potentially able to 
bind steroid hormones such as progesterone, estradiol, testosterone, and dihydrotes-
tosterone with different affinities, and the binding domain to steroids was localized in 
the C-terminal region. Moreover, the T. solium PGRMC is related to a steroid-binding 
protein of Echinoccocus granulosus (GenBank: CDS20257.1). A putative mechanism was 
proposed where progesterone is captured from the external environment and exerts 
its action upon cysticerci differentiation involving a progesterone membrane receptor 
and a nuclear PR-like protein [77]. It should be mentioned that the latter protein has 
not yet been identified in the available genomes of other taeniid cestodes.

The above-cited scientific papers point to a better understanding of the host–
parasite molecular cross-communication, providing new information which could 
be useful in designing anti-helminthic drugs. The strategy consists in the designing 
of new drugs specifically directed to inhibit or block key parasite molecules, such 
as hormone-binding proteins, transduction proteins, transcription factors, or 
nuclear receptors involved in the parasite establishment, growth, and proliferation 
in the host. In addition, it is a requirement that the new drug specifically recog-
nize parasite cells with minimal secondary effects to the host, so the search has 
to be directed toward molecules that are differentially expressed in the parasitic 
Platyhelminthes.

2.4 Subfamily 4 and 6

NR4A was the only subfamily 4 member identified in parasitic platyhelminths. 
Phylogenetic analysis suggested that it is orthologue of Drosophila, Mollusca, and 
human NR4A receptor [49]. The relative mRNA expression level of SmNR4A5 from S. 
mansoni was similar in egg, adult female, and adult male [71].

Concerning subfamily 6 of NRs, only one member of subfamily 6 (MlNR6) identi-
fied belongs to the free-living flatworm Macrostomum lignano [49].

2.5 Subfamily 5

Until now the only two receptors of subfamily 5 characterized in parasitic 
Platyhelminthes are Ftz-F1 (Fushi Tarazu-factor 1) NRs from S. mansoni, one called 
SmFtz-F1 belonging to the NR5B1 group, and the other named SmFtz-F1α classified 
in the NR5A3 group [48, 49, 78, 79]. In addition, the previously mentioned sequence 
identified in E. granulosus genome Ftz-F1 (GenBank accession number: CDS15732) 
also belongs to this subfamily [60–62].
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SmFtz-F1 was the first member of this subfamily to be characterized from a 
lophotrochozoan [48]. Subfamily 5 only contains orphan receptors that bind to their 
response element as monomers, the most studied members being mammalian SF-1 
(steroidogenic factor-1) and LRH-1 (liver receptor homolog-1), both involved in 
embryonic development. The first member of the subfamily was isolated from D. 
melanogaster [80, 81]. SmFtz-F1 has a deduced amino acid sequence of 731 residues and 
an apparent molecular mass of 78 kDa (GenBank accession number AF158103), while 
SmFtz-F1α contains 1892 residues and an apparent mass of 207,402 kDa (GenBank 
accession number AY665680). The length of these receptors differs from orthologue 
members of the family, however, both proteins conserved the general structure of the 
nuclear receptors [48, 78]. The hinge region of SmFtz-F1α is particularly long (1027 
amino acids). The DBDs of the two NRs share an identity of 55 to 75% to other mem-
bers of the family, while LBDs are less conserved but contain the typical LBD signatures 
of the family as well as a high identity with the AF-2 sequence [48, 78]. Both receptors 
exhibit the expected monomeric DNA-binding ability since the DBD recognizes an SF1 
response element-like sequence. However, SmFtz-F1 recognized this response element 
with a different binding affinity than SmFtz-F1α. The transactivation mechanism is 
also different between both receptors [79]. On the other side, as was previously men-
tioned, it was demonstrated that SmFtz-F1 dimerizes with SmRXR [69].

Although Ftz-F1 protein and mRNA expression are detected during all life cycles, 
expression levels differed according to the developmental stage. The higher expres-
sion of SmFtz-F1 was observed in the larval stages of miracidia, sporocysts, and 
cercaria, while the protein highest level was found in cercaria, schistosomula, and 
male adult work suggesting a role during host invasion and adaptation. The transcrip-
tion behavior of SmFtz-F1α makes a difference between the two NRs since the higher 
mRNA level was detected in the schistosoma egg stage. A similar gonad distribution 
was also observed in several Ftz-F1 homologues [82, 83].

Taken together these events, it was hypothesized that target genes of both recep-
tors exert different roles during the parasite development and these two receptors 
also have different ligands or co-activators. Co-activators characterization could start 
to decipher the transcriptional regulation complex formed by each nuclear receptor. 
In this sense, the search of transcription regulators of SmFtz-F1 was performed. The 
transcription co-activator CREB-binding protein (CBP) homologs from S. man-
soni, named SmCBP1 and SmCBP2, were characterized. SmCBP1 can interact with 
SmFtz-F1 and activate the transcription of a reporter gene [84]. On the other side, a 
specific transcriptional co-repressor protein named SmFIP-1, which interacts with 
the AF2-AD motif of SmFtz-F1, was identified [85].

Finally, an interesting finding was the identification of the first target gene of 
SmFtz-F1, the micro-exon gene meg-8.3 [86]. meg-8.3 is expressed exclusively in the 
worm’s esophageal gland, an enigmatic tissue that has recently been shown to play a 
critical role in defending the worm from host attack [87].

2.6 New subfamily 7

A very interesting finding for the biology of parasitic Platyhelminthes was the 
identification in S. mansoni of a new group of NRs that has two tandem DNA-binding 
domains and one LBD, named 2DBD, lacking in vertebrates [71]. Subsequently, mem-
bers of this 2DBD subfamily have been identified in some mollusks, in Echinococcus 
granulosus, and other Platyhelminthes [21, 35, 36, 49]. S. mansoni expresses three 
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2DBD (Sm2DBDα, Sm2DBDβ, Sm2DBDγ) and homologous sequences were found 
in other parasitic Platyhelminthes including Monogenea, Cestoda, and Trematoda 
[21, 49]. 2DBD-NRs have the same P-box sequence (CEACKK) in the first DBD that is 
not present in another known NR [35, 71]. This characteristic P-box could determine 
a new target DNA binding specificity [88]. In vitro and in vivo studies show that 
Sm2DBDα could interact as a homodimer, not interacting with SmRXR or SmRXR1. 
Homodimer formation implies that four P-boxes may be involved in DNA binding. 
In addition, Wu and collaborators reported that the three Sm2DBDs are regulated 
during development and may have a differential role in the different stages [35]. 
Although the databases of E. granulosus (WormBase Parasite) report three Eg2DBD, 
our research group has cloned from protoscoleces of E. g. sensu lato, a coding sequence 
for an Eg2DBDα isoform (GenBank MH092994.2) not reported in existing databases. 
This transcript was probably originated through mRNA alternative splicing and 
was named Eg2DBDα.1 [36]. A bioinformatic description of this isoform, including 
domains structure, putative NLS signals, post-translational modifications, and a 3D 
model of the two DNA-binding domains, was performed [36].

Recently, molecular docking studies showed that unsaturated long-chain fatty 
acids, in particular oleic, linoleic, and arachidonic acids, are the Eg2DBDα.1 preferred 
ligands [89]. It is worth mentioning that this ligand’s preference is similar to that of 
the EgFABP1 protein, previously characterized and studied by our research group 
[90, 91]. EgFABP1 is a fatty acid-binding protein which was localized in the nuclei of 
E. granulosus protoscoleces cells and other subcellular compartments [92]. Parasitic 
Platyhelminthes FABPs are considered essential proteins for these organisms since 
they are not able to synthesize fatty acids de novo, so these molecules could participate 
in host fatty acids uptake and distribution [93]. The interaction between vertebrate 
FABPs and PPAR nuclear receptors was demonstrated by several reports [94–97]. 
Taking into account the aforementioned, a model is proposed in Figure 1, where 

Figure 1. 
Schematic model of the putative Eg2DBDα.1 mechanism of action.
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Abstract

Parasitic infection is an intimate relationship between host and parasite with 
exchange of signal and complex signaling systems involved in these organisms’ 
molecular crosstalk. With the advances of knowledge due to the genomic and tran-
scriptomic projects in the last two decades, several genes and the molecular mecha-
nism involved in the biological function of platyhelminths have been described. 
Cytokines, hormones, and other molecules from the host have influenced the 
growth, development, and reproduction of platyhelminths. We are going to review 
the effects of host cytokines (IL-1, IL-4, IL-12, IL-7, TGF-β, TNF-α) and hormones 
(T4, estrogen, progesterone, and androgens) that directly or indirectly affect 
parasites’ development and reproduction, and the possible associated signaling 
pathway. These are excellent models for system biology studies, and the generated 
knowledge may be helpful in the development of new strategies to combat these 
helminthiases.

Keywords: platyhelminths, signaling pathways, molecular crosstalk, cytokines, 
hormones

1. Introduction

Parasitism is a complex relationship between two organisms and requires several 
adaptations at the molecular level to establish successful interactions throughout 
evolution. Intricate signaling systems are necessary to transduce each signal from host 
to pathogen and vice versa. These systems or networks are relevant because they cap-
ture various signals from the environment in which the parasite lives (host), release 
stimuli, and send signals between different organs and tissues to regulate complex 
biological processes.

Many host signals (molecules) modulate the development and growth of para-
sites and directly or indirectly interfere in the course of parasitic infection. It is as 
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important to understand the mechanism of action of these molecules to improve the 
knowledge of the basic biology of parasitism as the description of the effects itself is 
necessary.

With the development of sequencing technologies, the difficulties and costs 
of sequencing a genome or transcriptome have been reduced significantly; 
consequently, the number of sequences available dramatically increased [1], 
including the sequences from platyhelminth genomes [2–6] and transcriptomes 
[7–12]. This data collection allowed the scientific community to perform evolutive 
studies and investigate the signaling elements such as receptor, kinase and phos-
phatase proteins, and transcription factors [13–16]. These advances reflect the 
understanding of the molecular crosstalk mechanism between host and parasites. 
Studying the signaling elements is essential to comprehend parasitism, parasite 
development and identify new targets for developing strategies against these 
diseases (Figure 1) [17, 18].

This chapter reviews the host molecules (cytokines and hormones) and their 
effects and signals transduction pathways in platyhelminths. The most studied model 
of platyhelminth is Schistosoma mansoni (S. mansoni) and most of the information 
available in this chapter refers to this parasite.

2. Host cytokines’ effects on platyhelminths

Cytokines are small proteins (5–25 kDa) produced by many cells (especially from 
the immune system), which exert a signaling effect (at an autocrine, paracrine, or 

Figure 1. 
Molecular cross-talk between parasite and host. Schematic representation of parasite and host cells, signaling 
pathways, and molecules secreted (potential ligands) by both organisms. The ellipses represent signaling elements 
as indicated in the figure and the different colors represent distinct signaling pathways; the hexagons represent 
second messengers, and the arrows indicate the sequential interaction between proteins of the signaling pathways 
that culminate in the activation of transcription of target genes that will trigger various cellular processes. 
Potential molecular targets for drugs and vaccines are highlighted in red circles.
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endocrine level) in a broad range of tissues [19]. Generally, cytokine studies focus 
on the immune system’s regulation when faced with an infection; however, we will 
describe how the host cytokines can modulate platyhelminths’ biological/physiological 
processes and their possible signaling pathways.

2.1 Interleukins (12, 2, 7, 4, and 1)

Interleukin-7 (IL-7) is a cytokine secreted by bone-marrow, endothelial, and 
epithelial-stromal cells essential in the hematopoietic system for the proliferation, 
differentiation, and development of B cells [20]. It is also involved in the thymic 
development of mature T lymphocytes, natural killer (NK), and lymphokine-acti-
vated killer (LAK) cells [21].

IL-7 interferes in the development of S. mansoni (in murine infection) [22]. 
Female knockout mice for the IL-7 gene (IL-7−/−) infected with S. mansoni showed 
significant differences in parasite development, egg-induced pathology, and worm 
recovery rate. It was also observed that fewer eggs were laid in vivo, and more dead 
eggs were detected without IL-7. The decreasing egg burden ameliorated the liver 
pathology, and morphological differences in the length of male and female worms in 
the IL-7−/− mice were observed [22].

Studies with radiolabeled IL-7 suggested that this cytokine did not bind directly 
on the parasite surface; hence, the observed effects of IL-7 deficient mice could be 
attributed to the cytokine’s interactions with the host’s immune and or endocrine 
responses [23, 24].

Interleukin-2 (IL-2) is a cytokine with autocrine and paracrine effects secreted 
by activated T-CD4 + cells [25]. Further investigations interrogated the modulation 
of S. mansoni development by IL-7 and IL-2 through the influence of these cytokines 
on CD4+ T (T helper) cells [26]. With the use of knockout mice for IL-7 receptor 
(IL-7Rα−/−) and IL-2 (IL-2−/−) for S. mansoni infection, the morphology of adult 
worms is affected. In both knockout mice, the infected mice produced smaller male 
worms than the control group. In the IL-7 receptor knockout mice, the parasite’s egg 
production was drastically reduced [26]. Studies with IL-2 receptor knockout mice 
(IL-2Rα−/−) infected with S. mansoni revealed a similar impact on the parasite’s devel-
opment, using the knockout mice for the cytokine. Thus, it could be concluded that the 
modulation of IL-7 and IL-2 in S. mansoni development (adult growth and egg-laying 
and granuloma formation) is indirect; the cytokines act on the host’s CD4+ T cells [26].

Interleukin-12 (IL-12) and interleukin-4 (IL-4) reciprocally regulate differentiation 
of naïve CD4+ T lymphocytes and directly promote the development of CD4+ Th1 cells 
and the CD4+ T-cell differentiation in the Th2 phenotype (which also produces IL-4). 
In 2012, Cheng et al. [27] used an approach with hybridoma cells injected into different 
mice groups to evaluate the effect of monoclonal antibodies against IL-12 and IL-4 on 
parasite infection. The effect of IL-12 and IL-4 on worm development and granuloma 
formation in a murine infection by Schistosoma japonicum (S. japonicum) was evaluated. 
It was observed that, 24 days post-infection, the group of anti-IL-12 had a significant 
increase in the number of eggs per couple and eggs in the liver. The granuloma size and 
fibrosis in the liver in the anti-IL-12 mice were significantly more prominent on day 42. 
The decreasing of T helper 1 (Th1) cytokine expression through the blocking of IL-12 
promotes the T helper 2 (Th2) cytokine expression and reduces Interferon-γ (IFN-γ) 
and Interferon-α (IFN-α) cytokine levels.
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The length of worms in the anti-IL-12 group was increased; however, the degree of 
increase was different in males and females. The female size was higher in anti-IL-12 
than in anti-IL-4 and control groups at 28 and 42 days post-infection, while the male 
size was higher just at 28 days in the anti-IL-12 [27]. The data in this study suggest 
that IL-12 deficiency benefits S. japonicum worm development in the early days of 
infection, indicating the action of cytokine against the schistosome. At the same time, 
its effect was reduced at 42 days post-infection, revealing a transitory effect. It is 
important to note that IL-12 promotes a Th1 response.

Finally, interleukin-1 (IL-1) from Biomphalaria glabrata (B. glabrata), the interme-
diate host of S. mansoni, also affects the parasite. In the vertebrate’s immune system, 
the cytokine IL-1 mediates cytotoxic, humoral, and inflammatory responses, induces 
leukocyte recruitment to the inflammation site, and is involved in the cytotoxic reac-
tive oxygen intermediate (ROI) production mechanism in the effector cells [28]. In 
the immune defense system of the invertebrate B. glabrata, molecules with functional 
homology to the vertebrate IL-1 (SnaIL-1) have been detected and isolated. It was 
observed that, in response to schistosome infection’s primary sporocysts, susceptible 
snail strains exhibit a decrease in plasmatic SnaIL-1 levels, while the SnaIL-1 cytokine 
levels rise in resistant strains. Also, when the susceptible snails are treated with a 
recombinant human Interleukin-1β (rhIL-1β), there is a rapid phagocytosis activation 
and ROI production at the same levels found in the resistant snail strains [29].

In 1998, Connors et al. [30] investigated if the treatment of two strands of sus-
ceptible B. glabrata with rhIL-1β had effect on the infection of the invertebrate host 
(directly or mediating by hemocyte’s activity). After 15 days of exposure, the authors 
observed a significant decrease of 50% in the number of counted miracidia on snails 
from both treated groups. Histological analysis of snail tentacles performed 3 days 
after exposure revealed a significantly higher percentage of dead or disrupted para-
sites compared to the control. In-vitro assays using hemocytes-free cultured parasites 
in contact with the plasma from rhIL-1β -injected snails showed an immediate killing 
effect on the parasites.

These results imply that the cytokine may stimulate in-vivo induction of a cell-free 
killing mechanism in the B. glabrata. Parasites’ killing seems to have no connection 
with the hemocyte’s encapsulation of the parasites, suggesting the presence of both 
a humoral cytotoxic molecule and a cellular signaling mechanism. Injection of the 
recombinant human IL-1β on the susceptible snails has activated the otherwise 
reduced cytotoxic capabilities of the snail’s immune system; however, other factors 
such as reduced number of hemocytes compared to resistant strains may limit the 
killing of the parasites. Further, invertebrates’ cytokine-like activity may occur in 
molecules with substantially different structures from their mammalian counterparts, 
obviating the need for more analysis of the elements involved in the host-parasite 
signaling mechanisms.

2.2 Transforming growth factor-β (TGF-β)

TGF-β plays an essential role in wound healing, angiogenesis, immunoregulation, 
and cancer development. These cytokine’s effects are dual-sided, contributing to the 
differentiation of regulatory (suppressive) T cells (Tr cells) and inflammatory Th17 
cells. In mammals, all leukocytes produce at least one isoform of TGF-β [31]. TGF-β 
is locally produced by the host’s immune system cells in response to the presence of 
helminth parasites.
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In the genome of Taenia solium (T. solium) and Taenia crassiceps (T. crassiceps, a 
canine tapeworm), protein-coding genes for the pivotal signaling elements were 
identified [32]. TsTGFβR1, TsTGFβR2, TGF-β Type I, Bone Morphogenetic Protein 
(BMP) Type-I receptor Tr-3, and activin (TGF-ligand) were identified and had 
a high identity with Echinococcus sp. The expression of TsTGFβR1, TsTGFβR2 at 
mRNA, and protein level was detected in T. solium and T. crassiceps cysticerci. It 
showed that both TGF receptors are expressed in the parasite’s teguments more 
prominently in the tegument of T. crassiceps and the periphery of T. solium cysti-
cerci from the brain than in the cysticerci from skeletal muscle of infected pigs. It 
is interesting because the TGF-β levels in the cerebrospinal fluid are higher than 
in serum, suggesting that the exposure to the host’s molecule could be involved in 
cysticerci growth and differentiation [32].

It is interesting to note that T. solium and T. crassiceps cysticerci were in vitro 
exposed to three concentrations of recombinant human TGFβ-1 (0.001, 0.01, and 
0.1 ng/mL). The human cytokine caused a significant increment in the size of 
cysticerci in T. crassiceps. In the T. solium cysticerci, a considerable improvement 
in the survival rate was observed with no effect on its size. The parasite could 
internalize the host’s TGF-β via endocytosis as a regulatory event. However, these 
effects may be mediated by the direct interaction of the host’s cytokine with the 
parasite receptors. The results observed on the parasites in an in vitro treatment 
and the antibody recognition of receptors are lower when TGF- β incubation 
occurs. The lower antibody recognition of both Type-I and Type-II parasite recep-
tors when cysticerci were cultured with increasing levels of TGF-β suggests that 
TGF-βcould bind the Type-II receptor (avoiding the recognition of antibody), 
then the complex TGF-β-TsTGFβR2 receptor would recruit the Type-I receptor, 
forming a complex which would prevent the bounding of Type-I receptor anti-
body. These results point to hTGF-β as a factor in cysticerci growth and survival, 
which could also play a role in the lack of effectiveness of cysticidal treatment of 
patients.

In S. mansoni, several TGF-β signaling pathway elements have been identified 
and described, including two TGF-β receptors (SmTβR1 and SmTβR2), one homolog 
gene to Inhinbin/Activin (SmInAct), a homolog to the BMP (SmBMP), Smp300/CBP, 
Smad2, and Smad4. In female worms, these elements could play a role in vitelline cell 
development and egg embryogenesis, as these molecules’ expression is detected in 
these organs (reviewed in [33].

Oliveira et al. [34] studied the effects of the human TGF-β (hTGF-β) on the 
gene expression profile of S. mansoni adult worms. Microarray experiments were 
performed with RNA extracted from adult worms that were in vitro treated with the 
human cytokine. This experiment revealed that changes in the expression influence 
the pattern of treated worms. With this approach, 381 genes were detected as dif-
ferentially expressed, with 316 down-regulated and 65 up-regulated. These genes are 
related to biological functions such as muscular system development and function, 
tissue morphology, cellular assembly and organization, organ development, tissue 
development and cellular growth, and proliferation. Some functions, such as contrac-
tile fiber and myosin complex, hydrolase activity, and adenyl ribonucleotide binding, 
are related to the down-regulated genes. It correlates with the already described 
TGF-β induction of cytoskeleton remodeling through the myosin chain and Rho 
GTPase [35, 36].

Figure 2 summarizes host cytokines’ direct or indirect effect on the parasites.
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2.3 The example of human Tumor Necrosis Factor-α (TNF- α) on S. mansoni

Human TNF-α and its effect on S. mansoni are excellent examples of how the com-
prehension of the molecular crosstalk between host and pathogen has increased in the 
last decades. Some studies have described the influence of the pro-inflammatory cyto-
kine TNF-α on the fecundity and metabolism of the parasite S. mansoni. Amiri et al. 
[37] described that human TNF-α induces the formation of granulomas and causes 
a positive effect on the parasite’s egg-laying. Controversially, it was shown that egg-
laying decreases and induces changes in the uptake of tyrosine [38] and methionine 
[39] on S. mansoni in the presence of the human cytokine. It was also documented that 
parasites’ egg-laying and fecundity occurred later when immunodeficient mice (SCID) 
were used for infection with the parasite [40]. Finally, Davies et al. [41] reported that 
host TNF-α promotes the parasite survival and the development of adult worms.

In this context, the molecular mechanism started to be elucidated by searching for S. 
mansoni homologous gene to the human TNF-α receptor. A homolog gene was identified 
and characterized (SmTNFR) [42] and generated a transcript of 1967 nucleotides that 
encodes a receptor composed of 599 amino acids. The predicted protein has an extracel-
lular portion that contains four TNF-α conserved domains (cysteine-rich domains), 
the main characteristic of the TNF receptor family. Extracellular domains’ modular 
architecture is similar to the neural growth factor receptor (NGFR). The first analysis 
of the intracellular portion revealed no conserved domains, which is not expected in a 
homologous gene to NGFR characterized by Death Domain (DD), which makes it similar 
to TNF-R2, a non-death domain. The transcript expression level (mRNA) is detected in all 
developmental stages, but the highest expression level is detected in cercaria [42].

Parallel to the description of SmTNFR, other homolog genes for a possible signaling 
pathway were also identified. It is interesting to highlight that all elements required 
and activated by the human TNF-R2 signaling pathway (which does not have DD and, 
therefore, is not related to the activation of apoptosis) were found [42].

Recently, through in-silico analysis, 29 genes of homologous receptors to SmTNFR 
in other species of parasitic flatworms were identified. The homologs may evidence 

Figure 2. 
Influences of mammals and invertebrate host’s cytokines on platyhelminths. (A) Cytokines. (B) Vertebrate immune 
system cells. (C) Platyhelminthes. (D) Cytokine. (E) Invertebrate effector cells. (F) S. mansoni primary sporocysts. 
Some cytokines (TNF-α and TGF-β) exert direct effects on the parasite; on the other hand, other cytokines (such as 
interleukins) exert effects on immune system cells and these cells regulate parasites´ biological processes.
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conservation of the TNF-α signaling pathway in a part of helminths. Additionally, highly 
conserved homologs of endogenous TNF-α ligands only in free-living flatworms were 
also identified. This suggests that the loss of the endogenous ligand (observed in para-
sitic flatworms) and the consequent use of the host’s ligand was an event that occurred 
throughout the evolutionary process, as a cause or consequence of the parasitism [43].

Further, TNFR homologs identified in platyhelminths had conserved DD, which 
was concluded after the analysis of the secondary structure of intracellular regions. 
The intracellular portion of all receptors was reanalyzed, and evidence of the pres-
ence of DD was found in most SmTNFR homologs in platyhelminths but with 
different levels of conservation. Generally, cestodes have a more conserved DD than 
trematodes. This urges us to rethink the possible signaling pathway triggered by 
SmTNFR, since this receiver was initially classified as without DD [42].

Parallelly, Oliveira et al. [42] investigated the effect of human TNF-α on the gene 
expression profile in newly transformed schistosomula (NTS) and adult worms. NTSs 
(3 h after transformation) were treated with human TNF-α for 1 h (at the concentration 
of 20 ng/mL), and adult worms treated with human TNF-α for 1 h and 24 h. Microarray 
experiments revealed 548 genes with altered expression in NTSs after treatment 
with the human cytokine (309 up-regulated and 239 down-regulated). These genes 
are involved in biological functions related to the regulation of gene expression, cell 
proliferation and growth, and cell development. Two groups of differentially expressed 
genes were identified in adult worms treated for 1 h and 24 h. One group had transient 
changes in expression, that is, an inverse change pattern within 24 h compared to the 
pattern obtained within 1h. This group comprises 1365 genes, 821 of which have their 
expression level increased in 1 h of treatment and decreased in 24 h, and 544 have the 
opposite expression pattern. The second group has sustained changes in its expression 
level in 1 h and 24 h; this group comprises 492 genes, 337 being with the expression level 
increased by treatment with human TNF-α and 155 with the expression level decreased. 
These differentially expressed genes were organized in gene expression networks, and 
the most significantly enriched network interacts with TNF-α in other organisms. The 
network suggests that the parasite response to the human cytokine is conserved and 
similar to the reaction in humans [42]. Interestingly, the enzyme lactate dehydrogenase 
(responsible for producing lactate) was differentially expressed in schistosomula and 
adult worms treated with human TNF-α.

Thus, it was described that human TNF-α induces the phosphorylation of different 
proteins in adult male worms after in vitro treatment for 15 min. Differentially phos-
phorylated proteins were related to muscle contraction, cytoskeletal remodeling, cell 
signaling, and metabolism. Lactate dehydrogenase and a subunit of ATP synthase are 
differentially phosphorylated proteins. These results indicate that this enzyme, in the 
glycolytic pathway of the parasite, is being potentially regulated by the host’s TNF-α in 
its expression level (mRNA) and activity [44].

Since the literature description of egg-laying is contradictory, and lactate dehydro-
genase is differentially expressed and phosphorylated, the effect of TNF-α on egg-
laying and metabolism was investigated in the adult parasites, in an in vitro treatment 
with doses of the human cytokine (5, 20, and 40 ng/mL) during 5 days [45].

The average number of eggs/couple increased on the second day in the treatment with 
40 ng/mL. On the third day, there was a significant decrease in the average of eggs/couple 
for the treatments with 20 and 40 ng/mL; besides, there was a decrease for the doses of 
5 and 40 ng/mL on the fourth day of incubation with the cytokine. The most important 
observation is that the total number of eggs was not different between treatments and 
control over the 5 days of treatment. The conclusion is that although egg-laying dynamics 
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were affected, the fecundity was not. The host’s TNF-α causes a decrease in the half-life 
of the egg-laying; therefore, when faced with the stimulus, couples lay eggs more quickly, 
but not in greater or lesser amounts than the respective negative control [45].

The TNF-α treatment induced significant changes in lactate concentration or pos-
sibly the glucose uptake when there was also a change in egg-laying. On the third day 
of treatment, for example, when lactate production decreased, the number of eggs 
laid was also reduced, indicating that energy metabolism is a relevant actor regulated 
by human TNF-α and interferes in the production dynamics and egg-laying [45].

Figure 3. 
Timeline of main discoveries described in the literature about host TNF-α and its effects on S. mansoni.
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In addition, the increase in the accumulation of adenosine triphosphate (ATP) in 
adult worms on the fifth day was observed. The compromised egg-laying can explain 
it at this time: the high demand for ATP is destined for oogenesis and, when not 
necessary, this molecule can accumulate, especially against the modulation induced 
by the human cytokine [45]. It is also interesting to note that one subunit of ATP 
synthase is regulated by human TNF-α [44].

Figure 3 summarizes the history of the characterization of the effects of TNF-α 
on Schistosoma mansoni. It is an exciting example of how a cytokine effect can be 
elucidated like a puzzle, piece by piece.

3.  Host hormones influences in metabolism, development,  
and viability of platyhelminths

The interaction between host and parasite depends on the ability of the parasite to 
successfully adapt to the host’s microenvironment, allowing for a complete life cycle 
and parasite development [46]. That relationship suffers interference from age, sex, and 
reproductive status of the host and influences the hormonal profile [47]. Hormones, espe-
cially sex steroids, are fundamental for many biological processes such as reproduction, 
growth, development, and immunity. Parasites can evade the immune system. They can 
also exploit the host’s hormones to improve their growth and reproduction, demonstrat-
ing that these organisms have mechanisms to interact with the host’s molecules [48, 49].

Female supremacy is an older concept that assumes that female mammals suffer 
less parasitism than males. The statement that supports this paradigm implies that 
sexual dimorphism to parasite infections is based, principally, on the host immune 
system and has less interference of direct effects of hormones on parasites. Analysis of 
literature contests this paradigm, showing that publications represent few host-para-
site systems, most of which have a medical bias, exploring, in general, human infec-
tions. Furthermore, there is no definition of infection and the immune parameters 
that contribute to host resistance or susceptibility to parasitism, casting doubt on the 
protective effect of those immune indicators. There are several exceptions to female 
supremacy: in malaria, toxoplasmosis, and cysticercosis, females are more affected by 
parasite infections than males [50].

Another line of discussion focuses on the influence of host sex in the genetic 
diversity of parasites. In this study of 2006, the researchers showed that independent 
of sex, schistosomes have more genetic diversity in male hosts. The authors postulated 
three hypotheses that explain the genetic variability of schistosomes: the relationship 
between rat-sex and duration of infection by cercaria; a combination of rat sex and 
specific habitat on host males that can contribute to more genetic diversity in parasites; 
a host sex bias in immunocompetence that select more diverse clones in male rats [51].

Together, these pieces of evidence raise new questions about the participation of 
host hormones in the host-parasite relationship. Do differences in concentrations of 
sex hormones between males and females have a significant role in the susceptibility 
to parasite infections? Can host hormones directly affect parasite biology? Do the 
parasites exploit the host hormones for their growth? Here in this topic, we aim to 
review the interaction between host hormones and platyhelminths, especially in S. 
mansoni, T. crassiceps, and T. solium.

As previously mentioned, hormones are important for the modulation of immune 
responses. The influence of host sex on resistance and susceptibility to parasitism in 
CBAJ/mice infected with S. mansoni showed the following results: females and castrated 
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males had the worst survival rates, with 80% dead after 16 weeks of infection, com-
pared to under 40% of infected males that died. In another experiment, investigators 
revealed that schistosomula grow better in the low testosterone level group, as noticed 
by the higher recovery rates of adult worms per cercaria. A possible explanation is the 
differences promoted by testosterone in the decline of infection effects, represented 
by a more pronounced organomegaly in the liver and spleen in females and castrated 
males, which are early pre-mortality indicators. These results start a discussion about 
the relationship between the host sex and differences in the parasite infection [52, 53].

When it comes to cestodes, we also see the effects of hormones on immunity. To 
test the influence of androgens in the parasite loads, the researchers investigated the 
effect of testosterone, dihydrotestosterone (DHT), and 17β-estradiol in castrated 
female and male mice infected with T. crassiceps. The castration triplicated the parasite 
burden in males and had the opposite effect in females, decreasing the number of 
parasites by 45%. The treatment with testosterone and DHT reduces de parasite loads 
in both genders, respectively, 60% and 70%. However, estradiol treatment increases 
the parasite number in female and male mice three times. Another experiment shows 
that parasite infection in male mice results in a high level of estradiol, a lower 90% 
testosterone, and a 95% decrease in DHT [54].

The antibodies’ and cytokines’ production is also affected by the sex steroids 
levels. In general, testosterone and DHT have no effect on the production of IgG, 
IL-6, and IL-10 in both sexes. On the other hand, the production of IL-2 and IFN-γ 
increases significantly in both sexes, and DHT promotes 70% recovery of the cyto-
kines in males. Estradiol increases levels of anti-parasite IgG by 60% and duplicates 
IL-6 and IL-10 production in males and females. Those results demonstrated that 
androgens increase the cellular response in T. crassiceps infection with a specifically 
TH1 pattern. Oppositely, estrogens produce a TH2 immune response, which has no 
value in stopping the parasite’s growth [54].

The effect of progesterone is also investigated in T. crassiceps and T. solium 
cysticercosis. In T. crassiceps treatment with progesterone, the number of parasites 
increases by three folds in male and two folds in female mice. Estradiol is increased 
two times in both genders, suggesting that progesterone is metabolized in the 
gonad. The cytokines, IL-4, IL-6, and IL-10 levels increase under the infection, 
with no change after progesterone treatment. In addition, IL-2, TNF-α, and IFN-γ 
concentration in the spleen is not modified with infection and treatment, but 
IL-2 is undetected in both sexes infected, and IFN-γ and TNF-α are increasing in 
progesterone-treated mice. Moving to T. solium, progesterone treatment decreases 
tapeworm length and increases IL-4, IL-6, and TNF-α in the duodenum, combined 
with a polymorphonuclear leukocytes infiltration. Once again, these results show 
that progesterone modulates TH1 immune response in T. crassiceps and improves 
intestinal mucosal immunity [55, 56].

Host hormones also directly affect the biology of parasites. Previous experiments 
showed that dehydroepiandrosterone (DHEA) and DHEA-S have a protected effect 
on mice infected with S. mansoni [57]. Another study demonstrated a negative cor-
relation between DHEAS and intensity of parasitism, and this decline of S. mansoni 
infection also correlated to age [58]. Researchers investigated the effects of hypo-
thalamic-pituitary-adrenal axis (HPA) hormones on S. mansoni, including DHEA. 
Cercariae are more affected than schistosomula and adults, with 100% dead after 48 h 
of culture, showing a concentration- and time-dependence.

Interestingly, males and paired worms are more resistant to the harmful effects of 
DHEA than females and separated worms. This fact suggests a beneficial effect of the 
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relationship between female and male worms [59]. T. crassiceps is negatively affected 
by DHEA treatment with lower reproduction, motility, and viability [60].

17β-estradiol (E2), progesterone (P4), testosterone (T4), and dihydrotestosterone 
(DHT) also modulate the parasite physiology. Estrogens stimulated the reproduction 
and viability of T. crassiceps, with E2 being more effective than P4. These hormones are 
also involved in a high expression of genes c-fos and c-jun of the parasite, correlated 
to differentiation, reproduction, and apoptosis, showing a relative impact on viability 
changes. Since this parasite expressed estrogen and androgen receptors (excluding P4), 
sex steroids can bind these specific receptors and directly affect reproduction [61]. E2 
and P4 also increase the expression of actin, tubulin, and myosin, major components 
of flame cells of the excretory system, benefiting the growth of T. crassiceps [62]. 
Progesterone also affects the development of T. solium by promoting evagination, 
maintaining motility, and inducing growth of the worms by two times [63].

In contrast to the positive effects of estrogens, T4 and DHT have deleterious actions, 
inhibiting the reproduction and reducing the viability of parasites. Additionally, they 
reduce the expression of c-fos and c-jun, explaining the changes in reproduction and 
growth of T. crassiceps. This data also agrees that cysticerci grow better in female and 
castrated males, proposing that the differences in sex steroids’ concentrations in males 
and females are involved [61]. Moreover, T4 and DHT reduce the viability of the para-
site by almost 90%, disrupting tegument and changing the structure of flame cells, with 
direct interaction with actin, tubulin, and myosin, without changes in their expression. 
This interaction results in the intoxication of the parasite, which explains the significant 
reduction in viability [64].

These findings improve the critical role of host sex hormones on the host-parasite 
relationship. Those sex hormones can determine the course of infection by direct 
effects like modulation in growth, reproduction, and viability or indirect effects such 

Figure 4. 
Effects of sex steroids in parasites S. mansoni, T. crassiceps, and T. solium. Estrogens like E2 and P4 have 
positive effects on parasites and also modulate the immune response to the Th2 pattern. In contrast, testosterone, 
dihydrotestosterone (DHT), and dehydroepiandrosterone (DHEA) decrease parasite growth and reproduction 
and increase Th1 cytokines, which protect the host.
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as changes in gene expression and immune system of the host, which sometimes 
benefit the host and other, permitting the parasite to exploit the microenvironment 
(Figure 4). The knowledge that estrogens and progesterone are related to positive 
effects on parasites and androgens protecting the host can urge the investigation of 
the beneficial use of sex steroids as new therapeutic targets to the parasitic infections. 
It is currently known that taximofen, an antiestrogen, and RU486, a progesterone 
antagonist, can negatively affect the reproduction and growth of T. crassiceps and T. 
solium, respectively [50, 63]. In this way, more discovery of the crosstalk between 
parasites and sex hormones can change the scenario about antiparasitic drugs, 
permitting a faster development process with high efficacy and low toxicity [65].

Figure 4 summarizes the effect of host hormones in the platyhelminths.

4. Conclusions and perspectives

We have reviewed some host molecules and their effects on the parasite. It is 
interesting to note how many distinct molecules produced along with the immune 
response (cytokines, pro or anti-inflammatory) or regularly produced by the endo-
crine system (such as sexual hormones) may interfere with parasites’ development 
and fecundity. The study of molecular targets of this signaling is relevant to under-
standing how the evolution prepares the parasite’s genome to respond and adapt to 
different signals from the environment and the hosts.

These biological models are exciting for system biology sciences and drug and 
vaccines discoveries; however, for a better understanding, functional genomic 
approaches must be improved to be applied in platyhelminths models to clarify the 
contribution of the signaling elements in the transduction and regulation of parasites’ 
biological process.

As technologies have been developed and adapted, much information will be 
obtained from these particularly complex and challenging biological models. As 
information increases, new solutions for combating parasitic diseases will be elabo-
rated and applied.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Helminths Derived  
Immune-Modulatory Molecules: 
Implications in Host-Parasite 
Interaction
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Abstract

The parasitic life cycle of helminths greatly relies on sophisticated manipulation 
of host environment and successful evasion of host defense. Helminths produce a 
repertoire of secretory molecules (including, extracellular vesicles and/or exosomes) 
to invade and generate habitable host-environment, and also to modulate the host 
immune responses in such a way that ensures their prolonged survival within host. 
An outline on helminths derived immune-modulatory molecules and their implica-
tions in host-parasite crosstalk have been presented. Queries with regard to the new 
direction of investigation to reveal specific molecular strategies, used by helminths to 
manipulate the host systems are also discussed.

Keywords: helminthiasis, host parasite interaction, secretory molecules

1. Introduction

Helminth parasites infect their hosts for an extended period, demonstrating their 
capacity to induce a new immunological and physiological equilibrium, which  
accommodates the invader [1]. Over parasites have evolved a unique arsenal of finely-
tuned biochemical adaptations that control, block, or initiate modification in pathways 
or distinct host cells in order to maximize the success of parasites through eons of 
evolutionary time [2, 3]. In this book chapter, we look at some of the most current and 
intriguing advances in the field of host-parasite interaction with molecular pathways 
where the parasitic worms are known as helminths that belong to the phyla of round-
worms (nematodes) and flatworms (platyhelminthes), which are lower invertebrate’s 
phyla. A vast range of helminth species may colonize a wide range of habitats and host 
organisms, evading host defense and expulsion systems in each case. Helminths’ goal is 
to regulate and manipulate immunity in order to disarm immunological defenses, result-
ing in the host failing to eradicate parasites [4]. Helminths fundamentally gain hold by 
going undetected, primary disabling host recognition techniques that would otherwise 
trigger an alarm, and then infecting tolerance of parasite antigens by the immune sys-
tem, as well as suppressing reactions to bystander antigens in allergy or autoimmune [5]. 
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Where, the helminth’s soft textured technique has consequences for the manner in which 
they engage with their hosts and their immune systems, implying that constant dialog 
is required to preserve the tolerance condition. Because stable populations of long-lived 
parasites characterize the disease, it is plausible to believe that the products secreted on 
a regular basis by live parasites that target different immune system components [2]. 
Supported this notion by the fact that most of the molecular mechanism of helminth 
infections are reversed after drug-mediated parasite clearance [6–8]. As a result, the 
antigens of helminths that are “excretory-secretory” (ES) have received a lot of atten-
tion, a practical method for collecting combinations of released proteins that have been 
around for over 60 years [9]. Of course, more recently, the use of mass spectrometry, 
transcriptomic, and genomics has revolutionized their knowledge to diverse prepara-
tions and compound by identifying parasites to release particular molecular components 
to change their surroundings [2]. Some, products like glycan, nucleic acids, and lipids, 
including miRNAs, as well as tiny molecules and metabolites, are released in a variety of 
“packages,” one of which being lipid vesicles, as discussed below.

2. Parasite identification by the host system

The first meeting of host and parasite usually breaches the surface (like, 
epithelium of intestinal or skin) that incites the “alarmin” discharge [10] and is 

Figure 1. 
Recognition of helminth infection by immune system. Innate immune system releases alarmins (IL-33, TSLP) in 
response to tissue invasion, which might elicit a type 2 immune response; helminth have ability to either inhibit 
the release of alarmins or block the respective receptors (e.g., IL-33R and ST2). The C-type lectin receptors (CLRs) 
or Toll-like receptors (TLRs) can recognize pathogen-associated molecular patterns, either presented directly 
by helminths or by bacteria, moved through damaged epithelium. In the second situation, immune modulators 
released by helminths suppress the Th1 response, induced by IL-12.
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recognized through pattern recognition receptors (PRRs), as an example,  
Toll-like receptors (TLRs) which initiate the production of inflammatory cytokine. 
Alarmins such as thymic stromal lymphopoietin (TSLP) and interleukin-33 
(IL-33) [11, 12], where together stimulate a Type 2 immune response that is 
anti-helminth and pro-allergic, are strongly related with helminth-mediated tissue 
damage. Yet, helminths have option to avoid entirely or partially this warning 
(Figure 1); as an example, Nippostrongylus brasiliensis compounds effectively  
prevent dendritic cells (DCs) from responding to TLR ligation and other helminths, 
with interleukin-12 (IL-12) production being particularly suppressed [13–17]. 
While the release of IL-33 from the epithelial cell, is directly obstructed through 
the released products from Heligmosmoides polygyrus [18]. Some of the chemical 
mediators that prevent innate activation are now being identified, as mentioned in 
the next section.

The prototypical PRRs respond to microbiological substances like lipoteichoic acid 
and lipopolysaccharide (LPS) by releasing pro-inflammatory cytokines like IL-12, 
which promote the Th1 response. The consistent ability of various helminth products 
to inhibit the release of IL-12 in response to TLR stimulation could be a mechanism 
aimed not so much at blocking anti-parasite immunity as it is at avoiding collateral 
inflammation at barrier sites where, for example, bacterial translocation may accom-
pany helminth invasion. While the key role of TLRs in pathogen pattern recognition 
via the host is now well recognized, it is surprising that no analogous recognition 
mechanism for Th2-inducing species like helminths has yet been defined. However, 
helminth TLR ligands have been discovered, including the RNA activating TLR3 [19] 
and the lysophosphatidylserine glycolipid [20] from Schistosoma mansoni (S. mansoni), 
and additional receptor like C-type lectin receptors (CLRs) may fulfill the role of 
innate detection in different situations [21–23].

3. Host-parasite molecular interaction

In the extracellular environment, simple protein-protein interactions, involving 
with either exposed receptors or fluid-phase host components on the surfaces of host 
cells can be considered the first stage communication between the host and the para-
site. H. polygyrus, secretes a functional mimic of the immunomodulatory cytokine 
TGF-, which binds to mammalian surface receptors and sends an inhibitory signal to 
the T cells (Johnston et al. submitted to be published). Space blocks further conversa-
tion of the numerous singular proteins currently observed to be associated with have 
helminth cooperation, yet maybe the most fascinating are individuals’ superfamily 
of the cysteine-rich secretory proteins, antigen 5, and pathogenesis-related 1 proteins 
(CAP) (Pfam00188) which are significantly extended across all helminth parasite 
heredities [24, 25], and profoundly addressed in the emitted protein sections [26, 27]. 
One member of this family, a hookworm named Necator americanus, was one among 
the first to be identified as a potential partner as NIF, an emitted integrin restriction 
inhibitor that stops neutrophils [28].

While functional roles for members of the CAP gene family other than NIF 
are sparse, a homolog attaches to a tomato plant innate defense protein, limiting 
resistance systems, and triggering infection in a plant-parasitic worm [29]. As a 
result, helminth-released proteins are not limited to cooperating at the host cell 
surface, but can also play functions inside cells, raising the question of how they 
enter the cell.
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3.1 Helminth derived proteins and their intracellular functions

Two well documented helminth glycoproteins infiltrate the host cells and have 
immense implications. The S. mansoni egg-inferred glycoprotein ω1 is a ribonuclease 
with Lewis X glycan side chains that bind to the surface lectin of dendritic cells, 
interfering with take-up into the phone and causing the protein moiety to serve as a 
protein blend obstructer [30, 31]. DCs treated with ω1 activate the type 2 immune 
pathway, causing immature T cells to mature into Th2 effector cells. The major 
secreted glycoprotein of the filarial nematode Acanthocheilionema viteae (A. viteae) 
is a distinct mediator of ES-62 could be 62-kDa component with N-linked phosphoryl 
choline (PC) side chains. Through interaction with ES-62 enters the cell via TLR4 
on the surface, and the PC moiety disrupts the downstream signaling of both the 
B cell receptor and TLR4 within the intracellular milieu, effectively blocking cell 
activation [32]. Although TLR3 is an intracellular pathogen sensor, and the FheCL1 
cysteine protease from Fasciola hepatica (F. hepatica) kills TLR3 in host macro-
phages, limiting activation; despite the fact that TLR3 is an intracellular pathogen 
sensor, FheCL1 can reach the endosome and degrade the receptor in situ [17].

The filarial cystatin molecule CPI-2 is used to target a distinct route. This 
protein contains two blocking sites that are resistant to cysteine proteases and 
asparagine endo peptidase (AEP) [33]. Human B cells that have been exposed to 
CPI-2 from Brugia malayi (B. malayi) (a human filarial parasite) are no longer 
able to practice presenting protein antigen to T cells, a process that is dependent 
on AEP activity in the endosome [33]. Advance research on a closely related cys-
tatin from A. viteae show that it is taken up by mouse macrophages and activates 
ERK and p38 kinases, resulting in the production of immune regulation interleu-
kin-10 (IL-10), which is linked to the activation of the CREB and STAT3 signaling 
pathways [34].

Although the entrance pathway cannot always be determined, other products have 
been found to modulate intracellular signaling in host cells. The ALT-2 protein, for 
example, is generated from a large larval transcript of the filarial parasite B. malayi, 
when this protein was given to macrophages or introduced into macrophages via the 
intracellular protozoan Leishmania mexicana (L. mexicana), it induced the signaling 
proteins GATA3 and SOCS1, which are active to generate type 2 responses and inhibit 
IFN-dependent intracellular inflammatory signaling [35].

3.2 Identification of exosomes and their implications in host-parasite interactions

Apparently, particularly exosomes and extracellular vesicles appear to play an 
important role in cellular communication. Exosomes are nano vesicles with a diameter 
of around 50–100 nm that are secreted by all cells to allow the transfer of specific 
cargo, primarily lipids, proteins, and RNA species, as well as other phenotypic mark-
ers from their cell of origin [36, 37]. Exosomes are formed by the inward budding of 
multi-vesicular endosomes within a cell, and include components of the original cell, 
such as RNAs or proteins, that may be trafficked into the same compartment. The 
extracellular vesicles have been discovered from kinetoplastids growths, and microor-
ganisms’ group, the hypothesis that exosome-interceded correspondence could work 
on a cross-animal categories stage, by which parasite-inferred exosomes could associ-
ate with, and conceivably adjust, the host invulnerable framework [38]. Exosomes 
have just recently been discovered as integral products of extracellular organisms such 
as helminths [38, 39].
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According to the recent research, exosomes are produced by parasitic helminths. 
The excretory-secretory portions of the trematodes F. hepatica, and Echinostoma 
caproni, which contaminate the liver and gastrointestinal system individually, were 
the first to disclose this [40], as well as the nematode H. polygyrus, which con-
taminates the small intestinal tract [41]. Information derived from the trematode 
concentrates additional advises that ES inferred exosomes are fit for arriving at the 
host climate, as they seem, by all accounts, to be discovered unblemished on the para 
destinations’ covering. The capacity of helminth exosomes to cross-phylum com-
munication between mammals, and helminths is further supported by their uptake 
by host intestinal epithelial cells.

Exosome formation in free-living nematodes was first demonstrated in helminths, 
with the demonstration that a novel secretion pathway from the apical membrane 
of Caenorhabditis elegans co-secretes multi vesicular bodies containing exosome-like 
vesicles with peptides that normally promote cuticle growth [42]. Helminths and 
protozoa exosomes have similarities in various specific markers. In heat-shock protein 
70 (HSP70), endosomal sorting components like surface tetraspanins, and Alix, 
including CD63 and CD9 are all found in mammalian exosomes [37]. As an example, 
when exosomes secreted by macrophages, which are Leishmania-infected experience 
a series of phenotypic alterations followed by infection, and they hold some exosome 
markers, with CD63, TsG101, and Alix [43]. Furthermore, transcriptome investiga-
tion of the cestode, Echinococcus granulosus, revealed the existence of other CD63-like 
tetraspanin family members [44]. Tetraspanins have been chosen as a vaccine against 
Echinococcus multilocularis, a tapeworm that causes alveolar echinococcosis, a highly 
lethal illness that has spread throughout areas of Central Europe, China, and Siberia 
[45, 46]. This tetraspanin-targeting vaccination is also being investigated as a poten-
tial treatment for the human pathogen S. mansoni [47, 48].

Earlier, it was seeming that H. polygyrus, a mouse gastrointestinal nematode, has 
previously been demonstrated to release exosomes containing various miRNA types 
as well as a significant number of proteins, accounting for around 10% of an adult 
worm’s total protein secretion [41]. The enrichment of a number of important compo-
nents within the exosomes was also established by a proteomic analysis of the released 
products represented in the soluble and vesicular fractions using ultracentrifugation 
separation. Interestingly, some of these proteins have previously been found in the 
region of C. elegans’ intestinal epithelial apical membrane cells; electron microscopy 
revealed multi-vesicular bodies in the intestinal tissues of H. polygyrus adults, as 
well as exosome-like structures freed into the lumen [41], strongly implying that the 
parasite releases exosomes from its alimentary tract (Figure 2a).

Exosomes from external helminths were also found to have immunomodulatory 
properties. Exosomes from H. polygyrus dominate the innate immune response to the 
fungus Alternaria alternata, which is linked to respiratory allergies, mostly through 
modulating type 2 innate lymphoid cells (ILC2s) [41]. Helminths communicate with 
host systems by releasing a repertoire of molecules, such as proteins, glycan, and 
extracellular vesicles/exosomes containing miRNA (Figure 2b). Both in-vitro and 
in-vivo, H. polygyrus exosomes demonstrate a lower expression of IL1RL1/ST2 tran-
script in mouse cell types. This gene encodes the IL-33 receptor, which is essential for 
ILC2s to trigger the type 2 immune response, which is compatible with exosomes’ in 
vivo protection from allergic inflammation. The role of the IL-33 ligand-receptor axis 
in anti-parasite responses is also well established [18, 49]. As a result, our findings 
support the ability of H. polygyrus derived exosomes to evade parasite clearance by 
altering a critical element of the host immune system.
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Exosomes were identified in the culture media of the digenean trematode livestock 
parasite Dicrocoelium dendriticum, which included over 80 protein components and 
at least 30 miRNA species with similarity or near-identity to known sequences [50]. 
Despite the lack of functional studies, the scientists noted similarities with the key 
Schistosoma miR-3479, miRNAs Bantam, and miR-10, which are visible indicators in 
the plasma of infected animals [51].

Moreover, Nowacki et al. identified over 200 miRNAs, 20 tRNA-derived short 
RNAs, and over 100 proteins in 30–100 nm exosome-like vesicles released by  
S. mansoni schistosomula that are enriched in certain non-coding RNAs and proteins 
[52]. Furthermore, it was discovered that the B. malayi L3 infective stage secretes 
50–120 nm vesicles rich in miRNA species, as well as a protein complement that 
includes not only conventional exosome-associated products, but also those that 
could interfere with host cell responses, like Cathepsin L [53]. Importantly, the adult 
worm stage was shown to produce less exosomes than the infective stage, which is 
likely due to the demands of converting from vector to host at this point in the life 
cycle. Adult S. mansoni worms also release 50–130 nm-sized exosome vesicles with 
approximately 80 identifiable proteins, five of which are tetraspanins, and an abun-
dant saposin-like protein, according to Sotillo et al. [54]. It is also shown that a num-
ber of recognized schistosome vaccine candidate antigens, including the tetraspanins, 
are key components of the exosomes, as previously mentioned. Wang et al. reported 
that adult worms of the similar parasite S. japonicum emit 30–100 nm vesicles after 
being cultivated in-vitro for 5 h, which can be detected using ultracentrifugation of 
the culture solution [55]. Although this work did not identify the protein cargo of 
the exosomes, these scientists discovered that S. japonicum exosomes boosted the 
production of nitric oxide in the murine macrophage-like cell line RAW264.7, along 
with other markers of a Type 1 pathway. The presence of many important proteins 
and RNA species in secreted vesicles emphasizes both the complexity and diversity of 
cargo within exosomes, as well as the broad range of potential connections between 
recipient cells [56].

Investigations of the liver fluke Opisthorchis viverrini, a trematode common in regions 
of Southeast Asia and causally connected to cholangiocarcinoma (bile duct cancer) 
have revealed a larger chance for helminth exosomes. Exosomes (measured 40–180 nm) 

Figure 2. 
Host-helminth molecular cross-talk. (a) Helminths communicate with host systems by releasing a repertoire of 
molecules, such as proteins, glycan, and extracellular vesicles/exosomes containing miRNA. (b) Helminth triggers 
the Foxp3+ Treg population by producing short-chain fatty acids (SCFAs) and also stimulates the gut-microbes, 
those secrete SCFAs.
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were found in secretory material from the species mentioned above, along with a similar 
spectrum of related proteins, including tetraspanins [57]. In the bile fluid of infected 
hosts, some proteins linked to exosomes were discovered. Anti-tetraspanin antibod-
ies prevented exosomes from entering host cells, implying that this protein is likely to 
be represented on the vesicular surface in the same way that mammalian exosomes. 
Suggestively, exosomes from O. viverrini were shown to stimulate cell proliferation 
and induce the generation of the pro-inflammatory cytokine interleukin-6 (IL-6) in a 
human cholangiocyte cell line in a way that was partially inhibited by an anti-tetraspanin 
antibody. Taken together, these findings support the theory that O. viverrini energies 
cause tumorigenic alterations in the host bile duct, which could explain the parasite’s 
carcinogenic effects.

3.3 Exosomes contain helminth miRNAs

It’s been a while, all around archived that micro-RNAs and non-coding RNAs 
specifically, move among cells and life forms through their epitome inside exosomes 
and other vesicles found outside of the cell [58]. Certainly, this gives a piece of 
machinery for RNA protection from destruction outside the cell, and appears to 
provide an absorption pathway to transfer RNA to the recipient’s proper cellular 
compartment. Many of the investigations mentioned above, including those from 
the nematodes B. malayi [53] and H. polygyrus [41], as well as the trematodes D. den-
driticum [50] and S. mansoni, identified short RNAs within parasite exosomes [52].

We were able to show a collection of RNA species bundled inside exosomes, 
including miRNAs such as let-7, miR200, and diminutive [41], which may block the 
mouse phosphatase Dusp1 using a quantitative measure, thanks to H. polygyrus. New 
information differentiating wide miRNA collections in parasitic helminths is rapidly 
emerging, albeit the circulation of these released conservative exosomes inside 
parasitic helminths has yet to be established.

Most importantly, definitive proof for helminth-derived miRNAs acting on 
host genes has yet to be discovered; however, the circumstantial evidence remains 
enticing; not only are extensive seed sequences shared between helminth and host 
miRNAs, but the miRNA-rich exosomes (at least of H. polygyrus) also contain worm 
Argonaut protein [41, 59]. Indicating that a functional gene repression package is 
being delivered to the targeted cells.

4. Host-parasite communications through small molecules

Mechanisms of tiny molecules, hormones, molecular cues, and metabolites, 
which are closely involved in intercellular communication, draw much attention. As 
an example, short-chain fatty acids (SCFAs, butyrate, acetate, and propionate), for 
example, which are commensal derivatives at the level that promote regulatory T 
cells, are not generated by mammalian organisms [60]; dysbiosis is thus considered 
harmful for the disruption of this path [61, 62]. Surprisingly, these chemicals can 
also be produced by helminths [63], implying that commensal bacteria can produce a 
significant amount of SCFAs [64].

Another tiny molecules produced by filarial parasites B. malayi and Onchocerca 
volvulus, as well as skin-invasive cercariae of S. mansoni, include prostaglandins D2 
and E2 [65–67]. In addition to tiny chemicals and metabolites, helminths change small 
ligands derived from the host, such as acetylcholine (through acetylcholinesterase) [68], 
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the enormous discussion of platelet-activating factor (PAF hydrolase [69]) and ATP 
(apyrase [70]), among many others, is beyond the scope of this paper.

5. Microbiome-mediated interactions

In the gastrointestinal system, particularly, helminth parasites contribute their 
position with numerous microorganisms, predominantly numerous bacterial species 
recognized as microbiota [71–73]. Remarkably, helminth contamination depend 
on excessive range on the existence of these parasites: as an illustration, in the lack 
of caecal bacteria, Trichuris eggs do not mature in the gut [74]. The majority of 
microbiota study in mice infection with gut helminths have discovered important 
and sometimes comprehensive alterations in species arrangement, mainly within 
Lactobacillus populations and Bacteroides [71–73]. Newly, it was declared that BALB/c 
mice infected with H. polygyrus showed enlargement of the L. taiwanensis species, 
and the degree of colonization with this bacterium was found to be positively linked 
with both adult worm populations and Treg activation [75]. Surprisingly, mice 
administered L. taiwanensis before receiving H. polygyrus larvae were shown to be 
more susceptible to infection, implying that the bacteria and helminth species work 
together to promote infection.

It has also been suggested that the immune-modulating capabilities of helminth 
infection could be aided in part by altering the microbiome of the intestine. To date, 
fascinating research have shown that infected mice’s intestinal contents (which 
comprise bacteria as well as a variety of host and parasite products) can lessen 
allergy symptoms when transmitted to recipient mice [64]. It will be interesting to 
investigate this consequence minutely and mostly if L. taiwanensis, specific bacteria is 
responsible.

Considerably, a recent study showed that fecal miRNAs produced from intestinal 
epithelial cells might influence the microbiome, possibly by interacting directly with 
bacterial genes [76]. Feasibly these miRNAs could potentially be found in extracellu-
lar vesicles, raising the possibility that the helminths and host both might modify the 
microbiome through this innovative mechanism, and indeed as stated below, that host 
exosomes might have an impact on the helminth organism, parasitizing the intestinal 
tract.

6. Host-helminth interaction is bi-directional process

While this analysis has focused on how helminths communicate with the immune 
system of hosts, there are several enthralling examples of how helminths detection 
and response towards host immune state. Adult N. brasiliensis worms acclimate 
towards an immunized host through adjusting secreted acetylcholinesterase expres-
sion levels and isoforms, according to previous research [77]. All the more as of late, 
identification of cytokines from host, has been found in schistosomes, which need 
the existence of TNF from host to develop to laying of egg [78] and filarial parasites 
reacting towards high IL-5 levels present in-vivo by speeding up the development 
and off-spring formation [79]. Helminth receptor illustration is ready to ligate host 
cytokine was set up on account of S. mansoni TGF-β family receptor [80].

An appealing chance of extracellular vesicles from the host may offer of com-
munications of network, which accelerates the helminth parasites, although it is still 
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not proved that, parasites can directly receptive to vesicle-mediated signals. There are 
a developing literature representing the how host-derived extra-mobile vesicle effect 
against defense in opposition of pathogens. As an instance, in recipient infected cells, 
IFN-α, exosomes derived from stimulated cell could induce the antiviral activity and 
bound viral replication [81, 82]. Additionally, semen exosomes from human is associ-
ated in resistant to HIV-1 resulting their uptake into immature cells by reducing viral 
fitness [83]. Innate response towards protozoan parasite Cryptosporidium parvum is 
also established as an instance of exosome-mediated host defense. Activation of host 
epithelium through TLR mediation enhances the secretion of antimicrobial exo-
somes, which contains peptides that limits infection rate of pathogen in the intestinal 
environment [84]. The progress of a targeted host exosomes anti-pathogen response 
has also been examined the usage of a clinical setting, in which host exosomes 
collected from parasite antigen-primed dendritic cells encourage protection against 
various protozoan contaminations, counting Toxoplasma gondii infection [85] and 
Leishmania major [86].

7.  Exploitation of helminth-induced immune modulation as novel 
therapeutic strategy

With people parasitic, helminths have coevolved with centuries, unpredictably 
filtering and fostering a variety in instruments to smother or slant the host’s invulner-
able framework, accordingly advancing their drawn-out endurance. A few helminths, 
like hookworms, make minimal no obvious pathology when present in unobtrusive 
numbers and can even give profits to their hosts humans. Clinical studies on hel-
minth infection of humans have been conducted and analyzed for the protection and 
efficiency of a variety of immune dysfunction to take advantage of this evolutionary 
phenomenon, with mixed results [87]. It was shown that treatment of live helminth 
on mice and larger animals resulting excretory/secretory products, having drug-like 
properties of anti-inflammation, represent an updated pharmacopeia. Such molecules 
include proteins, glycans, and extracellular vesicles, modifications after the translation 
process, several metabolites. Helminth-motivated treatments grips guarantee, this 
adds a test to the medication improvement local area, which is for the most part new 
to unfamiliar biologics that do not act like antibodies. The identification and charac-
terization of helminth compounds and vesicles, as well as the molecular pathways they 
target in the host, provides a unique opportunity to produce customized therapeutics 
stimulated through nature that is safe, efficacious, and immunogenic [88].

8. Conclusions and future perspectives

Throughout evolution, helminths have conveyed a wide variety of host species, 
emerging sophisticated links, also regulate channels with, and even control of, their 
hosts’ immune systems. In host-parasite biology, there is the fast invention that 
several helminth species mediate cross-phylum interactions by releasing exosomes 
which leads to the importance of this pathway. Classification as helminths, how large 
the extracellular parasites, may be capable to “reach in” into the host cells intracellular 
mechanism, rebuilding the behavior through every possible way. The absorption 
of exosomes is not a receptor-dependent process; this is hard for the host to grow 
countermeasures to inhibit properties of exomes on parasites, whereas this would 
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be easier for the parasite for abusing the tracking exosome for operative interfering 
particles, from enzymes to small RNAs, proteins and other modifiers of gene expres-
sion. Additionally, these vesicles suggest vigorous machinery to the parasites, which 
might transport their “message” through extracellular spaces present in diverse nature 
and quite probably through cells and tissues.

More information from exosomes of helminths would lead towards balancing 
their effects, gaining our prevailing knowledge about immunomodulatory proteins 
and glycan. If we can produce antibody reactions towards components of the surface 
membrane, which are needed for cell entry, exosomes could be a good vaccine target. 
Additionally, new drug aims may appear from elaborating the paths needed for the 
biogenesis of exosome in helminths, and the cellular events of a host cell, which 
occurs after helminth exosome uptake. Hereafter, a new opening has unlocked on 
how helminths overthrow the immunity system and how they deal works by defeating 
the strategy of the helminth.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 9

Oxygen and Redox Reactions 
Contribute to the Protection of 
Free-Living and Parasite Helminths 
against Pathogens and/or Host 
Response
Agustin Plancarte and Gabriela Nava

Abstract

Millions of years ago, the reductive atmosphere environment of Earth was 
replaced by an oxidative one because of redox reactions. These conditions allowed 
aerobic organisms to populate the planet and control the toxicity of oxygen. Aerobic 
organisms began to produce reactive oxygen species (ROS) via oxygen redox reactions 
and used them for their physiology process. Free-living helminths appeared in the 
early Paleozoic era and parasite helminths in the late same era. Free-living helminths, 
such as Caenorhabditis elegans and earthworms, have been used as host models to 
understand their micro pathogen defenses, particularly those associated with ROS. 
We speculate that the micro pathogens of C. elegans are equivalent to the parasite 
helminth hosts in terms of generating a worm’s defense response. Therefore, parasite 
helminths may share similar defense mechanisms to humans, as in C. elegans. This 
last observation suggests the existence of a conservative pathogen protection process 
for centuries. This review discusses the evolution of oxygen molecules and redox 
reactions, as well as of the Earth’s atmosphere, and changes over time in the protec-
tion of helminths mechanisms. These mechanisms have been so successful that have 
improved our understanding and have had a positive impact on humans.

Keywords: Earth origins, oxidoreduction, helminths, antioxidant defenses, innate 
immunity

1. Introduction

There are two types of helminths: free-living and parasitic helminths. For 
decades, free-living helminths have been used as models in studies on mechanisms 
used to survive against the pathogenic effects of micro pathogens. Because of the 
evolutionary link between free-living helminth defenses and human innate immu-
nity, this research is highly relevant to humans [1].



Parasitic Helminths and Zoonoses - From Basic to Applied Research

166

On the other hand, little is known about the micro pathogens that affect 
animal helminth parasites, particularly in the adult form, despite coexist-
ing with large numbers of microorganisms in the intestine of their host. This 
gap in our understanding is problematic because of the damage that hel-
minth  parasites can inflict on the health of their hosts, including humans and 
livestock.

Identifying the defense mechanism that helminth parasites use against their 
micro pathogens, as is known for free-living helminths, would be extremely 
useful. However, this is technically impossible, despite indirect information 
suggesting that helminth parasites develop defense mechanisms against micro 
pathogens as a result of the long periods of time they spend inside the intestine of 
their hosts [2].

One observation relevant to helminth parasites, in relation to the defense mecha-
nisms used by free-living helminths, is that of aerobic organism conditions. Under 
these conditions, free-living helminths survive against their micro pathogens using 
in some situations the toxic capacity of the oxygen molecule to induce oxidative 
stress [3].

The defense mechanisms of helminths against micro pathogens are important in 
the study of the evolution of helminths from their ancient origins to the modern day. 
Understanding these mechanisms will provide insights into oxidative mechanisms 
and reduction-oxidation reactions (redox) more generally, both of which are chemical 
events present in the defense mechanisms of any pathogen.

2. The origin of helminths

Helminths are free-living parasitic invertebrate metazoan organisms. They 
include nematodes (round worms), trematodes (flukes), cestodes (tapeworms), and 
acanthocephalans (thorny-headed worms). The fossil record provides evidence that 
ectoparasitic helminths (e.g., worm-like pentastomid arthropods) have existed since 
the early Paleozoic era (542–444 million years (My)), while endoparasitic helminths 
(cestodes) arose during, or possibly even before, the late Paleozoic era (416–251 My) 
[4]. Therefore, the origins of helminths, all from free-living and parasitic organisms, 
were derived from a world in which the atmospheric conditions were initially reduc-
tive before transforming to oxidative [5].

3. The “rusting” of the Earth

The amount of oxygen (O2) in the atmosphere before the Paleozoic era was 
at levels <0.001% of those present in the atmosphere today. However, during the 
Paleozoic and after this era, free oxygen was spawned by cyanobacteria producing 
land releasing it as a by-product of photosynthesis [6], causing the Great Oxidation 
Event (GOE), which dramatically changed the composition of the Earth’s life forms 
and led to the near extinction of anaerobic organisms. The GOE is believed to have 
input sufficient oxygen into the atmosphere to allow for the evolution of animal 
respiration Figure 1.

On the other hand, if cyanobacteria were fundamental for the “rusting” of the 
Earth, redox reactions (electron transfer mechanism or redox) would still be relevant, 
in particular for the physiology of aerobic organisms.
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In the Hadean eon (4.6 billion years ago), redox reactions were a response to the 
large amounts of energy in the primitive Earth resulting from cosmic and geophysical 
reactions occurring at the time [7].

4. Energy flow theory

The energy flow theory proposed by Harold Morowitz is useful for explaining the 
origin of life [8]. In the primitive Earth, millions of reduction-oxidation reactions took 

Figure 1. 
Earth atmosphere modification and consequences on living organisms. Cyanobacteria are associated with the 
Great Oxidation Event (GOE) on Earth. Then redox reactions contribute to the development of reactive oxygen, 
nitrogen, and sulfur species (ROS, RNS, RSS). High concentrations of these are avoided through glutathione 
(GSH)/thioredoxin (TrxR) systems, but low species concentrations are necessary for signal transduction pathway 
cells to control gene expressions.
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place, one of which occurred between molecular hydrogen (reductor) and carbon dioxide 
(oxidant). This redox reaction was not spontaneous. Therefore, primitive organisms, such 
as helminths, acquired the skills needed to manage this reaction via enzyme catalysis. The 
citric acid or Krebs cycle is one such example. In addition to the citric acid cycle, aerobic 
organisms, such as helminths, developed a group of metabolic cycles to obtain their capac-
ity to manage oxygen because of their dual contrasting molecular characteristics Figure 2.

Figure 2. 
Redox throughout life’s evolution. Two different groups of molecules that originate redox reactions. Principally, 
metals, in the early Earth contributed to its oxidation. Redox enzymes in organism, including helminths, 
contributed to their homeostasis.
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5. The contrasting oxygen molecule

As described previously, although molecular oxygen is vital for aerobic organisms, 
it is also a toxic mutagenic gas due to the production of intermediary oxygen mol-
ecules and reactive oxygen species (ROS) [9]. The toxicity of oxygen arises from its 
chemical electron acceptability by redox mechanisms, producing superoxide radicals 
(O•∙), hydrogen peroxide (H2O2), hydroxyl radicals (•OH), and singlet oxygen (O2), 
also known as reactive oxygen species (ROS). When concentration of ROS exceeds 
the capacity of the cells’ defense systems, this results in the phenomenon of oxida-
tive stress, which is characterized by an increase in the reduction potential or a large 
decrease in the reducing capacity of the cellular redox couples.

Oxidative stress is associated with damage to biological molecules. ROS can 
oxidize amino acid chains and cross-link proteins, as well as oxidize protein back-
bones. The highly reactive hydroxyl radical (•OH) reacts with DNA via the addition 
of double bonds of DNA bases and by the abstraction of a hydrogen atom from the 
methyl group of thymine and each of the C∙H bonds of 2-deoxyribose. Furthermore, 
ROS also induces the process of lipid peroxidation in lipoprotein particles or mem-
branes, giving rise to a variety of products, including short chain aldehydes, such as 
malondialdehyde or 4-hydroxynonenal, alkanes, alkenes, conjugated dienes, and a 
variety of hydroxides and hydroperoxides.

One way to understand how oxidative stress works in free-living helminths is to 
appreciate the process by which these organisms can be affected by bacterial virulence. 
This observation is clear from the studies developed in C. elegans, which produced 
hundreds of mutant worms with enough different genes [10] and mutants for the study 
of all aspects of this organism. Therefore, this worm is an excellent host model for the 
study of the evolutionarily conserved mechanisms of microbial pathogens.

Based on this, microbes that cause diseases in mammalian hosts have also been 
shown to be important for diseases in C. elegans, and as a terrestrial microbiome,  
C. elegans can be fed not only with the auxotrophic Escherichia coli strain OP50, which 
is harmless to the worm, but also with a variety of pathogenic bacteria. This means 
that a way to understand how a worm can get a disease is just to see them without 
movement in culture in the presence of the pathogen bacteria. Specifically, it was 
observed that C. elegans was killed when the Pseudomonas aeruginosa PA14 strain or 
another pathogenic microbe was provided as a food source [11].

A historical summary of the major results obtained in the study of the C. elegans 
model is as follows: (a) Sifri et al. [12] identified C. elegans as a new, simple, and cheap 
model organism for the study the pathogenesis of the Gram-negative bacteria  
P. aeruginosa and Salmonella enterica serovar Typhimurium. (b) Garsin et al. [13] showed 
that the Gram-positive bacteria Enterococcus faecalis and Streptococcus pneumoniae kill C. 
elegans. (c) Hodgkin et al. [14] demonstrated that the genetically amenable nematode C. 
elegans is ideally suited to identify host factors. Therefore, the biological complementar-
ity between C. elegans and pathogenic microorganisms is well suited for the study of 
bacterial virulence, not least because of the vast bacterial strains available for this aim.

6. How helminths, particularly C. elegans, are killed by pathogens

To answer this question, several research groups have developed nematode bacteria 
experimental systems. Their results can be grouped into five different mechanisms: 
(1) Colonization: The worm is killed slowly through an infection-like process, which 
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correlates with the accumulation of bacteria within the worm’s intestine [15]. (2) 
Infection persistence: In this mechanism, contact between the worm and live bacte-
rial cells is necessary as they accumulate in the intestinal tract of the animal host. 
Additionally, the proliferation of bacterial cells inside the worm intestine is also 
needed to establish a persistent infection. This mechanism suggests that some bacte-
rial species may adhere to the intestinal receptors in worms [16]. (3) Invasive: Bacterial 
cells, such as S. enterica, use a type III secretion system to invade C. elegans [17]. In 
this worm, there are two major surfaces that act as nutritious bacterial interfaces: the 
first is at the chemosensory and olfactory neurons of the amphids, and the second is at 
the apical surface of intestinal cells. (4) Biofilms: These occur when bacteria form an 
obstructive matrix over the animal pharyngeal opening, which accumulates over time 
and prevents normal feeding and nutrition [18]. (5) Toxin-mediated killing: Bacterial 
pathogens kill worms via the production of diffusible toxins. Under these condi-
tions, no bacterial but rather a soluble toxin is necessary to kill the worm [19]. For the 
first four mechanisms, direct contact with the pathogen microbes is necessary. The 
fifth mechanism requires that a soluble toxin reaches the worm. These mechanisms 
indicate that toxin-mediated killing associated with ROS products is feasible, as all 
redox reactions are developed under soluble conditions. For example, if the C. elegans 
mutants mev-1(kn1) and rad-8(mn163) are fed with the human opportunistic patho-
gen P. aeruginosa strain PA14, they will be killed. This is because P. aeruginosa secretes 
phenazines, and this organic compound exerts its toxic effect on C. elegans mutants 
undergoing redox cycling for ROS production.

7. How helminths defend themselves against pathogens

Although the mechanisms by which different bacteria affect the resistance of 
worm to pathogens are poorly understood, helminths have developed a number of 
different procedures to survive: (1) Behavioral defense: In this case, the worm detects 
olfactory stimuli, recognizes odors, and modifies its behavior by olfactory learning 
and imprinting [20]. (2) Barrier mechanism: The muscular pharynx grinder provides 
a physical barrier against pathogens, which protects them by disrupting the engulfed 
microbes [21]. (3) Production of soluble molecules: Examples of antimicrobial 
proteins and peptides in response to microbial infection [22]. (4) Direct inhibition of 
pathogens: Exerts a commensal-mediated protective effect on C. elegans [23]. (5) RNA 
interference: Orsay virus (OV) is a natural pathogen of C. elegans. The worm develops 
specific protection against this virus via the antiviral RNAi response. This mechanism 
not only inhibits vertical OV transmission, but also promotes transgenerational inher-
itance of antiviral immunity [24]. (6) Innate immunity involving signaling pathways: 
Specific responses that protect and repair against the collateral damage caused by 
ROS are critical for a successful attack against pathogens. Thus, there is a connection 
between the generation of ROS by Ce-Duox1/BLI-3 and the upregulation of a protec-
tive transcriptional response by SKN-1 [25]. (7) Oxidative damage: The secretion of 
ROS by gut epithelia [25]. ROS are known to be involved in tissue damage. This is 
because of the imbalance between the antioxidizing defenses of the organisms and 
the oxygen intermediaries produced in cells during aerobic metabolism and/or host 
inflammatory defenses against some pathogens.

NADPH oxidases, whose biological function lies in electron transport, are also 
a major source of ROS. These enzymes are multi-pass transmembrane proteins that 
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catalyze the reduction of extracellular or luminal oxygen by intracellular NADPH 
to generate superoxide anions (O2•) [26]. NADPH oxidases have been discovered 
in macrophages as a defense mechanism against pathogens, but today it is known 
that they are widely distributed in different kingdoms with multiple biological 
functions. The importance of these enzymes in aerobic organisms has led to the 
discovery of the NOX/DUOX family of NADPH oxidases, which includes three 
NOX subfamilies: ancestral type, NOX5-like, and DUOX [27]. DUOX isoforms that 
presumably developed from the NOX5-like subfamily are known as dual oxidases 
because they have both a peroxidase homology domain and a gp91phox domain. 
This last domain is the heme-binding subunit of the superoxide-generating NADPH 
oxidase, the catalytic moiety; thus, DUOXs produce anion superoxide (O2•) and 
hydrogen peroxide (H2O2) by transferring one and two electrons, respectively, from 
intracellular NADPH to extracellular oxygen. DUOX is the only type of NOX pres-
ent in C. elegans. The worm encodes two Duox genes (bli-3 and duox-2) that share 
an amino acid sequence with 94% identity to each other and approximately 30% 
to human Duox 1 and 2. It is known that C. elegans intestinal cells, like mammalian 
phagocytes, produce ROS, such as O2• and H2O2, via DUOXs as an antimicrobial 
response [3].

Therefore, C. elegans may be able to exert lipid peroxidation in the lipid membrane 
of micro pathogens in an effort to kill them, as has been described in prokaryotes and 
other eukaryote parasite-host relationships in the past.

8. The importance of lipid peroxidation

Lipid peroxidation comprises a chain of reactions involving the oxidative degrada-
tion of lipids. It is the process in which free radicals, such as O2•, “steal” electrons 
from the lipids in cell membranes, resulting in cell damage. This process evolved from 
a free radical chain reaction mechanism, which comprised three steps: initiation, 
propagation, and termination. In the first step, O2• interacts with polysaturated fatty 
acids. This O2• is dismuted by superoxide dismutase, and in addition to hydrogen 
atoms, it breaks down into ordinary molecular oxygen and H2O2. Then, H2O2 in the 
presence of Fe2+ produces hydroxyl anions (OH•) via the Fenton reaction. The OH• 
takes away allylic hydrogens from the polyunsaturated fatty acid chains to obtain a 
radical carbon (L•). Then, the easy reaction with oxygen molecules by L• gives rise to 
the peroxyl radical (LOO•). When hydrogens are removed from polyunsaturated fatty 
acid neighbors, this LOO• results in the formation of lipid hydroperoxide (LOOH). 
The propagation step occurs when LOO• interacts with other polyunsaturated fatty 
acids, resulting in the formation of further lipid radicals and H2O2. Additionally, the 
catalysis of H2O2 by Fe2+ makes results in the formation of alkoxy and peroxy radicals 
during propagation step, with this secondary free radical production beginning 
another lipid hydrogen peroxide chain. Termination occurs when two radicals are 
conjugated, the result of which is a non-radical product.

The C. elegans model provides an opportunity to gain insights into how free-living 
helminths and parasite helminths exert this strategy to protect themselves against 
oxidative stress, even if the ROS are self-produced, as in C. elegans, or by the host 
response, as in human parasite helminths. In addition, the concept of lipid peroxida-
tion can be explained practically since lipid peroxidation starts with the same oxida-
tive molecules in any organism.



Parasitic Helminths and Zoonoses - From Basic to Applied Research

172

Due the short life of C. elegans compared with humans, the exertion of lipid per-
oxidation against micro pathogens could be considered an acute response, if a short 
one, as it is sufficient to damage the worm’s own tissues. In other words, collateral 
damage can result from the processes by which worms are trying to kill micro patho-
gens. In human helminthiasis is a rule to see the development of chronic infections 
besides lipid peroxidation.

9. DUOX/NADPH oxidases in toxicity and signal transduction

C. elegans is known to express antioxidant genes for protection against its auto-
oxidative response, as described previously [28]. Human helminth parasites may also 
exert similar procedures for protection against oxidative stress. Therefore, under-
standing how C. elegans resist their own protective oxidative response could provide 
insights into how helminthiasis chronicity evolved in humans.

In this sense, Hoeven et al. [25] found that aerobic organism evolution works in a 
balanced dualism. For example, when the Earth’s atmosphere became oxidant, living 
forms, including older forms of free-living helminths, developed an extremely com-
plex cellular signal mechanism to manage oxygen toxicity. This permitted them to kill 
their adversary while surviving the collateral damage at the same time; this strategy 
is very clever and clearly observed in C. elegans. Upon exposure to P. aeruginosa and E. 
faecalis, C. elegans uses DUOX/1BLI-3 to kill pathogens by producing ROS. In addition, 
as DUOX/1BLI-3 is activated to kill pathogens found in the intestine of helminths, 
SKN-1 (Skinhead family member 1) transcription factor, a member of the Cap’n’collar 
(CNC) protein family, is simultaneously activated to avoid tissue damage [29].

Transcription factors belonging to this group of proteins play a crucial role in 
protecting cells against oxidative stress. Under physiological conditions, they remain 
in the cytoplasm in the inactive form or are degraded. However, under oxidative stress 
conditions, they are translocated to the nucleus and bind to DNA in the antioxidant 
response element (ARE) motif. Consequently, genes encoding cytoprotective pro-
teins, such as low-molecular-weight antioxidant proteins (i.e., thioredoxin, ferritin, 
and metallothionein), responsible for protecting cells against the action of ROS, are 
transcribed. C. elegans SKN-1 has been extensively studied, with studies finding that 
this transcription factor is orthologous with the nuclear factor erythroid 2 (NFE2)-
related factor 2 (Nrf2). They are both members of the CNC subfamily of the basic 
leucine zipper (bZip) transcription factors [30].

Both transcription factors are highly conserved proteins with functions similar 
to those of the promoters of oxidative-stress-related genes. In fact, Nrf2 and 
SKN-1 regulate phase II detoxification genes needed to defend against oxidative 
stress and electrophilic xenobiotics. With this detoxification system, worms can 
solubilize lipophilic xenobiotics or endobiotics via cytochrome P450s (CYPs) and 
short-chain dehydrogenases (SDHs), two classic enzymes of the phase I detoxifi-
cation step. Reactive products, including ROS originating from the original toxic 
molecules, are detoxified, either via metabolization or conjugation, by the phase 
II system using UDP-glucuronosyl/glucosyl transferases (UDP) or glutathione 
transferases (GSTs), among others. Afterward, conjugated toxins are eliminated 
from cells by phase III proteins, including ATP-binding cassette (ABC) and other 
transporters.

Thus, similar to Nrf2, SKN-1 controls many critical detoxification processes 
directly as glutathione transferase enzymes (GSTs).
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10. Glutathione transferases (GST) and their importance in detoxification

From an evolutionary point of view, these enzymes emerged over two billion years 
ago. Based on structural and functional criteria, they can be grouped into four differ-
ent families: cytoplasmic, microsomal, mitochondrial, and bacterial.

Glutathione transferases are ubiquitous in prokaryotes and eukaryotes, indi-
cating their protective and functional importance. These transferases are a large 
superfamily of supergene isoenzymes that play important roles in cell detoxifica-
tion. These enzymes use electrophiles to catalyze the nucleophilic addition of the 
thiol of reduced glutathione (l-g-glutamyl-l-cysteinyl-glycine) (GSH) to elec-
trophilic centers in organic compounds. The resulting glutathione conjugates are 
rendered more water-soluble to facilitate their eventual elimination. A wide variety 
of endogenous (e.g., by-products of reactive oxygen species activity) and exog-
enous (e.g., polycyclic aromatic hydrocarbons) electrophilic substrates have been 
identified. In addition, the detoxification functions of these enzymes have been 
observed not only in one but two mechanisms: passive detoxification and active 
detoxification. The former, as mentioned by Kostaropoulos et al. [31], refers to a 
detoxification mechanism characterized by an absence of catalytic function, such 
as the binding of potentially toxic non-substrate ligands, including porphyrins and 
lipid peroxides. In fact, GSTs were originally named “ligandins” due to their passive 
role in detoxification.

Ligandin activity exhibited by GST isoforms was first suggested as a result of the 
observed affinity for bilirubin, an azo dye carcinogen, and a metabolite of cortisone. 
The second mechanism was developed by catalytic activity, as described previously 
Table 1.

Glutathione transferases in cestodes were identified several years ago. Initially, 
these cestode transferase isoforms were associated with the detoxified procedures in 
several organisms, including C. elegans [32, 33]. However, because almost all GSTs 

Ligand I50 (mM) Ki (mM) %F (mM)

Mesoporphyrin 00.0012–0.1 15, 30, 45 0.0003–0.014

Prothoporphyrin 0.002–0.064 12, 24, 36 0.0012–0.027

Coproporphyrin 0.0005–0.005 0.0015, 0.0045 0.0002–0.014

Hematin 0.0007–0.012 0.002, 0.004 0.00012–0.003

trans,trans-2,4-hexadienal 0.0001–10 1.5, 3 0.003–1.9

trans,trans-2,4-nonadienal 0.0001–10 0.45, 0.9 0.0016–0.35

trans,trans-2,4-decadienal 0.0001–10 0.01, 0.1 0.0016–2.6

Arachidic acid 0.001–0.25 ND 0.0016–0.2

Palmitic acid 0.0001–1 ND 0.0016–0.27

Cholic acid 0.0001–1 ND 0.003–0.045

Chenodeoxycholic acid 0.0001–0.2 ND 0.001–0.011

Lithocholic acid 0.0001–1 ND 0.025–0 .2

I50, is a parameter giving the inhibitory concentration causing 50% inhibition; Ki is the inhibition catalytic constant 
value; %F, is the % of Ts26GST intrinsic fluorescence quenching; ND, not determined. (Exp. Par. 2014;138:63-70).

Table 1. 
Conditions for inhibition Ts26GST catalytic activity and spectrofluorometric assays.
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have GSH as a nucleophilic substrate, and this is the central redox agent of most aero-
bic organisms, GST functions encompass other purposes, as reported by Ferguson 
and Bridge in the C. elegans model [34].

11. The redox couples in enzyme functions

As mentioned before, the reduced form of glutathione (GSH) serves as a ubiq-
uitous nucleophile for the conversion of a variety of electrophilic substances under 
physiological conditions. This is possible when GSH is oxidized to glutathione disul-
fide (GSSG) by a reaction that involves the transfer of electrons between two species; 
in other words, when it is affected by the redox reaction.

GSH/GSSG is an example of millions of redox couples that are chemically similar 
or different, present in cells, organs, tissues, biological fluids, and cell organelles. A 
considerable number of these redox couples could be linked to each other to form a 
set of related redox couples, or redox couples that work independently. These reac-
tions are achieved by capturing the energy released via oxidation to build cellular and 
organismic structures, maintain these structures (some avoid pathogenic action), and 
provide energy for the processes they support.

The production of a large number of redox couples in aerobic organisms occurs by 
enzymes and proteins of the glutaredoxin and thioredoxin systems, the former using 
GSH and the latter thioredoxin (Trx) [35].

12. The glutaredoxin and thioredoxin systems

The glutaredoxin system is composed of glutathione reductase (GR or GSR), 
glutathione (GSH), and glutaredoxin (Grx), while the thioredoxin system comprises 
thioredoxin reductase (TrxR) and thioredoxin (Trx). The glutaredoxin and thiore-
doxin systems are likely to have evolved very early in aerobic organisms. Owing to the 
cysteine moiety of GSH, the entire system is based on common sulfur biochemistry. 
Therefore, it requires an electron relay, linking the universal reducing agent NADPH 
to thiol/disulfide metabolism, and a thiol-containing adapter molecule (GSH, which is 
considered as a universal adaptor) to transfer electrons to a set of different acceptors, 
such as flavoproteins, which are widely used as electron relays.

Hence, it is not surprising that the reducing equivalents from NADPH enter the 
glutathione system either with the help of the FAD-dependent enzyme glutathione 
reductase (GR) or the thioredoxin reductase/thioredoxin couple (TrxR/Trx).

Glutaredoxin protein (Grx) was first described in crude enzyme preparations from 
beef liver by Racker [36] in 1955. Grxs are small (12–18 kDa) GSH-disulfide oxidore-
ductase members of the thioredoxin family, which includes the cytosolic (Grx1) and 
mitochondrial (Grx2) isoforms. Oxidized Grxs are reduced by GSH. According to its 
active site domain, Grxs are classified as dithiols (CPY/FC motif) and monothiols 
(CGFS motif), wherein monothiols can contain single or multiple monothiol Grx 
domains. Dithiol Grxs regulate the redox state of various proteins by catalyzing the 
reversible reduction of oxidized disulfides. For this purpose, Grxs use both cysteine 
residues from their active sites. In contrast, the monothiol Grxs reduce mixtures 
of disulfides (glutathionylation) formed between GSH and the thiols of proteins 
or other small compounds, using the cysteine residues from the active sites in their 
amino terminals.
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With regard to the glutaredoxin genes of C. elegans, five have been annotated: glrx-3, 
glrx-5, glrx-10, glrx-21, and glrx-22 [37]. Except for glrx-5, which is predicted to be a 
mitochondrial glutaredoxin, the other annotated glutaredoxins are expected to be found 
in the cytosol. Based on phylogenetic analysis, the C. elegans GLRX-3 isoform has been 
postulated to be an ortholog of the mammalian GLRX3 protein kinase C-interacting 
cousin of thioredoxin (PICOT), suggesting that it exerts a protective mechanism against 
DNA-damage-inducing agents, such as some micro pathogens, by acting as an upstream 
positive regulator of ATR-dependent signaling pathways. On the other hand, a recent 
report demonstrated that C. elegans exhibits changes in the protein S-thiolation patterns 
(i.e., S-glutathionylation and S-cysteinylation) of targeted cysteine residues. This evi-
dence suggests that glutaredoxins may provide an evolutionarily conserved mechanism 
for the catalysis of the reversal of S-glutathionylation, preventing the irreversible oxida-
tion of protein thiols in C. elegans derived from micro pathogens.

Recently, the human and pig helminth parasite, Taenia solium, was cloned, 
expressed, and characterized for the first time as glutaredoxin (r-TsGrx1) [38]. The 
full-length DNA of the TsGrx1 gene comprised one intron of 39 bp and a single ORF 
of 315 bp, encoding 105 amino acid residues with an estimated molecular weight 
of 12,582 Da. Sequence analysis revealed a conserved dithiol C34PYC37 active site, 
GSH-binding motifs (CXXC, Lys and Gln/Arg, TVP, and CXD), and a conserved 
Gly-Gly motif. The r-TsGrx1 kinetic constants for glutathione (GSH) and 2-hydroxy-
ethyl disulfide (HED) were determined. Conventional enzymes, such as tioredoxin 
reductase (TrxR) and glutathione reductases (GR or GSR), do not exist in Theridion 
solium. However, the presence of a protein hybrid tioredoxin glutathione reductase 
(TGR), with tioredoxin and glutathione reductase activity, as described below, makes 
it possible for the components of Trx and Grx systems in platyhelminth (flatworms) 
to work as observed in organisms that have independent enzymes for those functions.

Protein S-glutathionylation by glutaredoxins is a widely distributed posttransla-
tional modification of thiol groups with glutathione, which can function as a redox-
sensitive switch to mediate redox regulation and signal transduction. Therefore, the 
presence of Grxs in C. elegans and T. solium contributes to our understanding of the 
micro pathogen activation of redox-regulatory processes in these helminths.

GR (also termed GSR, as mentioned before) is a flavoenzyme of the pyridine 
nucleotide-disulfide oxidoreductase family (EC 1.6.4.2, now 1.8.1.7). This enzyme 
recycles reduced GSH from its oxidized form GSSG. However, this function was also 
developed for the thioredoxin system acting as a backup, a trait that is conserved from 
bacteria to mammals, highlighting its physiological relevance, including protection 
against toxicity, in both systems.

Glutathione reductase is a GR-isoform from prokaryote and eukaryotes that form 
stable homodimers of ~110 kDa. From a structural point of view, each subunit is orga-
nized into four domains (FAD binding, NADPH binding, central, and interface) and 
possesses an N-terminal flexible segment of 18 amino acids with a cysteine residue at 
position 2.

In C. elegans, the gsr-1 gene encodes the GSR enzyme, which produces two protein 
isoforms (GSR-1a and GSR-1b) [39], and its expression of GSR-1 is modulated by the 
SKN-1 transcription factor.

The GSR-1 gene is vital in C. elegans because it supports its embryonic develop-
ment, and there is no alternative molecule for this purpose. In many organisms, 
the thioredoxin system exerts GSSG reduction in the absence of GSR. As described 
previously, this appears not to be the case for C. elegans, even though both systems 
have been shown to cooperate in other processes, such as worm molting.



Parasitic Helminths and Zoonoses - From Basic to Applied Research

176

Therefore, the C. elegans thioredoxin and glutaredoxin systems share common 
functions but also have specific non-overlapping roles in worm physiology. The 
thioredoxin system was first recognized in the early 1960s as a reductant of methio-
nine sulfoxide and PAPS (3 H-phos- phoadenosine-5 H-phosphosulfate) in yeast and 
ribonucleotides in E. coli.

Thioredoxin reductase (EC 1.6.4.5) (TrxR) was originally identified in E. coli as 
part of the ribonucleoside diphosphate reductase system. TrxR catalyzes the revers-
ible electron transfer from NADPH to oxidized thioredoxin (thioredoxin-S2), a 
12 kDa protein containing a single oxidation-reduction active disulfide bond. The 
oxidation of NADPH leads to the formation of the reduced form of thioredoxin (thio-
redoxin SH2), which has a dithiol. TrxR directly reduces not only Trx from different 
species but also many non-disulfide substrates, such as selenite lipid hydroperoxides, 
although not glutathione disulfide (GSSG).

The C. elegans genome encodes two thioredoxin reductases: thioredoxin reduc-
tase-1 (TRXR-1), which is the sole selenoprotein in C. elegans, with a UGA-encoded 
Sec in the C-terminal active site, and thioredoxin reductase (TRXR-2), a homolog of 
a UGU-encoded cysteine substitution for Sec. TRXR-1, the cytosolic TrxR, is required 
for the acidification of the lysosomal compartment in the intestine, whereas TRX-2, 
the mitochondrial TrxR, is critical for producing stress conditions. Interestingly, the 
gene expression of both TRX-1 and TRX-2 is induced by heat shock, which results in 
the production of ROS. Both observations suggest the involvement of these TrxRs in 
protection against micro pathogens found in the intestine of the worm [40].

Tioredoxin (Trx), the major TrxR substrate, as mentioned previously, is a disul-
fide reductase with a molecular weight of approximately 12 kDa and has two cysteine 
residues in its consensus sequence (CGPC motif). When chemically reduced, this 
allows for the transfer of reducing equivalents to a wide variety of substrates, such as 
H2O2. Thus, Trxs can, either directly or via 2-Cys peroxidases, catalyze the reduction 
of hydrogen peroxide (H2O2) to water and lipid hydroperoxides (R∙O∙O∙R) to 
alcohols in the cell. Trxs can also inhibit and/or activate transcription factors related 
to immune responses in mammals. For example, the activation of nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-kB) is inhibited when TRX1 
prevents the release of IkB, an inhibitor of NF-κB.

Although the thioredoxin and glutaredoxin systems are vital for aerobic organ-
isms, in platyhelminths (flatworms), both GR and TrxR are missing in their tissues. 
Instead of these proteins, some platyhelminths have a GR and TrxR molecular link 
exhibiting the fusion of glutaredoxin (Grx) and thioredoxin reductase (TrxR) 
domains into a single protein, a selenocysteine-containing enzyme that acts as a 
thioredoxin glutathione reductase (TGR) [41, 42].

Thus, TGR plays a central role in thiol-disulfide redox reactions by providing 
electrons to essential detoxification enzymes, such as GR and Prx. GR reduces the 
tripeptide GSSG to GSH, which acts as the main reducing agent in the catalytic func-
tions displayed by GSTs [43].

Because conventional TrxR and GR are functional in C. elegans, no TGR is found in 
this worm. However, in platyhelminths, TGRs exert an efficient antioxidant defense 
against lipid peroxidation metabolites. In addition to the essential detoxification func-
tion of TGRs in flatworm parasites, as described above, it is necessary to include the 
TGR activities associated with the Grx domain, such as the deglutathionylase activity 
of GSH-protein mixed disulfides (protein-S-SG). Protein glutathionylation is the 
mechanism by which protein-SH groups form mixed disulfides with glutathione to 
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avoid protein-SH group oxidation. In addition, TGRs play essential roles in redox cell 
signaling and sensing. Cell signaling transduction is the mechanism by which exter-
nal stimuli are transferred to their inner compartments, resulting in the activation 
or inhibition of genes; cell sensing is the oxidative modification of protein cysteines 
with consequent events, such as changes in its activities and interactions with other 
biomacromolecules, such as native immunity receptors.

Haemonchus contortus has been used as an excellent model to gain insights into the 
oxidative defenses of hosts against nematodes [44]. H. contortus is a blood-sucking 
nematode parasite of the abomasum of small ruminants that causes a disease known 
as haemonchosis, in which the abomasal epithelium and highly toxic heme molecules 
are released [45]. Free heme catalyzes the formation of cytotoxic lipid peroxides via 
lipid peroxidation using hydrogen peroxide (H2O2) as Fenton reaction.

Figure 3. 
Kinetic evidences of TR and GR activity from HcTrxR3. (A) Reduction of ebselen by NADPH catalyzed by 
HcTrxR3 produced ebselen diselenide and ebselen selenol. To 1 ml solutions containing 50 mM Tris-Cl, 1 mM 
EDTA, pH 7.5, 100 mM NADPH, and 0.1 mM ebselen, 2 μg (▪) or 4 μg (•) HcTrxR3, was added, and A340 
was measured against a blank without ebselen (∆). Ebselen reduction was shown when absorbance decreased 
followed by ebselen selenol formation in the highest enzyme concentration. (B) Effect of NADP+ on the 
glutathione reductase activities of HcTrxR3. IC50 plots were obtained; an enzyme aliquot (about 2 μg) was 
pre-incubated at 25°C in the presence of 100 μM NADPH and different concentrations of NADP+. To start the 
reaction GSSG at a final concentration of 0.2 mM was added. (C) Show a competitive type inhibition where the 
1/v versus 1/[NADPH+] plot of initial velocities HcTrxR3 activity in absence (◆) and the presence of 0.1 mM 
(•) and 0.5 mM (▪) of NADP+ with various concentrations of NADPH+ (0.01–10 μM). Inset shows secondary 
plot of the slope values derived from the primary 1/v versus 1/[NADPH+] plot versus NADP+ concentration for 
the determination of Ki [47].
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The range of antioxidant enzyme systems available to H. contortus for the detoxi-
fication of H2O2 has been investigated using molecular biology tools. As a result, 
full-length sequences were obtained for a 2-Cys peroxiredoxin (Prx), a catalase, and 
a selenium-independent glutathione peroxidase (GPx), indicating that H. contortus 
expresses several antioxidant systems with the potential to detoxify peroxide, most 
of them within the host’s immune response. Other studies identified additional three 
thioredoxin reductases (TrxRs) (HcTrxR-1, HcTrxR-2, and HcTrxR-3), two mito-
chondrial thioredoxins (HcTrx-1, HcTrx-5), and one cytosolic (Trx-3) thioredoxin 
(Trx), increasing the possible mechanisms of H. contortus detoxification. All the 
abovementioned detoxification enzymes and proteins, except catalase, work closely 
with the two major detoxification and redox systems in animal cells: thioredoxin 
(Trx) and glutathione (GSH) [46].

Interestingly, for the first time in the study of the TGR system [47], HcTrxR3 was 
found to catalyze the direct reduction of GSSG, the specific substrate for GR, in the 
same catalytic range as that of any GR. Its affinity for GSSG, measured as Km value, 
was higher than that of the 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) substrate for 
TrxR, demonstrating its preference for the GSSG substrate. Until now, no TrxR has 
been identified that is able to directly reduce GSSG.

This GR activity from HcTrxR3 is important not only because the enzyme is a 
TrxR, but also because information on the presence of GR in the H. contortus tissues is 
lacking thus far Figure 3.

13. The models of detoxified and innate immunity in pioneer earthworms

In addition to being essential for soil fertility, earthworms are also an excellent 
model for the study of the protection mechanisms used by helminths against micro 
pathogens [48], as in C. elegans.

Earthworms are terrestrial invertebrates belonging to the order Oligochaeta, class 
Chaetopoda, and phylum Annelidae. They range in size from a fraction of a centi-
meter to exceptional individuals of Megascolides australis, which can measure up to 
2.75 m in length and 3 cm in diameter. Approximately 1800 species are distributed all 
over the world.

Earthworms became a model for comparative immunology in the early 1960s with 
the publication of results from transplantation experiments that proved the existence 
of self/non-self-recognition in earthworms. This initiated extensive studies on the 
immune mechanisms of earthworms, which evolved to prevent invasion by pathogens. 
In recent decades, important cellular and humoral pathways have been discovered, and 
numerous biologically active compounds have been characterized and cloned [49].

For example, earthworm coelomocytes (macrophage-like cells) are part of the 
cellular immune response and are both morphologically and functionally analogous 
to vertebrate phagocytes. Coelomocyte subpopulations (named as hyaline-, granular 
amoebocytes, and eleocytes) possess distinct functions, such as phagocytosis, encap-
sulation, and cellular cytotoxicity.

Additionally, phagocytic defense by the earthworm Eisenia foetida against certain 
pathogenic bacteria has been found to be aided by bacteriostatic or bactericidal sub-
stances, which may also play an opsonic role, as in vertebrates. Therefore, given the 
molecular tools of earthworm coelomocytes, there is a possibility that these organ-
isms also use a functional NOX/DUOX system to eliminate invading micro pathogens 
via ROS production, as in C. elegans.



Oxygen and Redox Reactions Contribute to the Protection of Free-Living and Parasite Helminths…
DOI: http://dx.doi.org/10.5772/intechopen.102542

179

Author details

Agustin Plancarte* and Gabriela Nava
Facultad de Medicina, Departamento de Microbiología y Parasitología, Universidad 
Nacional Autónoma de México, UNAM, México, CDMX, Mexico

*Address all correspondence to: apc@unam.mx

14. Conclusion

The invertebrate research model has been used to reveal the evolutive link between 
the oxygen atmosphere and the adaptability of helminths to aggressive environments. 
These organisms have been found to use oxygen molecules and redox reactions to 
exert protective effects against micro pathogens. Helminth models have also revealed 
similarities between the cells, molecules, and mechanisms of helminths and those of 
human components used against pathogens, highlighting the evolutionary success of 
these molecules, structures, and biological procedures. Thus, this review shows how 
understanding the mechanisms by which invertebrates manage their environmental 
adaptability can provide insights into how humans protect themselves against their 
own pathogens. Honey bees are another example of this idea, in which individuals are 
protected against micro pathogens via the concept of social immunity [50].
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Abstract

Toxocariosis is a neglected zoonotic infection caused by the nematodes Toxocara 
canis or Toxocara cati. The distribution of the disease is worldwide and mainly affects 
dogs and cats, and its larval stage can cause human infection with serious repercus-
sions on the health of its hosts. The infection causes a delay in the development, diges-
tive disorders, nonspecific nervous manifestations, and occasionally death of some 
puppies and kittens associated with hyperparasitosis. In humans, the infection pro-
duces clinical syndromes known as visceral larva migrans (VLM), ocular larva migrans 
(OLM), neurotoxocariosis and covert toxocariosis. The close contact of people with 
their pets and the environmental conditions that favor the transmission of this 
diseased place it within the context of one health. The One Health concept is defined 
as the collaborative efforts of multiple disciplines (medical personnel, veterinarians, 
researchers, etc.) that work locally, nationally, and globally to achieve optimal health 
for people, animals, and the environment, from this perspective, toxocariosis is a 
study model in which classic and recent knowledge of the medical and veterinary area 
must be combined for its full understanding, with a goal of establishing integrative 
criteria for its treatment, control, and prevention.

Keywords: Toxocara, one health, toxocariosis, zoonosis, visceral larva migrans,  
ocular larva migrans

1. Introduction

Toxocariosis is a neglected zoonotic disease transmitted from dogs and cats to 
humans. This is mainly caused by the presence and action of the nematode Toxocara 
canis (T. canis) and less frequently by Toxocara cati (T. cati syn. T. mystax). T. canis uses 
canines, mainly puppies, as its definitive host, and T. cati uses kittens. In addition, 
they use a wide variety of paratenic hosts, including pigs, sheep, rabbits, rats, mice, 
other mammals, chickens, and other birds. In humans, the infection is accidental, and 
the parasite behaves similarly as it does in paratenic hosts. Some invertebrates, such 
as earthworms and cockroaches, can also have Toxocara larvae in their tissues or their 
gut [1, 2].

Adult T. canis worms live in the small intestine of puppies. The females measure 
from 10 to 18 cm, and the males measured from 4 to 10 cm. At the anterior end, 
they have three small lips that do not protrude beyond the diameter of the body. 
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A dentigerous border can be seen on the inner surface of each lip. Behind the lips are a 
pair of cervical fins that give the anterior end of the worm an arrowhead appearance. 
The posterior end in males ends coiled toward the ventral part and has a terminal 
narrowing in the form of an appendix, and a pair of small and symmetrical spicules 
(0.75–0.95 mm) are observed. In females, the vulva is located approximately in the 
middle of the body, and the posterior end ends at a straight, blunt point. T. cati adults 
are very similar to T. canis; the cervical fins are broader and convex, giving the ante-
rior end a more marked arrowheaded appearance; males are 3–6 cm long, and females 
are 4–10 cm long [3].

2. Biological cycle

Embryonated T. canis eggs are shed in the feces of puppies. In the environment, 
a first-stage larva develops inside the egg, which molts twice until it becomes larva 3 
(L3). Larvated eggs (passive L3 inside) are the infective stage. Depending on humid-
ity and temperature, the development of the infective stage requires 2–5 weeks in the 
environment. In susceptible hosts after ingestion of the infective stage, L3 hatches 
(active L3) in the duodenum and traverses the intestinal wall; the larvae pass into 
the lymphatic flow or blood capillaries. From this moment on, the development 
and migration of the larvae vary depending on whether the host is a young dog 
(<3 months), an adult dog, a pregnant bitch, or a paratenic host (rats, mice, birds, 
and humans, among others) [4].

In puppies, L3 migrate via blood or lymph to the liver, where they remain for 1 
to 2 days. Subsequently, they migrate through blood, pass through the lumen of the 
atrium and right ventricle of the heart and via the pulmonary artery, reach the lungs, 
and cross the capillaries to reach the alveoli. The larvae migrate through the lumen of 
the bronchioles, bronchi, trachea, larynx, and pharynx (tracheal migration), where 
they are swallowed; during this tracheal migration, the larvae molt to L4. The larvae 
remain in the stomach for some time (up to Day 10 postinfection), return to the 
duodenum, and molt to L5 or preadult to finally become adults (19–27 days post-
infection). The prepatent period is 4–5 weeks [4].

In paratenic hosts and adult dogs, L3 larvae migrate through the blood and are 
distributed throughout the body, mainly to the striated muscle, liver, lungs, kidneys, 
and brain, where they remain for years in a state of latency or dormancy as infective 
somatic larvae (dormant larvae) until they die and calcify.

In pregnant bitches, on approximately Day 20 of gestation, many of their dor-
mant larvae are reactivated by the influence of progesterone. Between Days 43 and 
47 of gestation, under the influence of progesterone and prolactin, the larvae cross 
the placenta and infect the fetuses. The larvae remain in the fetal liver until birth; 
later, by blood, they migrate to the lungs where they remain during the first week 
of life, molting to L4 occurs during this stage or later when the larva arrives in the 
stomach by tracheal migration. By the end of the third week, the larvae molt at L5 
and develop rapidly into adult worms. After copulation, the females produce eggs 
that are passed in the feces of the pups at 15 days of age. In recently delivered bitches, 
some reactivated larvae arrive by the influence of prolactin on the mammary gland 
and are excreted in the colostrum and milk to be ingested by the puppies, constitut-
ing another important source of infection for the litter. The larvae ingested in this 
way molt at L4 and L5 in the intestinal lumen, where they develop into adult worms 
without tracheal migration [5].



189

Toxocariosis: From a One Health Perspective
DOI: http://dx.doi.org/10.5772/intechopen.104508

In recently delivered bitches, some larvae may reactivate during gestation migrate 
to the intestine, molt to L4 and L5 and become adult worms. Bitches can remain up to 
60 days passing eggs in feces until the adult worms are eliminated spontaneously. This 
is one of the ways adult worms can develop in adult dogs [1].

Dormant larvae in the tissues of paratenic hosts can be reactivated when they are 
predated. If the predator is another paratenic host, the ingested reactivated larvae 
undergo a new somatic migration and become dormant in this new host. On the other 
hand, if the predator is an adult dog, the ingested reactivated larvae molt at L4 and 
L5 and develop into adult worms in the lumen of the small intestine without further 
somatic migration. In this way, dogs can spend a short time excreting eggs in the feces 
until the adult worms are eliminated spontaneously. This is another way that adult 
worms can develop in adult dogs [1].

The life cycle of T. cati is similar to that of T. canis except that prenatal transplacen-
tal infection in this parasite does not occur [6].

3. Epidemiology

3.1 Dogs and cats

T. canis is the most common nematode in dogs in many regions of the world and 
T. cati in cats. In a meta-analysis study where data from more than 13 million dogs 
from 60 countries were included, the overall prevalence of Toxocara infection in 
dogs was found to be 11.1%. The prevalence was estimated in different World Health 
Organization regions: Eastern Mediterranean (19.2%), Africa (18.5%), South-East 
Asia (11.9%), North America (11.1%), South America (10.9%), Europe (10.8%) and 
Western Pacific (6.4%) [7].

In a second meta-analysis where data from 2,158,069 cats from 51 countries were 
included, an overall prevalence of T. cati of 17% was found. The prevalence was esti-
mated in different World regions: African (43.3%), Eastern Mediterranean (21.6%), 
North America (18.3%), Europe (17.8%), Western Pacific (17.3%), South-East Asia 
(14.9%),and South American (12.6%)[8].

Transplacental transmission from bitches to their puppies is the most important 
form of T. canis infection in dogs. Not all somatic larvae in bitches are reactivated 
during the same gestation; thus, reactivation of larvae occurs in subsequent gesta-
tions. In addition, bitches become reinfected by ingesting persistent larvated eggs in 
an environment contaminated with fecal matter from their puppies. Transplacental 
transmission does not appear to occur in cats with T. cati, making lactogenic infection 
the most common form of infection in kittens [4, 6].

Puppies are the main source of environmental contamination; they can excrete 
eggs in feces from 15 days of birth, and the greatest egg shedding occurs between 
1 and 3 months of age, when they can eliminate more than a million eggs per day. 
Gradually, the worm burden in the intestine tends to decrease, and they stop shed-
ding eggs before reaching 6 months of age. In addition, the larvae ingested by the 
lactogenic route gradually increase the worm burden and the elimination of eggs in 
the puppies. Puppies under three months of age are the only hosts that can develop 
adult worms in the intestine by ingesting larvated eggs, although apparently, this is 
not their main route of infection [9].

Adult Toxocara females are very prolific, producing between 25,000 and 85,000 
eggs per day, and the presence of many females in the intestine of a puppy can mean the 
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elimination of enormous numbers of eggs in the feces (>100,000/g). In the environment, 
when eggs are protected from direct sunlight and desiccation, they develop to the infective 
stage (L3 passive) 2–4 weeks after shedding. In earthen soils, the eggs can remain viable 
for many months, accumulating in the environment. Therefore, the soil in areas where 
dogs with toxocariosis commonly defecate is considered a permanent source of infection 
for animals and humans. In addition, rainwater can carry the eggs to distant places and 
accumulate them in large concentrations in some places [1]. A study that included 42,797 
soil samples in 40 countries showed a global prevalence of Toxocara eggs in public places of 
21%. The estimated prevalence rates in the different regions ranged from Western Pacific 
(35%), Africa (27%), South America (25%), South-East Asia (21%), the Middle East and 
North Africa (18%), Europe (18%) and the North and Central Americas (13%) [10].

Paratenic hosts infected by ingesting larvated eggs present in soil, food or water 
accumulate L3 in their tissues. If these are predated, they can be a source of infection 
for adult dogs. If predated by another paratenic host, the larvae can infect the new 
host, bypassing a definitive host.

3.2 Humans

Due to the great difficulty of identifying the physical presence of somatic larvae, 
the most common way to identify Toxocara infection in humans is by serological tests 
(ELISA and Western blot). Serologically, it is not possible to distinguish between a 
T. canis infection and a T. cati infection, and although T. canis infection has generally 
been considered to be the predominant infection in humans, the seroprevalence of  
T. cati has not been determined, which could have been underestimated [11].

The seroprevalence of Toxocara in humans varies in different regions of the world. 
A meta-analysis carried out in 2019 that included 265,327 participants in 71 countries 
showed an estimated global Toxocara seroprevalence rate of 19.0%. The pooled 
seroprevalence for regions was as follows: African (37.7%), South-East Asia (34.1%), 
Western Pacific (24.2%), American regions (22.8%), European regions (10.5%), and 
Eastern Mediterranean region (8.2%) [12]. Seroprevalence has been associated with 
different risk factors, such as age, contact with young dogs and kittens, socioeco-
nomic level, consumption of vegetables, and unboiled water, ethnicity, educational 
level, living in a rural area and pet ownership [13, 14]. The serological differences 
associated with the different ethnic groups in some countries may be the result of dif-
ferent contextual exposures linked, among other factors, to their socioeconomic level, 
segregation, and the environmental conditions in which the different ethnic groups 
live, and not necessarily due to a genetic predisposition [15].

The most common way of infection in humans occurs through the accidental 
ingestion of Toxocara larvated eggs, which can be found on soil in public parks, 
gardens, dirt floors, sandboxes, and vegetables irrigated with sewage, among others. 
Although people of any age can be infected, children are more frequently affected due 
to their habits of playing with pets and dirt, geophagia, and pica, in addition to their 
commonly poor hygiene habits [16–18]. Infection can also occur through the inges-
tion of somatic larvae present in raw or undercooked meat and viscera of cattle, pigs, 
and poultry, among others, which act as paratenic hosts (Figure 1) [19–22]. Blattella 
germanica and Periplaneta americana cockroaches have recently been shown to be able 
to ingest and shed larvated T. canis eggs in their feces, suggesting that they could carry 
infective eggs from dog feces to kitchens where human food is prepared [2].

There are multiple reports of the presence of Toxocara eggs in the hair of dogs and 
cats, which is why it has been proposed that they are a source of infection for their 
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owners [23–26]. However, the presence of larvated infective eggs in the hair is very 
low, probably due to poor temperature and humidity conditions [27], suggesting a 
low risk of infection for humans when petting the hair of their pets, although the 
possibility exists.

4. Canine and feline toxocariosis

4.1 Pathogenesis and clinical picture

The adult worms of T. canis and T. cati feed on intestinal content, compete with 
the host for nutrients and, depending on the worm burden, can produce different 

Figure 1. 
Epidemiology of toxocariosis from the one health approach. The biological cycle of Toxocara sp. involves 
definitive (dogs and cats), paratenic (several species of mammals and birds), and incidental (human) hosts. 
Puppies are the main eliminators of immature eggs into the environment (1). In optimal environmental conditions 
of humidity and temperature, passive larvae 3 develop inside the eggs, which are the main infective stage for all 
hosts (2). Paratenic or incidental hosts that ingest larvated eggs maintain somatic larvae in their tissues (3) that 
are infective to predators of the infected paratenic host. Human infection occurs mainly by ingestion of larvated 
eggs or by ingestion of raw animal meat or viscera (chicken, pig, beef) with infective somatic larvae (4). The 
ingestion of larvated eggs can be facilitated by the consumption of contaminated vegetables (5). Somatic larvae 
present in the definitive host are transmitted to puppies by transplacental (dog) and lactogenic (dog and cat) 
routes (6). Blue arrows show the dynamics of egg development in the environment, red arrows show transmission 
from larvated eggs, and yellow arrows show transmission from somatic larvae.
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degrees of malnutrition. The presence of adult worms causes intestinal irritation, 
which induces decreased absorption of nutrients and is responsible for diarrhea 
and vomiting observed in some young animals. The presence of adult worms in the 
intestinal lumen exerts a mechanical obstructive action on the normal flow of intesti-
nal content. Microscopically, the presence of adult worms produces mucosal muscular 
hypertrophy, intestinal villus atrophy, and crypt hyperplasia [1].

Larval migration in mild or moderate infections in puppies generally does not pro-
duce obvious clinical signs; however, larval migration in severe infections produces 
respiratory signs such as tachypnea, cough, and runny nose. Nervous signs such as 
incoordination or convulsions are occasionally observed in puppies due to the passage 
of the larvae through the brain. In puppies with intense prenatal infection, the lesions 
produced by the passage of the larvae in the liver, lungs, or central nervous system can 
cause the death of the puppies in the first 2 weeks of life [28].

Mild to moderate adult worm infections in puppies are usually asymptomatic or 
cause mild digestive symptoms and growth retardation. In severe infections, dirty-
looking bristly hair, rough skin, painful intestinal distention, vomiting (frequently 
with adult worms), bulging abdomen (mainly when they have just eaten), pres-
ence of large amounts of gas produced by intestinal dysbiosis, alternating periods 
of constipation and diarrhea with profuse mucus, decreased appetite and growth 
retardation, can be observed. The blood count shows eosinophilia and anemia. 
Occasionally, there may be the death of puppies due to aspiration of vomit and 
intestinal obstruction or rupture. The presence of large numbers of adult worms as 
a result of massive prenatal infections in puppies can cause complete obstruction of 
the intestinal lumen, intussusception of the small intestine, and death of the entire 
litter [9, 29, 30].

In kittens, there is no transplacental transmission; therefore, the develop-
ment of adult worms occurs until almost 30 days of age and the beginning of the 
elimination of eggs at approximately 50 days of age. The clinical picture is similar 
to that described in dogs but less severe, diarrhea, vomiting, and loss of appetite 
predominate, and deaths are very rare. The highest incidence of T. cati in cats occurs 
between 2 and 6 months of age; in general, the worm burden is lower in kittens than 
in puppies and occurs when the kittens are older and therefore have a higher degree 
of development [9, 31].

4.2 Diagnosis of toxocariosis in dogs and cats

Sporadically, shed adult worms can be observed macroscopically in the vomit or 
feces of puppies. The detection of Toxocara eggs in feces is performed by copropara-
sitoscopic techniques, such as Faust or McMaster; however, this can only be done 
when there are adult stages in the intestine, mainly in puppies [3]. In the eggs, three 
external layers are observed, forming the shell; the outermost layer is albuminous, the 
middle layer is lipoid, and the inner layer chitinous. The shell has depressions on the 
surface, called pits, which give it an appearance similar to a golf ball. The egg mea-
sures 75–85 μm and has a protoplasmic mass that occupies the entire interior.

In adult dogs and paratenic hosts, infection by somatic larvae can be demonstrated 
by the detection of specific antibodies against excretion-secretion antigens using 
immunological techniques such as ELISA or Western blot; however, due to their cost, 
difficulty in obtaining the antigens, and their difficult implementation, these tech-
niques are not widely used in the veterinary field [32].
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5. Human toxocariosis

Human toxocariosis is a neglected worldwide zoonosis caused by nematodes of 
the genus Toxocara (T. canis and T. cati). Current data indicate that toxocariosis is an 
infection of global distribution whose importance has been significantly underesti-
mated [12, 15, 33, 34]. Human toxocariosis occurs in four clinical forms: visceral larvae 
migrans (VLM) syndrome, ocular larvae migrans (OLM) syndrome, neurotoxocariosis 
and covert toxocariosis.

5.1 VLM syndrome

In the 1950s, second-stage larvae of T. canis (now known to be third-stage larvae) 
were identified in the tissues of several children associated with the presence of 
clinical signs and a pathology that has since been known as VLM [35]. The associated 
syndrome in these children was characterized by extensive eosinophilia, hepatomeg-
aly, splenomegaly, hypergammaglobulinemia, and chronic cough with eosinophilic 
pulmonary infiltration. VLM is more common in children (1–5 years) than in adults 
because they are more exposed to the infection through the ingestion of larvated eggs 
of T. canis, favored by factors such as living with puppies, poor hygienic habits, and 
pica [14, 36].

In humans, after ingestion of infective eggs, the larvae hatch in the small intestine 
and penetrate the intestinal wall, from which they are transported by the blood circu-
lation to various organs, mainly the liver, heart, lungs, brain, muscle, and eyes [37]. 
In these organs, the larvae actively migrate, aided by proteases with which they cause 
tissue damage and exert a histophagous spoliating action (traumatic action). The 
migrating larvae do not continue their development; however, they remain dormant 
for several years, but they continue to secrete excretion-secretion antigens that induce 
an inflammatory response in some organs, such as the liver and spleen (hepatospleno-
megaly), or are mediators of immunopathological alterations in other organs, such 
as the lung, where they produce eosinophilic pulmonary infiltration related to cough 
and persistent secretion [38].

Given the impossibility of carrying out studies in humans, experimental models 
have been developed in different species of paratenic hosts, such as primates [39], 
rabbits [40], rats [41], mice [42], and gerbils [43], where the sequence of pathophysi-
ological and immunological events of VML have been studied. In these models, it has 
been observed that organ injuries can be acute or chronic. The acute phase is charac-
terized by a severe inflammatory response that causes multifocal lesions with necrosis 
and vacuolization with polymorphonuclear infiltrate, mainly neutrophils with the 
presence of eosinophils in the liver and lungs. The chronic phase is characterized by 
the presence of granulomatous lesions with infiltrates of mononuclear cells, fibro-
blasts, and eosinophils, as well as the presence of fibrosis around the lesion with traces 
of calcification in the center of the lesions, which in some cases can be extensive. The 
main organs affected are the liver, lung, kidney, and brain (Figure 2). These lesions 
can be seen with or without the presence of the larva, which suggests the importance 
of the antigenic excretion-secretion products released by the larva in the tissues.

The clinical picture of VLM includes hyperleukocytosis (30,000–60,000 cells/
mm3), eosinophilia (14–90%), abdominal pain, enlargement of lymph nodes, hepa-
tomegaly, splenomegaly, increased ishemagglutinins and liver enzymes, intermittent 
fever, cough, and bronchospasm, among others [44–47]. The severity of the condition 
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depends on the number of eggs ingested and the presence of larvae in critical places; 
although most patients recover and the signs subside with anthelmintic treatment, 
deaths from this infection have been reported [48, 49].

The diagnosis of VLM is based on the initial detection of antibodies against 
excretion-secretion antigens of T. canis by ELISA and its confirmation by Western blot 
in patients with eosinophilia, with high concentrations of serum IgE or with sug-
gestive clinical manifestations. [50–52]. It has been proposed that the confirmatory 
diagnosis can be validated with the identification of a larva from a biopsy or by some 
molecular tests, such as PCR, DNA hybridization and restriction fragment length 
polymorphism, or sequencing of Toxocara ribosomal DNA; however, it is still in the 
of experimentation in animal models and is not available for humans [53]. Different 
tools, such as ultrasound (US), contrast-enhanced ultrasound (CEUS), contrast-
enhanced computed tomography (ceCT), contrast-enhanced magnetic resonance 
imaging (ceMRI) and positron emission tomography (PET), are currently used to 
obtain suggestive images of the main lesions in different human organs [49, 54].

Figure 2. 
Lesions produced by Toxocara canis larvae in Mongolian gerbils (Meriones unguiculatus). A: lung with chronic 
granuloma. B: kidney with chronic granuloma with a larva trapped inside (L). C: larva in the pigmented layer of 
the retina with rupture of blood capillaries. D: larva the in brain with no apparent tissue reaction (photo credits: 
Dr. Alba-Hurtado).
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5.2 OLM syndrome

This syndrome was first described by Wilder in 1950, who found nematode 
larvae (unidentified at the time) in 24 of 46 pseudogliomas in eyes enucleated for 
endophthalmitis with apparent retinoblastoma [55]. Nichols later identified the 
larvae as T. canis in sections from four out of five of the eyes examined by Wilder 
[56]. Although, it is currently accepted that T. canis larvae are the main etiologic 
agent of OLM, it has also been shown that T. cati can cause ocular infections in 
humans [57–59].

OLM is a disease that generally occurs in young patients. In a systematic review 
and meta-analysis of studies published internationally, it was observed that the 
highest infection rate was detected in the 1–25 mean age group; within this range, the 
highest prevalence occurred between 11 and 20 years of age and was higher in men 
than in women [34]. It has been shown that having contact with dogs, ownership 
of dogs or cats, exposure to soil, and consuming raw/undercooked meat can be risk 
factors for OLM [12, 26, 34, 60].

OLM is generally observed in the absence of clinical signs and symptoms of VLM; 
it is considered to occur in people initially exposed to a small number of larvae, 
so they do not mount a significant immune response (many patients with a clini-
cal diagnosis of OLM are seronegative to Toxocara), and the larvae migrate freely 
through various organs and accidentally reach the eye [61, 62]. Observations in 
experimental models and some clinical evidence indicate that Toxocara larvae infect 
the eye by migrating through capillaries or directly from the brain through the optic 
nerve [63–66].

The lesions detected in the eyes of patients diagnosed with OLM have been 
granulomas located near the optic disc or intraretinal (see Figure 2C), posterior and 
peripheral retinochoroiditis, panuveitis, optic papillitis, uveitis, retinal deformation 
or detachment, idiopathic epiretinal membranes, infiltration of inflammatory cells in 
the humor vitreous, hemorrhagic lesions and neuroretinitis as a sequel to migration 
of larvae in the retina [60, 67–69]. The main clinical manifestations include poor 
visual acuity, vision loss, strabismus, leukorrhea, eye irritation, and endophthalmitis 
[58, 70]. In most cases, lesions occur in only one eye, although there are reports of 
bilateral conditions [70].

The initial diagnosis of OLM is based on clinical signs and observation of lesions 
with an ophthalmoscope in the fundus examination. Confirmation of the diagnosis 
can be made by the detection of antibodies against excretion-secretion antigens 
of T. canis by ELISA in the vitreous humor of the affected eye and the study of the 
lesions by ultrasound biomicroscopy (UBM) and optical coherence tomography 
(OCT) [71, 72].

5.3 Neurotoxocariosis

The first report of the presence of an encapsulated larva of T. canis in the brain of 
a child was in 1951; originally, the larva was identified as probably Ascaris lumbricus 
[73]; later, this larva was identified as T. canis [74]. The damage produced by Toxocara 
larvae in the central nervous system (CNS) of humans has been widely discussed by 
many authors. The pathology depends on the number of larvae, the location of the 
larvae in the nervous system, the time postinfection, the immune response, and some 
intrinsic factors of the host. Most cases of neuro toxocariosis have been attributed to 
the presence of T. canis and, less frequently, to T. cati; however, the latter cannot be 



Parasitic Helminths and Zoonoses - From Basic to Applied Research

196

ruled out in some neurological infections. In experimental models, a greater tendency 
for T. canis to migrate to the CNS than T. cati has been observed [75].

In humans, many Toxocara infections in the CNS can go unnoticed and do not 
produce manifestations; therefore, their frequency is unknown. Some autopsy studies 
have shown the presence of larvae in the leptomeninges, gray and white matter of the 
cerebrum, cerebellum, thalamus, and spinal cord, unrelated to previous neurological 
signs [76].

In experimental models, it has been shown that T. canis larvae in the CNS can 
produce areas of necrosis, loss of Purkinje cells, glial nerve fibers and nerve sheaths, 
granulomatous lesions, emorrhagic and exudative lesions, vasculitis with eosinophilic 
and lymphocytic infiltration, gliosis and hemosiderosis. Some larvae can be observed 
without any response around them (see Figure 2D) [76, 77].

The clinical pictures of neurotoxocariosis in humans rarely occur simultaneously 
with signs of VLM. Most clinical manifestations occur in adult men with an average 
age of 35–42 years. Clinical signs associated with neurotoxocariosis may be indica-
tors of different neurological disorders, such as myelitis (sensation disorders such 
as tingling sensation or hypoesthesia to specific dermatomes; motor disorders such 
as sphincter disturbances and conus medullaris syndrome; autonomic disturbances 
such as bladder and bowel dysfunction, and erectile failure), encephalitis (focal 
deficits, confused state, seizure and cognitive disorders) or meningitis (headaches, 
stiff neck/neck pain, nausea or vomiting, and Kernig’s/Brudzinski’s sign). Fever may 
occur on some occasions, although this is not a constant sign [76, 78].

The association between T. Canis seropositivity and cognitive development is 
controversial and has been widely discussed by several authors. Some authors, such 
as Magnaval et al. [79], found no association between seropositivity and any recog-
nizable neurological syndrome; however, other authors have shown an association 
between seropositivity and lower cognitive development in children; however, due to 
incomplete controls and low sample size, the results are not clear [80–83].

In this context, Walsh and Haseeb [84], conducted one of the most conclusive stud-
ies; they analyzed a sample of 3,949 children representative of the US child population. 
Seropositive to T. canis children scored significantly lower on the Scale for Children-
Revised (WISC-R) and Wide Range Achievement Test-Revised (WRAT-R) than sero-
negative children. Moreover, this relationship was independent of socioeconomic status, 
ethnicity, sex, rural residence, cytomegalovirus infection and blood lead levels. These 
results show another facet of the importance of toxocariosis as a neglected infection.

The diagnosis of neurotoxocariosis is difficult because there is no characteristic 
clinical syndrome. Due to the lack of confirmatory diagnostic tests and the nonspe-
cific nature of its symptoms, neurotoxocariosis is probably underdiagnosed. As there 
is no universally accepted criterion for the diagnosis of this syndrome, a comprehen-
sive diagnosis must be considered that must include the broad spectrum of neuro-
logical manifestations (signs of meningitis, encephalitis, myelitis, and/or cerebral 
vasculitis), together with high titers of antibodies against Toxocara in cerebrospinal 
fluid and/or blood, eosinophilia in blood and/or cerebrospinal fluid, suggestive radio-
logical images, the presence of risk factors and clinical and radiological improvement 
after anthelmintic therapy [54, 78, 85].

5.4 Covert toxocariosis

Taylor et al. [86] proposed the term covert toxocariosis to describe a new clinical 
entity of human toxocariosis. It is currently considered that covert toxocariosis is 
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characterized by nonspecific symptoms and signs that are not associated with the 
VLM, OLM,or neurotoxocariosis. Clinical manifestations include asthma, acute bron-
chitis, pneumonia, wheezing with or without Loeffler’s syndrome, chronic urticaria 
or eczema, lymphadenopathy, myositis, and pseudorheumatoid syndrome, with or 
without eosinophilia.

The excretion-secretion antigens produced by T. canis during migration are strong 
stimulants of Th2-associated immune responses and the consequent induction of 
IL-4, IL-5, IL10, and IL-13. This cytokine profile induces an increase in the level of 
specific IgE-antibodies and eosinophilia, which are effectors to kill some larvae. These 
same effectors contribute to airway hypersensitivity and inflammation, associating 
chronic T. canis infection with allergic disorders such as asthma, allergic rhinitis, 
atopic dermatitis, and urticaria [87–89].

Asthma is a lung disease characterized by an exacerbation of the immune response 
in the airways to a variety of external stimuli, which produces inflammation, bron-
chospasm, and obstruction of the airways, which are reversible spontaneously or 
with treatment. Since years ago, several epidemiological and experimental studies 
have shown a significant relationship between Toxocara infection and the develop-
ment of asthma, mainly in children [90–92]. Meta-analysis studies, where extensive 
collections of published data were made, have confirmed this association. Li et al. [93] 
using data from 723 asthmatic patients and 807 controls found a significantly higher 
prevalence of T. canis infection in patients with asthma than in controls (OR 3.36, 
P < .001). Aghaei et al. [87] using data from 872 asthmatics and 4597 non-asthmatics 
children, found an increased risk for asthma in children with Toxocara infection 
seropositivity (OR, 1.91; 95% CI, 1.47–2.47).

The exact mechanisms by which Toxocara infection induces asthma and other 
allergic disorders remain unclear. Toxocara larval migration has been associated with 
an intense immune response, which causes strong allergic inflammation involving 
the intestine, muscle, liver, kidney, and lung [43, 94]. An animal model study (mice) 
showed that previous infection with T. canis intensified the ovalbumin-induced 
allergic airway inflammatory response associated with elevated eosinophil counts 
and IgE antibody levels in bronchoalveolar fluid and increased expression of IL-4 
mRNA in the lung [92]. Several authors have described skin manifestations associated 
with toxocariosis and the risk of seropositive patients presenting skin lesions [95]. 
Significant associations have been observed between Toxocara seropositivity and pru-
ritus (OR = 4.1, P < 0.1) and chronic urticaria (OR = 6.9, P < 0.0001) [96, 97]. Some 
of these patients presented with symptoms of VLM or OLM; however, the majority 
had no signs of previous Toxocara infection. Similar to neurotoxocariosis, there is no 
specific diagnosis for the clinical symptoms of cutaneous toxocariosis, so the partici-
pation of T. canis as a producer of skin alterations has probably been underestimated.

6. Comprehensive control of toxocariosis

The main role in the control of toxocariosis falls on the veterinarian, who is 
responsible for the diagnosis and deworming programs in dogs and cats, as well as 
the awareness and health education of pet owners so that they are aware of the threat 
of this and other infectious diseases from pets to humans. Periodic deworming of 
dogs and cats is an effective strategy to reduce the worm burden and, therefore, the 
number of eggs in the environment [98]. Puppies and kittens must be dewormed 
(piperazine, ivermectin, mebendazole, pyrantel, and febantel, among others) at 



Parasitic Helminths and Zoonoses - From Basic to Applied Research

198

one month of age, and the treatment should be repeated at least twice in 15 days. In 
adult dogs, coproparasitoscopic examinations (Faust technique) should be carried 
out every 6 months, and positive dogs should be dewormed, with special care for 
dogs with known predatory habits. There are no effective antiparasitic agents against 
somatic larvae of Toxocara sp. In adult female dogs and cats, therefore, to reduce 
transplacental and/or lactogenic transmission to their puppies, it is necessary to 
reduce the number of infective eggs in the environment where they live.

The main way of infection in humans is the ingestion of infective eggs (L3 passive) 
that contaminate their environment. The fecal of dogs and, to a lesser extent, of cats 
in the soil of public parks, gardens, ridges, and rural areas, among others, is the cause 
of the gradual accumulation of infective eggs of Toxocara sp. in these places. Due to 
its high resistance, there are no chemical products capable of inactivating these eggs 
in the soil without seriously affecting other organisms and damaging the ecosystem. 
Therefore, one of the most important strategies for the control of environmental 
contamination is the immediate collection of dog feces eliminated during walks and 
its subsequent disposal in the drainage. It should always be considered that puppies 
and kittens are the main egg eliminators; however, adult dogs can also eventually 
eliminate eggs [99].

One of the risk factors most frequently associated with human toxocariosis is 
ownership of dogs or cats. For this reason, it is necessary to wash the floors daily with 
soap and water inside the houses or patios where the dogs live and defecate to detach 
the infective eggs from the surfaces and achieve their mechanical dragging to the 
drainage, considering that the infective eggs resist most commercial disinfectants. In 
addition, due to the possible presence of infective eggs attached to pet hair, it is neces-
sary to periodically bathe and brush dogs and cats to avoid the presence of Toxocara 
eggs or other parasites in the hair.

Drainage water contaminated with Toxocara eggs can reach places where vegeta-
bles are grown or there may be dogs that defecate in these places, so vigorous washing 
of vegetables with drinking water is essential, especially those that are eaten raw 
and are grown at ground level (lettuce, cabbage, carrots, and strawberries, among 
many others) to reduce the risk of ingestion of infective eggs by humans. Another 
source of infection in humans is the ingestion of raw or undercooked meat or viscera 
of paratenic hosts infected with somatic larvae (chickens, pigs, cattle, and ducks, 
among others) in traditional dishes, so it is suggested that this type of dish is cooked 
with meat from animals raised in conditions free of the parasite. Cooking meat kills 
somatic larvae. At the government level, it is necessary to implement educational 
campaigns for the management of pet feces, knowledge of this and other zoonotic 
diseases, and the control of feral dogs and cats.

7. Health professionals involved

In summary, toxocariosis is a complex disease that, for its comprehensive control 
from a one health perspective, requires the knowledge of researchers and different 
health professionals. The veterinarian is the professional responsible for the diagno-
sis, control, and prevention of toxocariosis in pets that act as definitive hosts of the 
parasite (dogs and cats), as well as in domestic species that can act as paratenic hosts 
(chickens, pigs, beef, rabbits, etc.).

From the perspective of human health, the joint work of a very wide variety of 
health professionals is required to achieve an early and accurate diagnosis of the 
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Abstract

Current control of human schistosomiasis in Africa is based on preventive 
chemotherapy, whereby populations are mass-treated with an anthelminthic 
medication, praziquantel. The World Health Organization has set a goal of elimi-
nating schistosomiasis as a public health problem and, ultimately, eliminating 
transmission in all countries where schistosomiasis is endemic by 2030. However, 
recurrent hybridization between Schistosoma species is an emerging public health 
concern that has a major impact on the distribution of the disease and ultimately 
may derail elimination efforts. The One Health approach recognizes interconnec-
tions between the health of humans, animals and the environment, and encour-
ages collaborative efforts toward the best outcomes. This chapter explains how the 
One Health approach can accelerate the control and elimination of schistosomiasis 
in Africa.

Keywords: Africa, hybridization, introgression, One Health, Schistosoma, 
schistosomiasis, zoonoses

1. Introduction

The World Health Organization (WHO) considers schistosomiasis the most 
important water-based disease in the world. The disease is caused by infection with 
trematodes of the genus Schistosoma species. These parasitic worms have a complicated 
life cycle (Figure 1). When an egg is passed in the feces or urine, it contains a fully 
developed miracidium. In freshwater, eggs hatch to miracidia, which swims in the 
water to find a suitable snail host. Upon finding a host, they penetrate its skin. The 
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miracidia then transform into primary-stage sporocysts and migrate to the liver of 
the snail, where they start asexual reproduction to produce daughter sporocysts. The 
daughter sporocysts develop into cercariae, which are shed into the water. Then the 
cercariae swim until they find a susceptible vertebrate host, and penetrate its skin. 
Once the fluke is inside, it drops its tail, and becomes a schistomulae; upon reaching 
a blood vessel, the schistomulae enters and starts its journey to the lungs, becoming 
longer and slenderer and losing its middle spines but retaining its end spines. The 
parasite reaches the lungs six to eight days after infection and begins to feed. The fluke 
leaves the lungs through pulmonary veins to the liver. By week four, the adult fluke 
emerges, and it starts pairing about week five. The paired flukes migrate from the 
portal vein to the respective blood vessels and start to lay eggs. Using their spines, the 
eggs penetrate through blood vessels to the intestine or urinary bladder [1, 2].

The damage caused by schistosomiasis results from the movement of eggs through 
host tissue, which triggers an inflammatory response and acute, chronic disease. 
Schistosomes (as members of the genus Schistosoma (S.) are commonly known) have an 
average lifespan of 3 to 10 years, but can live up to 40 years in their vertebrate hosts [3].

Due to increased human population growth, anthropogenic environmental changes, 
and global movements of humans and animals, there are increasing reports of hybrid-
ization events among Schistosoma species across Africa. Since these events involve spe-
cies that infect both humans and animals (domestic and wild), researchers have raised 
concerns about the emergence of potential schistosomiasis zoonosis [4]. This chapter 

Figure 1. 
The life cycle of the most important human Schistosoma in Africa.
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explains how the anthropocentric or disjointed sectoral approach to controlling human 
schistosomiasis requires a paradigm shift that entails a multisectoral (i.e., One Health) 
approach to preventing zoonotic transmission of schistosomiasis in Africa.

2. Burden of schistosomiasis in Africa

2.1 Human schistosomiasis in Africa

The two major Schistosoma species infecting humans in Africa are Schistosoma 
haematobium (S. haematobium), which causes urogenital schistosomiasis, and 
Schistosoma mansoni (S. mansoni), the causative agent of intestinal schistosomiasis. 
Schistosoma guineensis (S. guineensis) also causes intestinal schistosomiasis but is less 
prevalent. In Africa, S. mansoni is found in all countries while S. haematobium is 
found in all but four countries (Eritrea, Burundi, Mauritius, and Rwanda). The less 
common S. guineensis (also called Schistosoma intercalatum (S. intercalatum)) has 
been identified in the rain forest areas of western and central Africa. Schistosomiasis 
transmission has been interrupted in Equatorial Guinea, Morocco, Tunisia, Algeria, 
Djibouti and Lesotho [2].

The number of deaths attributable to schistosomiasis is difficult to estimate because 
of hidden pathologies such as liver and kidney failure, bladder cancer and ectopic 
pregnancies; in addition, the death rate may have decreased over the past decade due to 
the implementation of large-scale preventive chemotherapy campaigns [3].

The most prevalent species in Africa, S. haematobium causes approximately 112 
million cases per year. It is estimated that 71 million of these infected individuals 
experience hematuria (blood in the urine), half of whom have dysuria, and about 18 
million suffer from urinary bladder pathology. The current best estimate is that kid-
ney failure due to S. haematobium infection is responsible for about 150,000 deaths 
annually in Africa. More than 54 million individuals are estimated to become infected 
with S. mansoni, with around 4 million people experiencing diarrhea and 8.5 million 
hepatomegaly; hematemesis-associated deaths are estimated to total about 130,000 
annually [2].

Chronic disability is far more common than death. Intestinal schistosomiasis 
can result in abdominal pain, diarrhea, and blood in the stool. Liver enlargement is 
common in advanced cases, and is frequently associated with an accumulation of 
fluid in the peritoneal cavity and hypertension of the abdominal blood vessels. In 
such cases, there may also be enlargement of the spleen. Hematuria is the classic sign 
of urogenital schistosomiasis. Fibrosis of the bladder and ureter, bladder cancer, and 
kidney damage are sometimes diagnosed in advanced cases. In women, urogenital 
schistosomiasis may present with genital lesions, vaginal bleeding, pain during sexual 
intercourse, and nodules in the vulva. In men, urogenital schistosomiasis can induce 
pathology of the seminal vesicles, prostate, and other organs. This disease can also 
have other long-term irreversible consequences, including infertility. In children, 
schistosomiasis can cause anemia, stunting and a reduced ability to learn (although 
the effects are usually reversible with treatment). Praziquantel is the drug of choice 
for the treatment of schistosomiasis. The drug is recommended for the treatment of 
all forms of schistosomiasis. Despite that reinfection may occur after treatment, the 
risk of developing the severe disease is reduced after initiation of treatment [3].

The prevalence of human schistosomiasis in Africa is estimated to be 192 million, 
which is 93% of the total global prevalence of the disease. About 29 million people 
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are infected by this disease in Nigeria, 19 million in Tanzania, and 15 million each in 
the Democratic Republic of Congo and Ghana, while Mozambique, with 13 million 
cases, completes the list of five countries with the greatest prevalence in Africa [5]. 
The heavy burden of schistosomiasis in Africa is attributed to limited access to clean 
water, poor sanitation and inadequate health services [2].

2.2 Animal schistosomiasis in Africa

In Africa, animal schistosomiasis is a common parasitic infection among cattle, 
although it rarely infects other domestic animals such as goats and sheep; nor does 
it appear to trouble wild rodents and primates [6]. It is estimated that 165 million 
domestic cattle are affected by schistosomiasis worldwide. The disease is of veterinary 
and economic significance [7]. In China, 1.5 million cattle suffer from schistosomiasis, 
and more than 5 million are at risk of infection [8]. Schistosomiasis among livestock 
does not show clinical effects in most cases. However, if the infection persists for a long 
time, it can cause enteritis and anemia, as well as emaciation leading to significantly 
reduced productivity and growth, and even death [9]. Schistosomiasis in animals is 
caused by several Schistosoma species. For example, Schistosoma japonicum (S. japoni-
cum) (which infects human beings) has been reported to infect more than forty mam-
mal species, including wildlife such as water buffaloes, camels and rats, and domestic 
animals such as cattle, sheep, pigs, dogs, donkeys, cats and goats [8, 10]. S. mansoni, 
which causes human intestinal schistosomiasis, has been reported to infect at least nine 
other members of the Primate order, such as monkeys and apes [10].

The three species with significant animal health impact in Africa are Schistosoma 
bovis (S. bovis), Schistosoma curassoni (S. curassoni) and Schistosoma mattheei  
(S. mattheei) [2, 7]. The latter two species are known solely from domestic animals 
[11]. S. mattheei is found in southeastern Africa, from South Africa northward to 
Tanzania and Zambia. S. bovis is most common in northern Zambia and northern 
Senegal [12, 13]. S. curassoni has been found in livestock (cattle, sheep and goats) in 
West African countries [2].

The distribution of Schistosoma species is governed by the intermediate host 
habitat—freshwater bodies such as lakes, dams and rivers. A recent study showed 
that S. bovis can cause high levels of infection among cattle in Côte d’Ivoire, where 
prevalence rates of up to 53.3% have been recorded [13]. Factors such as age and breed 
are significantly associated with different rates of schistosome infection. For example, 
cattle aged 4 years and above have higher rates of S. bovis infection than younger ones. 
“Zebu” and “Taurin” breeds are less likely to have S. bovis infections than “Taurin x 
Zebu” [13]. Livestock management systems in Tanzania have been shown to influence 
trematode distribution. The highest rates of trematode infection in cattle are found in 
traditional management systems in which animals are grazed and watered on commu-
nal land during the day and housed around the households in open bomas (livestock 
enclosures) at night. Rates of trematode infection are moderate in large-scale dairy 
systems and lowest in small-scale dairy systems [14].

Like a human, animals are treated for schistosomiasis through the administration 
of praziquantel. Effective treatment requires two rounds 3 to 5 weeks apart. However, 
unlike human schistosomiasis, which is frequently controlled by preventive praziqu-
antel chemotherapy in areas where the infection is endemic [15], schistosomiasis in 
domestic animals is rarely treated in Africa, probably because little attention has been 
given by scientists to its zoonotic potential.
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3. Schistosoma hybridization and risk of emerging zoonosis in Africa

3.1 Schistosoma hybridization in Africa

Environmental and ecological changes due to natural phenomena and anthropogenic 
activities break species isolation barriers and increase the possibility of acquiring new 
infections of both human and animal origin. This can lead to the occurrence of mul-
tiple infectious species and strains within a single host [4]. Multiple infections of two 
or more genetically distinct agent species may permit heterospecific (between-species 
or between-lineage) mate pairings, resulting in the production of a new offspring 
(species) that can be either infertile or fertile. This process is called hybridization  
[4, 16]. During this process, unidirectional and/or bidirectional allelic exchange 
occurs among gene pools of the two sympatric interbreeding species to produce 
offspring organisms with hybrid genomes [17]. The produced hybrid offspring may 
introduce a single gene or chromosomal region of one of its parent species to the 
genome of the second (divergent) parent species through repeated backcrossing, 
a process known as introgression or introgressive hybridization [18, 19]. Due to the 
advance in diagnostic technology, there are an increasing number of reported find-
ings of fertile hybridization and introgression events across humans, animals, and 
eukaryotic parasites. Hybridization and introgression among parasites, particularly 
those with zoonotic potential, is an emerging public and veterinary health concern at 
the interface of evolution, epidemiology, ecology, and control [4]. They are character-
ized by heterotic alterations, speciations, neo-functionalization, and adaptations, 
called hybrid vigor [16]. Hybrid vigor may increase parasite virulence, transmission 
potential, resistance, pathology, host use and can lead to the emergence of new 
diseases [17, 18]. Moreover, hybridization can influence parasite acquisition of novel 
genotypes, potentially expanding their geographical and host range and leading to 
novel ecological adaptations detrimental to human and animal populations [17, 20].

Trematode worms of the genus Schistosoma are among the parasites known to 
undergo hybridization and/or introgression. Hybridization and/or introgression of 
two or more phylogenetically related Schistosoma species and/or strains occur when 
multiple distinct species or strain and their susceptible snail hosts cohabit an area. 
Cohabitation may be seen as a result of selective pressure imposed by climatic changes 
and human activities. Activities such as hydraulic projects, road construction and the 
introduction of new agriculture practices create new water bodies shared by humans 
and livestock, increasing opportunities for mixing of and subsequent exposure to 
different Schistosoma species [21]. In addition, increases in human and livestock 
migration facilitate the introduction of Schistosoma species and strains into new areas, 
resulting in novel host–parasite and parasite–parasite interactions [22].

Evidence of the potential occurrence of natural hybridization within and between 
human and animal Schistosoma species was first reported in the 1940s in Zimbabwe 
(then known as Southern Rhodesia). The evidence was based on the suspicious 
morphological appearance of Schistosoma eggs recovered from human urine with 
morphological features intermediate between those of S. haematobium and S. mattheei 
[23]. Several other studies reported similar morphological changes in other areas; 
in most cases, the observations were considered, or even dismissed, as misleading 
identifications [18]. Figure 2 presents examples of typical eggs of two distinctive 
Schistosoma species and those with intermediate morphological features suspected to 
be of hybrid schistosomes.
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It was not until 1980, after the invention of biochemical marker technology, that 
the detection of previously suspected Schistosoma hybrids was confirmed to be a result 
of hybridization between S. haematobium and S. mattheei. The study was conducted 
in South Africa [24]. The technology was then used to reveal other hybridizations 
between different Schistosoma species in different parts of the world, especially in 
Africa [18].

The number of reported Schistosoma hybridization and introgression events has 
grown significantly due to the increased use of modern molecular technology in 
parasitological research. The use of molecular markers (such as internal transcribed 
spacer [ITS 1 + 2] and mitochondrial cytochrome c oxidase subunit 1 [cox 1]) and 
microsatellite markers (such as ribosomal DNA and mitochondrial DNA) have 
confirmed that Schistosoma hybridization occurs in nature, in which viable, fertile 
hybrid offspring can be produced through first- or successive-generation backcrosses 
[22, 25]. In addition, these molecular markers have shown that Schistosoma hybridiza-
tion can be either unidirectional or bidirectional. For example, a study in Kenya using 
microsatellite markers revealed unidirectional gene transfer between two distinct 
Schistosoma species [25], while studies conducted in Senegal, using sequence data of 
nuclear ITS1 + 2 and mitochondria cox1 loci, reported bidirectional hybridization 
between several Schistosoma species [22, 26].

Several Schistosoma species hybrids have been reported based on findings of either 
molecular, biochemical or morphological (phenotypic) techniques, or combinations of 
two or all of these techniques. The hybrids have been detected in the snail, domestic and 
wildlife animals, and human hosts. Moreover, these heterospecific crosses are between 
human schistosome species (e.g., S. guineensis with S. haematobium [20]), animal 
schistosome species (e.g., S. bovis with S. curassoni [12]), and, perhaps most importantly 
and interestingly, epidemiologically and clinically, between human schistosome species 
and animal schistosome species (e.g., S. haematobium with S. bovis [12]).

There is geographic overlapping between different Schistosoma species in different 
parts of the world, such as Asia (S. japonicum and Schistosoma mekongi (S. mekongi) 
[27]) and Africa (two or more of the following species: S. bovis, S. curassoni,  
S. guineensis, S. haematobium, S. intercalatum, Schistosoma mansoni, Schistosoma rodhaini 
(Sirthenea rodhaini) and S. mattheei [12, 20, 21, 24–26]). However, to date, no evidence 
of naturally occurring Schistosoma hybrids has been detected in Asia, although 

Figure 2. 
Typical morphologies of S. haematobium egg (a), S. guineensis egg (b) and intemediate morphologies of suspected 
S. hameatobium-guineensis hybrids eggs (c1.c2 and c3). Picture adapted and modified from Moné et al. [20].



213

Schistosoma Hybridizations and Risk of Emerging Zoonosis in Africa: Time to Think of a One…
DOI: http://dx.doi.org/10.5772/intechopen.103680

experimental crossing of the two overlapping species has been achieved [27]. Potential 
natural schistosome hybrids have been reported across much of Africa, predominantly 
in West Africa [18]. The evidence of natural hybridization events documented in 
Africa between human Schistosoma species is for that between S. haematobium and S. 
mansoni, and S. haematobium and S. intercalatum or guineensis. S. haematobium and 
S. mansoni are phylogenetically distant species. However, S. haematobium-mansoni 
hybrids may be suspected if ectopic S. haematobium and S. mansoni eggs are recovered 
from, respectively, human stool and urine samples [16]. Elimination of ectopic S. 
haematobium and S. mansoni eggs has been suggested to be due to interspecific interac-
tions and heterospecific mating between S. haematobium and S. mansoni, resulting 
in males of S. haematobium carrying S. mansoni females to bladder veins, where the 
females lay hybrid S. mansoni eggs that are passed in the urine. Inversely, S. mansoni 
males carry S. haematobium females to mesenteric veins, a process that results in 
hybrid S. haematobium eggs in the feces [28]. In Africa, ectopic S. haematobium and/
or S. mansoni eggs have been widely reported to have been found in human stool and/
or urine samples in many countries, including Senegal, Egypt, Tunisia, the Democratic 
Republic of Congo, Tanzania (formally Tanganyika), Zimbabwe, Sudan, Ethiopia, 
Côte d’Ivoire and Cameroon [28–30]. Bidirectional S. haematobium-mansoni hybrid-
ization has been confirmed by molecular analysis of eggs and miracidia collected from 
people living or traveling in coendemic areas of Senegal and Côte d’Ivoire. However, 
there is no evidence on whether these people were infected by hybrid cercariae or if 
mating of male S. haematobium and female S. mansoni and/or male S. mansoni and 
female S. haematobium occurred in these people’s bodies [29, 30].

Natural introgressive hybridization between S. haematobium and the Lower 
Guinea strain of S. guineensis (which had been previously identified as S. intercalatum) 
has been recorded in Cameroon and Benin [20, 31]. Hybridization between S. haema-
tobium and S. guineensis has been associated with the replacement of S. guineensis by 
S. haematobium in a S. guineensis hyperendemic area of Cameroon. This hybridization 
has been linked to the superiority of male S. haematobium to male S. guineensis in  
mating competitiveness [31]. In addition, natural hybridization was reported between 
S. haematobium and S. intercalatum (Zaire strain) in the Democratic Republic of 
Congo (formerly Zaire) resulting in the decline in the transmission of the pure  
S. intercalatum [32].

The natural hybridization events documented between animal (livestock) 
Schistosoma species in Africa are those between S. bovis and S. curassoni. The S. bovis-
curassoni hybrids have been identified in cattle, sheep and goats in Senegal [12]. 
Despite the demonstration that neither S. bovis nor S. curassoni, as single pure species, 
can fully develop in humans or nonhuman primates in the field or under experimen-
tal laboratory conditions, there is evidence that a child in Niger was infected by the 
hybrid of the two species [21].

The most important and interesting schistosome hybridization is that between 
human and animal schistosome species (e.g., S. haematobium with S. bovis or S. curas-
soni [12, 26] or S. mattheei [24] and S. mansoni with S. rodhaini [25]). Even though 
it is unable to be maintained in humans, S. bovis is capable of mate-pairing with S. 
haematobium in humans to produce viable hybrids. S. haematobium-bovis hybrids are 
the most frequently and widely recovered schistosome hybrids across many African 
countries. The majority of S. haematobium-bovis hybrids have been found in human 
and snail hosts in West Africa: in Mali, Niger (introgressive hybridization), Senegal 
(bidirectional hybridization), Cameroon, Benin, Nigeria and Côte d’Ivoire [7, 16]. To 
date, few studies have reported the presence of a S. haematobium-bovis hybrid parasite 
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in a nonhuman vertebrate host (a mouse species, Mastomys huberti and cattle) [7, 33]. 
The S. haematobium-bovis hybrid detected in this mouse was a female found paired 
with a pure male S. mansoni [33]. Other heterospecific crosses of human and animal 
schistosomes detected in Africa are those due to hybridization between S. mansoni 
and S. rodhaini [25] and S. haematobium and S. curassoni [12] or S. mattheei [24]. At 
Figure 3 is a map showing the distribution of different types of schistosome hybrid-
ization events reported across Africa as summarized by Panzner and Boissier [16].

3.2 Current status of Schistosoma zoonosis in Africa

Zoonotic diseases (also known as zoonoses) are those diseases caused by viruses, 
bacteria, fungi or parasites that are naturally transmitted between humans and other 
vertebrate animals [18, 34]. Currently, six main species of Schistosoma infect humans: 
S. mansoni, S. haematobium, S. intercalatum, S. guineensis, S. mekongi and S. japonicum. 

Figure 3. 
Distribution of Schistosoma hybrids across Africa. Notes: S.h. = S. haematobium; S.m. = Schistosoma mansoni; 
S.g. = S. guineensis; S.i. = S. intercalatum; S.b. = S. bovis; S.c. = S. curassoni; S.r. = Sirthenea rodhaini;  
S.ma. = S. mattheei. Figure adapted from Panzner and Boissier [16].
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The latter two species are acknowledged zoonoses, as they are capable of naturally 
infecting multiple species of mammalian hosts (human, livestock and wildlife) [18]. 
S. japonicum and S. mekongi are the major Schistosoma species in Asia, geographically 
distributed across the central and middle areas of the continent. Unlike other animal 
schistosomes, S. japonicum and S. mekongi are unique among zoonotic helminths in 
that they can be transmitted between humans and other animals and maintained by 
all host species [35]. In Africa, only human Schistosoma species are considered to be of 
public health significance [9]. In addition, wild animals such as rodents are known to 
be the main reservoir hosts of S. mansoni in the Caribbean and South America. Even 
though S. mansoni is one of the two Schistosoma species of public health importance in 
Africa, its magnitude in animals and the contribution of animals to the perpetuation of 
S. mansoni transmission in the African continent is not well established [36], because 
very few studies have been conducted on livestock or wildlife schistosomiasis [9].

Recent studies have reported evidence of some unique schistosomiasis transmission 
events in Africa. It had been believed that S. haematobium as a single pure species was 
solely capable of infecting humans. However, a study conducted in Benin showed that 
pure S. haematobium may infect livestock (i.e., cattle) as well [7]. Moreover, the female 
S. haematobium-bovis hybrid previously detected in humans and snail hosts, though 
never in animal (livestock and wildlife) hosts, has been found in a pair with pure S. 
mansoni in a mouse [33]. In addition, S. bovis, S. curassoni and S. mattheei are known to 
infect a wide variety of animals including cattle, sheep and goats. Though S. mattheei 
has been detected at high rates of prevalence in humans in one area in South Africa 
[37], the other two species have never been detected in human as a single pure species. 
Detection of hybrids of S. haematobium with either one of these species was thought by 
scientists to be evidence of possible human infection with the two animal (livestock) 
Schistosoma species. Human infections with S. bovis and S. curassoni were suggested to 
occur through zoonotic spillover; hence, it was believed that the infection could not 
persist, as these parasites cannot be maintained in the human body [38]. However, 
some researchers suggest that S. haematobium-bovis hybrids could be a result of an 
ancient introgression event between S. haematobium and S. bovis that resulted in the 
introgression of some S. bovis genomic tracts into several S. haematobium lineages [39].

3.3 Risk of emerging Schistosoma zoonosis in Africa

The magnitude of Schistosoma zoonotic transmission in which both livestock and 
wildlife are active participants is yet to be determined in endemic countries across 
Africa [36]. It has been explained that natural and anthropogenic changes (Figure 4) 
have created opportunities for mixing of and subsequent exposure to both human and 
animal (livestock and wildlife) schistosomes. The coexistence of multiple Schistosoma 
species and their hosts—both vertebrates (human and animals) and snails—has 
increased the potential for the emergence and establishment of novel zoonotic 
Schistosoma hybrids [21]. Sporadic studies have revealed several hybrids with potential 
zoonotic effects that naturally infect humans and animals (livestock and wildlife) 
across several African countries. Examples of natural Schistosoma hybrids with poten-
tial zoonotic effects identified in Africa include S. haematobium-bovis, S. haematobium-
curassoni, S. bovis-curassoni, S. haematobium-mattheei and S. mansoni-rodhaini [16].

The ongoing emergence (or discovery) of potential zoonotic Schistosoma hybrids has 
caught the attention of many researchers and scientists, due to possible implications 
for schistosomiasis transmission and control. Zoonotic Schistosoma hybrids are thought 
to have a wide definitive host range and an increased range of intermediate snail hosts 
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relative to their pure “parent” single species, which may also enable a wider geographic 
range for hybrid schistosome infections. In addition, zoonotic Schistosoma hybrids are 
capable of establishing themselves in areas where their parental single/pure species are 
absent (e.g., S. haematobium-bovis hybrids on the French island of Corsica). Moreover, 
experimental studies (on S. haematobium-bovis and S. haematobium-mattheei hybrids) 
have revealed that these hybrids have greater virulence than the two parental species, as 
well as increased adult worm fecundity and increased cercarial shedding rates in snails 
[9, 39]. Field research (on S. haematobium-bovis hybrids) has revealed some indicators 
of altered patient morbidity patterns and reduced treatment response with praziquantel 
[4]. Also, researchers have expressed concern that hybridization could accelerate the 
evolution of drug resistance by allowing drug-resistance genes to be introgressed into 
new populations. On the other hand, hybridization may lead to the development of 
refugia for drug-susceptible genotypes and thus potentially help maintain drug sus-
ceptibility [9]. Therefore, it is important to understand the transmission dynamics of 
potential zoonotic Schistosoma hybrids [21].

4. Schistosomiasis control and elimination in Africa

4.1 Current strategies for schistosomiasis control and elimination

Recent years have witnessed an increased interest in the control and, finally, elimina-
tion of Neglected Tropical Diseases (NTDs), and today the control of schistosomiasis has 
again become a priority on the agenda of many governments, donors, pharmaceutical 
companies and international agencies [40]. WHO has developed several road maps for 
NTDs, and many African countries have made significant progress by rolling out national 

Figure 4. 
Schematic presentation of the causes and consequences of schistosome hybridization.
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action plans and programs targeting schistosomiasis control and elimination [41, 42]. 
Preventive chemotherapy is the main strategy for schistosomiasis control in Africa, supple-
mented with water, sanitation and hygiene (WASH) interventions in some regions [43].

4.1.1 Preventive chemotherapy

4.1.1.1 An overview of preventive chemotherapy: Praziquantel

Current control of human schistosomiasis in Africa is based on preventive 
chemotherapy, whereby populations are mass-treated with anthelminthic pra-
ziquantel administered in the standard single oral dose of 40 mg/kg body weight. 
Treatment with praziquantel is currently the strategy of choice and is endorsed 
by WHO [41, 43]. The ambitious goals of control and eventual elimination are 
underpinned by targets that require countries to reach at least 75% treatment 
coverage of school-age children and at-risk adults, with mass drug administra-
tion schedules and the designation of target groups depending on schistosomiasis 
endemicity [43]. This coverage goal is endorsed for schistosomiasis and soil-trans-
mitted helminths in the 2012–2020 WHO road map for NTDs, in which preventive 
chemotherapy was identified as a key strategy for tackling NTDs [42, 44].

Over the past decade, significant progress has been made on large-scale treatments 
through integrated control of schistosomiasis and other NTDs. It is estimated that at 
least 236.6 million people required preventive treatment for schistosomiasis in 2019, 
of which more than 105.4 million (about 45%) were reported to have been treated 
[45]. In Africa, 17 countries out of the 40 that require preventive chemotherapy had 
not achieved the 75% treatment coverage target for school-age children during 2018, 
when a total of 69.1 million school-age children were treated, representing overall 
coverage of 62.9% [46]. In general, annual mass drug administration of preventive 
chemotherapy has had a significant effect on infection prevalence, intensity and 
associated morbidity among school-age children [47–49]. However, disease reoccur-
rence and persistent transmission suggest a need for more intense control measures to 
achieve the goal of schistosomiasis elimination.

Since the adoption of the World Health Assembly Resolution WHA 65.21 and NTDs 
road map 2021–2030, schistosomiasis control programs have shifted from morbid-
ity control to disease elimination [41]. However, gaps continue to be observed in the 
implementation of control programs in Africa. Mass drug administration programs 
commonly overlook large numbers of preschool-age children, adolescents and adults, 
thus increasing health inequality and the risk of reinfections of previously treated 
groups [50]. Schistosomiasis cannot be eliminated in communities where mass drug 
administration is not ongoing. In the past, a key bottleneck to the implementation 
of preventive chemotherapy for control of schistosomiasis in Africa was the limited 
access to praziquantel [51]. Though there is now growing access to this medication 
for schistosomiasis control in Africa, it is not at the level that is projected to be neces-
sary to reach all people who are at risk or who require treatment [52]. Analysis of data 
reported on treatment coverage for schistosomiasis shows that utilization of available 
praziquantel by NTD programs is not yet optimal in many countries [46, 52].

4.1.1.2 Strengths and weaknesses of preventive chemotherapy

Praziquantel is the drug of choice for the treatment of schistosomiasis, as it is 
considered cost-effective, relatively safe, inexpensive and efficacious; also, donor 
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organizations are willing to provide the drug [53]. Despite increased efforts to control 
schistosomiasis using preventive chemotherapy, several challenges still exist in reach-
ing the target populations. Until recently, preschool-age children, as well as at-risk 
adults such as fishery workers, have not been included in many mass drug administra-
tion programs despite the evidence of schistosomiasis infection among these popula-
tions [54, 55]. This increases health inequality and the accumulation of potentially 
irreversible morbidities due to prolonged infection [56].

A major challenge now lies in the unavailability of a child-size formulation of 
praziquantel [56, 57]. The currently available formulation presents several limita-
tions: (a) It is a large tablet, which is difficult for young children and infants to 
swallow and thus must be broken and crushed to allow for safe uptake. (b) It has 
a very bitter taste, and so is often mixed with a sweetener to make it palatable to 
young children. (c) The current formulation of 600 mg does not allow for flexible-
dose adjustments for this age group.

4.1.2 Water, sanitation and hygiene (WASH) interventions

Clean water provision, sanitation and hygiene are critical components of the 
global NTD roadmap [41]. For schistosomiasis, improved sanitation across the entire 
community to prevent contaminated feces and urine from reaching surface water 
can reduce or eliminate transmission, by stopping worm eggs in feces and urine from 
entering water sources, which are the snail habitat [58]. The aim of United Nations 
Sustainable Development Goal 6 (SDG 6) is to ensure the availability and sustain-
able management of water and sanitation for all by 2030. WASH interventions are 
among the most important measures used to control water-related diseases in Africa. 
However, sanitation, hygienic practices, and access to clean water are inadequate in 
large parts of Africa where schistosomiasis is endemic [59]. According to the United 
Nations Children’s Fund, in 2020 more than two-thirds of the African population 
did not have basic sanitation services and about 18% practiced open defecation. 
Ethiopia, Uganda, Kenya and Tanzania had the largest numbers of people in the 
continent without access to basic sanitation services, while Eritrea, South Sudan and 
Ethiopia had the largest proportions and numbers of people practicing open defeca-
tion [60]. Furthermore, in Eastern and Southern Africa, about 50 million (over 27%) 
of school-age children had no access to sanitation services, while 117 million (62%) 
had no access to hand-washing facilities at school [60]. It has also been reported that 
nearly half of Africans do not have access to clean water and two-thirds lack access to 
sewage infrastructure [61]. A systematic review and meta-analysis of the relationship 
between safe water, adequate sanitation, good hygiene and schistosomiasis found that 
people with access to safe water were significantly less likely to acquire a Schistosoma 
infection than those who, while they had access to adequate sanitation, did not have 
safe water access [62].

4.2 A different approach to schistosomiasis control: one health

4.2.1 The concept of one health and the one health disease control approach

The Centers for Disease Control and Prevention define One Health as a collabora-
tive, multispectral transdisciplinary approach applied at the local, regional, national 
and global levels, with the goal of achieving optimal health outcomes that recognize 
the interconnection among people, animals, plants and their shared environment 
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[63]. The One Health approach is a collaborative effort between the human health, 
animal health and environmental sectors to attain optimal health for people, animals 
and the environment. Over 60% of emerging, re-emerging and endemic human 
diseases have their origins in animals [64]. Humans are at increased risk of contract-
ing diseases of animal origin because of a wide range of interconnected variables, 
including mass urbanization, large-scale livestock production and increased travel 
[64]. Therefore, efforts to unite the sectors working to protect humans and animals 
and the ecosystem are of paramount significance.

4.2.2 Schistosomiasis control and elimination under the one health approach

The recurrent hybridization between Schistosoma species in nature increases the 
distribution of schistosomiasis and ultimately challenges current elimination efforts. 
Animal reservoirs can maintain transmission with zoonotic parasites even while the 
disease they cause in humans seems to be effectively controlled [65]. To be successful, 
schistosomiasis elimination programs cannot ignore the animal reservoirs of infec-
tion in Africa; this requirement demonstrates the need to consider control measures 
within a One Health framework [40]. The rapid occurrence of reinfection with 
schistosomiasis further highlights the need for a One Health approach. An anthro-
pocentric or disjointed sectoral approach to controlling human schistosomiasis in 
Africa, such as the NTD intervention strategies applied alone, may be insufficient to 
eliminate schistosomiasis. For example, in the Mekong subregion of Southeast Asia, 
relying solely on deworming to prevent schistosomiasis did not prevent reinfection, 
but required parallel activities within the One Health framework [66]. Measures 
should focus on health aspects of the environment, animals and humans. They should 
also involve state-of-the-art approaches to schistosomiasis diagnosis and surveillance 
that encompass the environment (water and snails), animals (both domestic fauna 
and wildlife) and humans to enable an understanding of transmission ecology and 
the evolution of schistosomiasis across all hosts (Figure 5) [6].

4.2.2.1 Environmental health measures

Schistosoma species depend entirely on the presence of freshwater environments 
harboring susceptible snails to complete their life cycle. Control measures should 
therefore focus on preventing excreta (fecal or urine) contamination of freshwater 
sources. The following control measures are ideal for preventing excreta contamina-
tion of freshwater sources:

1. Provision of improved sanitation as it has been explained above. Provision and 
proper use of improved sanitation facilities will prevent excreta containing Schis-
tosoma eggs from entering freshwater sources containing snail hosts and thus 
will prevent subsequent snail infections [58]

2. Preventing direct contact with infested freshwater by human and animals. Prevention 
of direct human or animal contact will reduce the chances of excreta contamina-
tion and prevent transmission. It may be accomplished through ring-fencing of the 
contaminated water bodies [67].

3. Reducing snail populations. Reinforcing snail control is a part of the WHO strategic 
approach to eliminating schistosomiasis [68].
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Snail control can be attempted through snail habitat modifications such as altering 
flow rate and water levels so as to disturb snail habitat and disrupt snails’ food sources. 
Such modifications include constructing V-shaped banks in irrigation channels, 
removing vegetation and draining water sources that serve no special purpose for 
humans, wildlife or livestock [67]. Biological control of snails using nonsusceptible 
competitor snails has been reported to be successful in the Caribbean region [69], 
although it is important not to run the risk of importing potentially invasive snails. 
Snail control may also be accomplished through molluscicide application; however, 
since molluscicides have not been notably effective in past efforts, and may cause 
damage to other organisms [70], the application should be targeted, and carefully 
monitored rather than widespread [67].

4.2.2.2 Human health measures

As part of ongoing mass drug administration campaigns, other human interventions 
should be considered. Therefore, WASH providers must prioritize the reduction of 
inequality to align with the Sustainable Development Goals agenda, as developed in 
the recent WASH strategy to accelerate and sustain progress on NTDs [71]. Water 
scarcity can result in the sharing of water sources between people and animals, which 
can increase the risk of zoonotic diseases. Improving access to clean water by sup-
plying tap water or wells at homes [65], accompanied by behavioral changes such 
as avoiding swimming, wading, washing or bathing in contaminated ponds, rivers 
and lakes, would help to prevent human contact with Schistosoma-infested waters. It 
is safest to consider all freshwater bodies in endemic areas as potential transmission 

Figure 5. 
Schematic presentation of the proposed one health framework for controlling zoonotic schistosomiasis in Africa.
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sites [67]. Furthermore, while safe water is unlikely to contain cercariae, its provi-
sion often will not prevent all human contact with infested water. In some settings, 
such as fishing communities, it is important to account for considerable occupational 
water contact that the availability of safe water supplies would not prevent [72]. 
Hence, periodic examination and treatment of workers and people at constant risk 
of infection may be the most feasible approach to controlling schistosomiasis [67]. 
Interventions to reduce the contamination of water bodies with Schistosoma eggs 
could reduce the potential for disease transmission in both humans and animals [65]. 
Stakeholders should scale up the provision of improved sanitation services through 
the construction of latrines (including aboard boats). Also, public toilets along river 
basins in schistosomiasis-endemic areas must be provided to stop human excre-
ment from entering freshwater sources [67]. In addition, interventions such as the 
construction of big systems like sewage treatment ponds and constructed wetlands, 
or home-based smaller systems, would help prevent contamination of water sources. 
Basically, if the urine and feces of people and animals could be kept from entering 
water bodies, there would be no more schistosomiasis transmission. This can be seen 
in two highly infested bodies of water, Lake Victoria and Lake Malawi, where, thanks 
to local initiatives, there are actually ‘safe beaches’ with no schistosomiasis [1].

4.2.2.3 Animal health measures

The most effective way of controlling zoonotic schistosomiasis in livestock is also 
through keeping susceptible domestic animals from coming into contact with infested 
water. This can be achieved by preventing livestock grazing in infested wetlands, 
fencing infested water sources and supplying drinking water to the animals in troughs 
[73]. Apart from reducing the risk of infections to the animals, these measures will 
also prevent contaminated excreta from livestock from entering freshwater sources. 
Susceptible animals used in wetland areas for agriculture purposes should be replaced 
with nonsusceptible species or with farm machinery if the purpose of animals’ use is 
mechanical management. Periodic examination and treatment of susceptible live-
stock should be conducted. However, reinfection may occur quickly if the source of 
contamination is left uncontrolled. Regarding wild animals, high-density populations 
of susceptible wildlife increase the potential for disease transmission. Interaction 
between livestock and wildlife should be prevented wherever possible, and supple-
mentary feeding of wild animals close to water sources should be avoided. Lastly, 
scientists and funders should invest in finding Schistosoma vaccines for animals and 
humans [67].

4.2.3  Implementation of the one health approach in Africa under current socioeconomic 
and political conditions

Strong social, economic and political commitments are key elements in successful 
schistosomiasis control, which requires persistent efforts and a systematic step-by-
step approach with increasingly ambitious targets to reach elimination [35]. The dis-
ease context is complex, with the interplay of social, economic, political and cultural 
factors [20, 27] that may affect the attainment of the goals of the NTD 2021–2030 
road map [28]. Concurrent treatment of zoonotic Schistosoma reservoirs, at least in 
terms of livestock hosts in Africa, is likely to be imperative for successful disruption 
of the transmission of human disease [15]. However, a key problem for the treatment 
of many zoonotic infections in livestock reservoirs is that, while the costs of treatment 
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fall largely on the agricultural sector, the benefits of reduced transmission to humans 
are felt largely by the public health and medical sectors [15]. Therefore, motivating 
the sustainable involvement of livestock authorities and producers, who may have 
other disease priorities, could be difficult.

Given the potential impact of schistosomiasis on animal health and productivity, 
a One Health economic evaluation of extending treatment to animal hosts in Africa 
appears warranted, and requires data to be gathered on the costs and benefits to both 
the animal and human health sectors. To assess the economics of One Health inter-
ventions, the impacts on both sectors need to be integrated so that decision-makers 
in both sectors can assess and interpret outcomes in a way that is meaningful both to 
their sector and to society [74]. In light of these challenges, there is a need to revisit 
the current approach to schistosomiasis control among African countries irrespective 
of the level of endemicity.

5. Conclusion

Since the novel zoonotic Schistosoma hybrid species potentially may play a role 
in maintaining and exacerbating schistosome transmission in humans and animals, 
no single strategy will reduce transmission everywhere. What worked well in one 
place or time can be ineffective or inappropriate in another. The recent approach 
used to control schistosomiasis in Africa is designed to focus on treatment coverage, 
the use of vertical programs, and dependence on external supports and donors. The 
consequences of the approach are the predominance of preventive chemotherapy over 
other prevention and control strategies and the lack of cross-sector collaboration. 
Deploying multiple strategies across multiple sectors may help to balance the control 
portfolio. Therefore, control strategies may have to be adjusted within a jointed One 
Health framework. This could be facilitated by a successful understanding of the 
transmission ecology and evolution of zoonotic schistosomiasis across all hosts, both 
animal and human, as well as the freshwater environment.

Conflicts of interest

The authors declare that there are no conflicts of interest.



Schistosoma Hybridizations and Risk of Emerging Zoonosis in Africa: Time to Think of a One…
DOI: http://dx.doi.org/10.5772/intechopen.103680

223

Author details

Abdallah Zacharia1*, Anne H. Outwater2, Eliza Lupenza1, Alex J. Mujuni3  
and Twilumba Makene1

1 Department of Parasitology and Medical Entomology, Muhimbili University of 
Health and Allied Sciences, Dar es Salaam, Tanzania

2 Department of Community Health Nursing, Muhimbili University of Health and 
Allied Sciences, Dar es Salaam, Tanzania

3 Department of Zoology and Wildlife Conservation, College of Natural and Applied 
Sciences, University of Dar es Salaam, Dar es Salaam, Tanzania

*Address all correspondence to: naayz@ymail.com

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Parasitic Helminths and Zoonoses - From Basic to Applied Research

224

References

[1] Outwater AH, Mpangala E. 
Schistosomiasis and US Peace Corps 
volunteers in Tanzania. Journal of 
Travel Medicine. 2005;12(5):265-269. 
DOI: 10.2310/7060.2005.12505

[2] Aula OP, McManus DP, Jones MK, 
Gordon CA. Schistosomiasis with a 
focus on Africa. Tropical Medicine and 
Infectious Diseases. 2021;6(3):1-40.  
DOI: 10.3390/tropicalmed6030109

[3] World Health Organization, 
Schistosomiasis. 2021. Available from: 
www.who.int/news-room/fact-sheets/
detail/schistosomiasis

[4] Fall CB et al. Hybridized zoonotic 
Schistosoma infections result in 
hybridized morbidity profiles: A 
clinical morbidity study amongst 
co-infected human populations of 
Senegal. Microorganisms. 2021;9(8):1-18. 
DOI: 10.3390/microorganisms9081776

[5] Adenowo AF, Oyinloye BE, 
Ogunyinka BI, Kappo AP. Impact of 
human schistosomiasis in sub-Saharan 
Africa. The Brazilian Journal of 
Infectious Diseases. 2015;19(2):196-205. 
DOI: 10.1016/j.bjid.2014.11.004

[6] Webster JP, Gower CM, Knowles SCL, 
Molyneux DH, Fenton A. One health—
An ecological and evolutionary 
framework for tackling Neglected 
Zoonotic Diseases. Evolutionary 
Applications. 2016;9(2):313-333.  
DOI: 10.1111/eva.12341

[7] Savassi BAES et al. Cattle as 
natural host for Schistosoma 
haematobium (Bilharz, 1852) 
Weinland, 1858 x Schistosoma bovis 
Sonsino, 1876 interactions, with 
new cercarial emergence and genetic 
patterns. Parasitology Research. 

2020;119(7):2189-2205. DOI: 10.1007/
s00436-020-06709-0

[8] Cao ZG, Zhao YE, Lee Willingham A, 
Wang TP. Towards the elimination of 
schistosomiasis japonica through control 
of the disease in domestic animals in 
the People’s Republic of China: A tale of 
over 60 years. Advances in Parasitology. 
2016;92:269-306. DOI: 10.1016/
bs.apar.2016.03.001

[9] Borlase A, Webster JP, Rudge JW.  
Opportunities and challenges for 
modelling epidemiological and 
evolutionary dynamics in a multihost, 
multiparasite system: Zoonotic 
hybrid schistosomiasis in West Africa. 
Evolutionary Applications. 2018;11(4): 
501-515. DOI: 10.1111/eva.12529

[10] Richards L, Erko B, Ponpetch K,  
Ryan SJ, Liang S. Assessing the 
nonhuman primate reservoir of 
Schistosoma mansoni in Africa: A 
systematic review. Infectious Diseases of 
Poverty. 2019;8(32):1-11

[11] Southgate VR. Schistosomiasis in 
the Senegal River Basin: Before and after 
the construction of the dams at Diama, 
Senegal, and Manantali, Mali, and future 
prospects. Journal of Helminthology. 
1997;71(2):125-132. DOI: 10.1017/
s0022149x00015790

[12] Léger E et al. Prevalence and 
distribution of schistosomiasis in 
human, livestock, and snail populations 
in northern Senegal: A One Health 
epidemiological study of a multi-host 
system. Lancet Planetary Health. 
2021;4(8):e330-e342. DOI: 10.1016/
S2542-5196(20)30129-7

[13] Kouadio JN et al. Prevalence and 
distribution of livestock schistosomiasis 



Schistosoma Hybridizations and Risk of Emerging Zoonosis in Africa: Time to Think of a One…
DOI: http://dx.doi.org/10.5772/intechopen.103680

225

and fascioliasis in Côte d’Ivoire: Results 
from a cross-sectional survey. BMC 
Veterinary Research. 2020;16(1):1-13. 
DOI: 10.1186/s12917-020-02667-y

[14] Keyyu JD, Monrad J, Kyvsgaard NC, 
Kassuku AA. Epidemiology of Fasciola 
gigantica and Amphistomes in cattle 
on traditional, small-scale dairy and 
large-scale dairy farms in the southern 
highlands of Tanzania. Tropical Animal 
Health and Production. 2005;37(4):303-
314. DOI: 10.1007/s11250-005-5688-7

[15] Gower CM, Vince L, Webster JP.  
Should we be treating animal 
schistosomiasis in Africa? The need 
for a One Health economic evaluation 
of schistosomiasis control in people 
and their livestock. Transactions of the 
Royal Society of Tropical Medicine and 
Hygiene. 2017;111:244-247. DOI: 10.1093/
trstmh/trx047

[16] Panzner U, Boissier J. Natural 
intra- and interclade human hybrid 
schistosomes in Africa with considerations 
on prevention through vaccination. 
Microorganisms. 2021;9(1465):1-19.  
DOI: 10.3390/microorganisms9071465

[17] King KC, Stelkens RB, Webster JP, 
Smith DF, Brockhurst MA. Hybridization 
in parasites: Consequences for adaptive 
evolution, pathogenesis, and public 
health in a changing world. PLoS 
Pathogens. 2015;11(9):1-12. DOI: 10.1371/
journal.ppat.1005098

[18] Leger E, Webster JP. Hybridizations 
within the genus Schistosoma: 
Implications for evolution, epidemiology 
and control. Parasitology. 2017;144(1): 
65-80. DOI: 10.1017/S0031182016001190

[19] Harrison R, Larson E. Hybridization, 
introgression, and the nature of species 
boundaries. The Journal of Heredity. 
2014;105(1982):795-809. DOI: 10.1093/
jhered/esu033

[20] Moné H, Minguez S, Ibikounlé M,  
Allienne JF, Massougbodji A, Mouahid G.  
Natural interactions between S. 
haematobium and S. guineensis in 
the Republic of Benin. Science 
World Journal. 2012:793420. 
DOI: 10.1100/2012/793420

[21] Léger E et al. Introgressed animal 
schistosomes Schistosoma curassoni 
and S. bovis naturallly infecting 
human. Emerging Infectious Diseases. 
2016;22(12):2212-2214. DOI: 10.3201/
eid2212.1606

[22] Huyse T, Webster BL, Geldof S, 
Stothard JR, Diaw OT, Rollinson D. 
Bidirectional introgressive hybridization 
between a cattle and human 
schistosome species. PLoS Pathogenesis. 
2009;45(9):1-9. DOI: 10.1371/journal.
ppat.1000571

[23] Alves W. Observations on S. mattheei 
and S. haematobium. Adults and eggs 
from experimental animals and man. 
Transactions of the Royal Society 
of Tropical Medicine and Hygiene. 
1948;41(4):430-431. Available from: 
https://www.cabdirect.org/cabdirect/
abstract/19480800853

[24] Wright C, Ross G. Hybrids between 
Schistosoma haematobium and S. mattheei 
identification by isoelectric focusing 
of enzymes. Transactions of the Royal 
Society of Tropical Medicine and 
Hygiene. 1980;74(3):326-332.  
DOI: 10.1016/0035-9203(80)90091-7

[25] Steinauer ML et al. Introgressive 
hybridization of human and rodent 
schistosome parasites in western Kenya. 
Molecular Ecology. 2008;17(23):5062-5074. 
DOI: 10.1111/j.1365-294X.2008.03957.x

[26] Webster BL, Diaw OT, Seye MM, 
Webster JP, Rollinson D. Introgressive 
hybridization of Schistosoma 
haematobium group species in Senegal: 



Parasitic Helminths and Zoonoses - From Basic to Applied Research

226

Species barrier break down between 
ruminant and human schistosomes. PLoS 
Neglectd Tropical Diseases. 2013;7(4):1-
9. DOI: 10.1371/journal.pntd.0002110

[27] Kruatrachue M, Upatham ES,  
Sahaphong S, Tongthong T,  
Khunborivan V. Scanning electron 
microscopic study of the tegumental 
surface of the hybrid schistosome between 
Schistosoma mekongi and S. japonicum-like 
(Malaysian). The Southeast Asian Journal 
of Tropical Medicine and Public Health. 
1987;18(4):453-466

[28] Cunin P, Tchuem Tchuenté L, Poste B, 
Djibrilla K, Martin PMV. Interactions 
between Schistosoma haematobium 
and Schistosoma mansoni in 
humans in north Cameroon. 
Tropical Medicine & International 
Health. 2003;8(12):1110-1117. 
DOI: 10.1046/j.1360-2276.2003.01139.x

[29] Huyse T, Van Den Broeck F, 
Hellemans B, Volckaert FAM, Polman K. 
Hybridisation between the two major 
African schistosome species of humans. 
International Journal for Parasitology. 
2013;43(8):687-689. DOI: 10.1016/j.
ijpara.2013.04.001

[30] Depaquit J, Akhoundi M, 
Haouchine D, Mantelet S, Izri A. No 
limit in interspecific hybridization in 
schistosomes: Observation from a case 
report. Parasite. 2019;26(10):1-5

[31] Tchuem Tchuenté LA, Southgate V, 
Njiokou F, Njine T, Kouemeni L, Jourdane J. 
The evolution of schistosomiasis at Loum, 
Cameroon: Replacement of Schistosoma 
intercalatum by S. haematobium through 
introgressive hybridization. Transactions 
of the Royal Society of Tropical Medicine 
and Hygiene. 1997;91:664-665. DOI: 
10.1016/s0035-9203(97)90513-7

[32] Cosgrove CL, Southgate VR.  
Interactions between Schistosoma 

intercalatum (Zaire strain) and S. mansoni. 
Journal of Helminthology. 2003;77(3):209-
218. DOI: 10.1079/JOH2002165

[33] Catalano S et al. Rodents as natural 
hosts of zoonotic schistosoma species 
and hybrids: An epidemiological and 
evolutionary perspective from West 
Africa. The Journal of Infectious 
Diseases. 2018;218(3):429-433. 
DOI: 10.1093/infdis/jiy029

[34] Centers for Disease Control and 
Prevention, Zoonotic diseases. One 
Health. 2021. Available from: https://
www.cdc.gov/onehealth/basics/
zoonotic-diseases.html

[35] Carabin H et al. Zoonotic 
schistosomosis (schistosomiasis). 
In: Palmer S, Soulsby L, Torgerson P, 
Brown DWG, editors. Oxford Textbook 
of Zoonoses: Biology, Clinical Practice 
and Public Health. 2nd ed. London: 
Oxford University Press; 2011

[36] Catalano S et al. Multihost 
transmission of Schistosoma mansoni in 
Senegal, 2015-2018. Emerging Infectious 
Diseases. 2020;26(6):2015-2018

[37] Van Wyk JA. The importance of 
animals in human schistosomiasis in 
South Africa. South African Medical 
Journal. 1983;63(6):201-204

[38] Borlase A, Rudge JW, Léger E, 
Diouf ND, Fall CB, Diop SD. Spillover, 
hybridization, and persistence in 
schistosome transmission dynamics at 
the human–animal interface. PNAS. 
2021;118(41):1-11. DOI: 10.1073/
pnas.2110711118

[39] Rey O et al. Diverging patterns of 
introgression from Schistosoma bovis 
across S. haematobium African lineages. 
PLoS Pathogens. 2021;17(2):1-20. 
DOI: 10.1371/JOURNAL.PPAT.1009313

[40] Tchuem Tchuenté LA, Rollinson D, 
Stothard JR, Molyneux D. Moving from 



Schistosoma Hybridizations and Risk of Emerging Zoonosis in Africa: Time to Think of a One…
DOI: http://dx.doi.org/10.5772/intechopen.103680

227

control to elimination of schistosomiasis 
in sub-Saharan Africa: Time to change 
and adapt strategies. Infectious Diseases 
of Poverty. 2017;6(1):1-14. DOI: 10.1186/
s40249-017-0256-8

[41] World Health Organization. Ending 
the Neglect to Attain the Sustainable 
Development Goals: A Road Map for 
Neglected Tropical Diseases 2021-2030. 
Geneva, Switzerland: WHO; 2021

[42] World Health Organization. 
Schistosomiasis: Progress Report 2001-
2011 and Strategic Plan 2012-2020. 
Geneva, Switzerland: WHO; 2010

[43] WHO Expert Committee. Prevention 
and Control of Schistosomiasis and Soil 
Transmitted Helminthiasis. Geneva, 
Switzerland: WHO; 2002

[44] World Health Organization. World 
Health Assembly Resolution WHA 65.21: 
Elimination of Schistosomiasis. Geneva, 
Switzerland: WHO; 2012

[45] World Health Organization, 
Schistosomiasis fact sheet. 2021. Available 
from: https://www.who.int/news-room/
fact-sheets/detail/schistosomiasis 
[Accessed: December 23, 2021]

[46] World Health Organization. 
Schistosomiasis and soil-transmitted 
helminthiases: Numbers of people 
treated in 2018. Weekly Epidemiological 
Record. 2020;96:601-612

[47] Geleta S, Alemu A, Getie S, 
Mekonnen Z, Erko B. Prevalence of 
urinary schistosomiasis and associated 
risk factors among Abobo Primary School 
children in Gambella Regional State, 
southwestern Ethiopia: A cross-sectional 
study. Parasite Vectors. 2015;8(215):1-9.  
DOI: 10.1186/s13071-015-0822-5

[48] Bakuza J. Demographic factors 
driving schistosomiasis and 

soil-transmitted helminthiases in Milola 
Ward, Lindi District, Tanzania: A useful 
guide for launching intervention. East 
African Health Research. 2018;2:156-167

[49] Mugono M, Konje E, Kuhn S,  
Mpogoro FJ, Morona D, Mazigo HD.  
Intestinal schistosomiasis and 
geohelminths of Ukara Island, North-
Western Tanzania: Prevalence, intensity 
of infection and associated risk factors 
among school children. Parasites & 
Vectors. 2014;7(1):1-9. DOI: 10.1186/
s13071-014-0612-5

[50] Kalinda C, Mindu T, Chimbari MJ. 
A systematic review and meta-analysis 
quantifying schistosomiasis infection 
burden in pre-school aged children 
(PreSAC) in sub-Saharan Africa for 
the period 2000-2020. PLoS One. 
2020;15(12):1-16. DOI: 10.1371/journal.
pone.0244695

[51] Hotez PJ, Engels D, Fenwick A,  
Savioloi L. Africa is desperate for 
praziquantel. Lancet. 2010;376(9740): 
496-498. DOI: 10.1016/S0140-6736 
(10)60879-3

[52] World Health Organization. 
Schistosomiasis and soil-transmitted 
helminthiases: Numbers of people 
treated in 2019. Weekly Epidemiological 
Record. 2019;95:629-640

[53] Tesfie A et al. Praziquantel is an 
effective drug for the treatment of 
Schistosoma Mansoni infection among 
school-aged children in Northwest 
Ethiopia. Tropical Medicine Health. 
2020;48(1):1-8

[54] Faust CL et al. Schistosomiasis 
control: Leave no age group behind. 
Trends in Parasitology. 2020;36(7): 
582-591. DOI: 10.1016/j.pt.2020.04.012

[55] Mang’ara R. Prevalence of 
Schistosoma mansoni Infection and 



Parasitic Helminths and Zoonoses - From Basic to Applied Research

228

Associated Factors among Fishery 
Workers. Dar es Salaam, Tanzania: 
Department of Parasitology and Medical 
Entomology; 2020

[56] Osakunor DNM, Woolhouse MEJ, 
Mutapi F. Paediatric schistosomiasis: 
What we know and what we need to 
know. PLoS Neglected Tropical Diseases. 
2018;12(2):1-16. DOI: 10.1371/journal.
pntd.0006144

[57] Mduluza T, Mutapi F. Putting the 
treatment of paediatric schistosomiasis 
into context. Infectious Diseases of 
Poverty. 2017;6(1):1-6

[58] Grimes JET, Croll D, Harrison WE, 
Utzinger J, Freeman MC, Templeton MR. 
The roles of water, sanitation and 
hygiene in reducing schistosomiasis: 
A review. Parasites & Vectors. 
2015;8(156):1-16

[59] World Health Organization/United 
Nations Children’s Fund, WHO/UNICEF 
joint monitoring program for water 
supply, sanitation and hygiene (JMP)—
Progress on household drinking water, 
sanitation and hygiene 2000-2020. 2021. 
Available from: https://www.unwater.
org/publications

[60] United Nations Children’s Fund. 
Eastern and southern Africa: Ssanitation 
and hygiene. Available from: https://
www.unicef.org/esa/sanitation-and-
hygiene [Accessed: December 23, 2021]

[61] Walker C. Lack of safe water, sanitation 
spurs growing dissatisfaction with 
government performance. Afrobarometer. 
2016;(76):1-23

[62] Freeman MC, Grimes JET, Croll D,  
Harrison WE, Templeton MR. The 
relationship between water, sanitation 
and schistosomiasis: A systematic review 
and meta-analysis. PLoS Neglected 
Tropical Diseases. 2014;8(12):e3296. 
DOI: 10.1371/journal.pntd.0003296

[63] Centers for Disease Control and 
Prevention, One Health. 2021. Available 
from: https://www.cdc.gov/onehealth/
index.html

[64] Kate PD, Jones E, Patel NG, 
Levy MA, Storeygard A, Balk D, et al. 
Global trends in emerging infectious 
diseases. Nature. 2008;451(7181):990-993

[65] Stauffer JR, Madsen H. A One Health 
approach to reducing schistosomiasis 
transmission in Lake Malawi. 
Preventive Medicine and Community 
Health. 2018;1(3):1-4. DOI: 10.15761/
PMCH.1000115

[66] World Health Organization. NTD, 
WASH, Animal Health, Nutrition and 
Education are Joining Forces to Eliminate 
Schistosomiasis in Mekong Region. 
WHO: Geneva, Switzerland; 2018

[67] Cromie RL et al., Ramsar wetland 
disease manual: Guidelines for 
assessment, monitoring and management 
of animal disease in wetlands (Ramsar 
Technical Report no. 7). Gland, 
Switzerland: Ramsar Convention 
Secretariat. 2012

[68] World Health Organization, 
Schistosomiasis elimination: Refocusing 
on snail control to sustain progress. 2020. 
Available from: https://www.who.int/
news/item/25-03-2020-schistosomiasis-
elimination-refocusing-on-snail-control-
to-sustain-progress

[69] Sokolow SH et al. To reduce the 
global burden of human schistosomiasis, 
use ‘old fashioned’ snail control. Trends 
in Parasitology. 2017;34(1):23-40.  
DOI: 10.1016/j.pt.2017.10.002

[70] Coelho PMZ, Caldeira RJ. Critical 
analysis of molluscide application 
in schistosomiasis control programs 
in Brazil. Infectious Diseases of 
Poverty. 2016;5:57. DOI: 10.1186/
s40249-016-0153-6



Schistosoma Hybridizations and Risk of Emerging Zoonosis in Africa: Time to Think of a One…
DOI: http://dx.doi.org/10.5772/intechopen.103680

229

[71] World Health Organization, Water, 
sanitation and hygiene for accelerating 
and sustaining progress on Neglected 
Tropical Diseases. 2016. Available from: 
https://www.who.int/publications/i/
item/WHO-FWC-WSH-15.12

[72] Omondi I, Odiere MR, 
Rawago F, Mwinzi PN, Campbell C, 
Musuva R. Socioeconomic determinants 
of Schistosoma mansoni infection using 
multiple correspondence analysis among 
rural western Kenyan communities: 
Evidence from a household-based study. 
PLoS One. 2021;16(6):1-16. DOI: 10.1371/
journal.pone.0253041

[73] De Bont J, Vercruysse J. The 
epidemiology and control of cattle 
schistosomiasis. Parasitology Today. 
1997;13(7):255-262

[74] Shaw APM, Rushton J, Roth F, 
Torgerson PR. DALYs, dollars and dogs: 
How best to analyse the economics of 
controlling zoonoses. Revue Scientifique 
et Technique. 2017;36(1):147-161.  
DOI: 10.20506/rst.36.1.2618





231

Chapter 12

Dancing in a Cycle: Global Health 
Agenda and Schistosomiasis Control 
in Africa
Adetayo Olorunlana

Abstract

Schistosomiasis and other Neglected Tropical diseases (NTDs) affect about 2 billion 
people globally. Africa shares approximately 90% of the global burden of schistosomiasis 
disease. Despite, World Health Organization (WHO) effort to control the disease, it 
remains neglected in most African countries. Historically, schistosomiasis is as long as 
4,000 years in Africa, but lack accurate data and commitment to combat the disease. 
Control programs exclude adults in Mass Drug Administration (MDAs), and water, san-
itation, and hygiene (WASH) as Praziquantel drug is used for the treatment. However, 
migratory patterns of the neglected population and the interplay of social, economic, 
political, and cultural factors introduce the disease into previously eliminated or/and 
new areas. The question is would Africa be able to achieve the new goals of the WHO 
NTDs 2021–2030 Roadmap, for schistosomiasis elimination? The chapter argued for 
and against if Africa changes the current top-down approach to schistosomiasis control 
and incorporates a dynamic approach. Or if the previous pattern of late implementa-
tion, dependent on only one drug and shifting focus to other diseases of relevance 
continues. If a new approach is not adopted the dance in the cycle has just begun.

Keywords: Africa, control programme, neglected tropical disease (NTDs), 
Praziquantel, Schistosomiasis

1. Introduction

Schistosomiasis is among the Neglected Tropical Diseases (NTDs), and the main 
challenge is the control of the disease [1]. Schistosomiasis transmission has been 
reported from 78 countries with over 65% in Africa with estimated 800 million 
people at risk of the disease [2, 3]. Literature affirmed that Schistosomiasis is the 
third-highest burden among parasitic NTDs, 2019 estimation of the World Health 
Organization peg the infection at over 140 million people and at least 236.6 million 
people required preventive treatment and it remains among the major global health 
threats [4–6]. Consequently, schistosomiasis is still highly endemic in several countries 
especially in Sub-Saharan Africa [5–9].

Scientifically, schistosomiasis could be a mild, acute, and chronic parasitic  
disease caused by blood flukes (trematode worms) of the genus Schistosoma [2, 6]. 
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Countries Estimated number requiring 
preventive chemotherapy for 

Schistosomiasis annually

Estimated number of school-age children 
requiring preventive chemotherapy for 

Schistosomiasis annually

Algeria No PC required No PC required

Angola 5,034,807 3,258,115

Benin 2,300,011 1,367,350

Botswana 1,395,735 366,693

Burkina Faso 4,737,998 4,285,046

Burundi 1,701,480 1,633,550

Cabo Verde 5,674,510 3,835,446

Cameroon 5,670,713 3,329,839

Central African 
Republic (CAR)

1,216,727 477,715

Chad 3,990,275 2,378,434

Comoros Non-endemic Non-endemic

Congo, Democratic 
Republic

15,977,680 11,521,955

Congo, Republic 421,246 225,225

Djibouti No PC required No PC required

Egypt 2,932,815 1,464,425

Equatorial Guinea 62,864 32,196

Eritrea 286,629 243,835

Eswatini 402,727 282,396

Ethiopia 14,979,339 7,774,638

Gabon 180,080 160,0The 42

The Gambia 180,080 160,042

Ghana 10,685,201 4,369,206

Guinea 4,435,048 1,864,900

Guinea-Bissau 160,922 108,416

Kenya 3,519,321 1,924,082

Lesotho Non-endemic Non-endemic

Liberia 875,416 447,595

Libya No PC required No PC required

Madagascar 9,914,996 4,438,987

Malawi 8,861,768 3,735,144

Mali 6,276,715 3,518,177

Mauritania 844,271 390,854

Mauritius No PC required No PC required

Morocco No PC required No PC required

Mozambique 16,564,136 6,264,395

Namibia 486,997 203,961
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Africa shares not less than 90% of the global burden of schistosomiasis disease neces-
sitating her need for preventive chemotherapy (see Table 1) in about 51 endemic 
countries with moderate-to-high transmission [6]. There are five different types of 
species causing schistosomiasis infection: Schistosoma haematobium affecting the uri-
nary tract; Schistosoma mansoni, Schistosoma japonicum, Schistosoma intercalatum, and 
Schistosoma mekongi affecting the intestine. S. haematobium and S. mansoni infections 
are common in Africa [9, 10].

In Sub-Saharan Africa (SSA), S. mansoni (intestinal schistosomiasis) and S. haema-
tobium (urogenital schistosomiasis) (Table 2), transmitted through feces and urine, has 
been identified as the main species causing human schistosomiasis [11]. Research shows 
that S. mansoni is widely distributed across the tropics and subtropics especially in 
the vast poverty-stricken but environmentally and climatically friendly sub-Saharan 
Africa [12, 13]. Some reported that S. haematobium is the most prevalent parasite in 
Nigeria, with an estimated population of 30 million people annually [8, 14]. Also, 
S. haematobium is affirmed to be more endemic because of the agricultural activities 
such as fishing, subsistence farming, and washing among others that forces the rural 
people to interact with freshwater [15, 16].

Subsequently, the population experiences schistosomiasis symptoms like anemia, 
fever, genital lesions, stunting, and sometimes irreversible organ damage [17]. 

Countries Estimated number requiring 
preventive chemotherapy for 

Schistosomiasis annually

Estimated number of school-age children 
requiring preventive chemotherapy for 

Schistosomiasis annually

Niger 10,249,620 4,553,187

Nigeria 26,289,931 17,444,157

Rwanda 2,784,935 1,685,462

Sao Tome and 
Principe

39,698 24,126

Senegal 2,614,816 1,340,844

Seychelles Non-endemic Non-endemic

Sierra Leone 3,002,879 1,309,396

Somalia 2,847,592 2,549,993

South Africa 4,628,843 3,807,757

South Sudan 2,841,584 1,324,002

Sudan 8,080,706 4,515,705

Tanzania 16,495,074 6,750,656

Togo 3,051,913 1,740,023

Tunisia No PC required No PC required

Uganda 12,305,791 5,628,177

Zambia 4,268,909 2,338,006

Zimbabwe 3,413,154 2,021,614

Source: Compiled by Author 2021; extracted from WHO [33].

Table 1. 
Status of Schistosomiasis in 54 African countries showing the estimated number of people and school-age 
children that required preventive chemotherapy (PC) in the year 2020.
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This was the rationale behind the preventive chemotherapy (PC) and the recom-
mendation of Praziquantel by WHO as a notable strategy to control schistosomiasis by 
targeting the school-aged children (SAC) from aged 5–15 years because they were most 
infected and can be reached successfully through schools [5]. “The PC strategy is indi-
cated by prevalence (estimated by initial parasitological assessment) at implementation 
unit level, usually, district, the prevalence of infection less than 10% requires triennial 
PC, 10% to 49% biennial treatment, and 50% or greater annual treatment” [5].

Although some countries recorded success of morbidity control, the narrative is 
different in most African countries. If some countries were able to eliminate schis-
tosomiasis, some scholars have asked the question why not Africa [18]. Could it be 
argued that the COVID-19 Pandemic hinders the WHO set goals for the control and 
elimination of schistosomiasis in 2020? Or could we measure the progress so far and 
project that the WHO will achieve the goal of elimination of Schistosomiasis as a public 
health problem in all endemic countries by 2025 or 2030? Complete interruption of 
transmission is a target in selected regions by 2025 [19–23]. Although strategic plans 
exist on how the WHO guidance on how schistosomiasis can be controlled and scale 
up to elimination [18, 20], but is yet uncertain if such goals can be achieved with the 
little time left [23]. The current review traced the historical analysis of schistosomiasis, 
exposed the neglected nature of the disease as a possible reason for persistent trans-
mission, ex-rayed the burden and the challenge of elimination, explained the use of 
preventive chemotherapy and the proposition for African traditional medication, 
finally concluded with the global health agenda and schistosomiasis control campaign 
in Africa.

2. Historical analysis of Schistosomiasis in Africa

Historically, scholars assumed that schistosomiasis in Africa must have originated 
from Egypt during the Egyptian mummies of the twentieth dynasty around 1250–
1000 B.C. because of the symptoms characteristic of urinary schistosomiasis which 
were first described in early Egyptian papyri and the eggs of S. haematobium identi-
fied in the urinary tracts approximately around 4000 years ago [23, 24].

According to Di Bella, there were reports of persistent haematuria recorded by 
members of Napoleon’s army in Egypt in 1798 [24], and in forces involved in the 

Species Geographical distribution

Intestinal 
schistosomiasis

Schistosoma mansoni Africa, the Middle East, the Caribbean, 
Brazil, Venezuela, and Suriname

Schistosoma japonicum China, Indonesia, the Philippines

Schistosoma mekongi Several districts of Cambodia and the Lao 
People’s Democratic Republic

Schistosoma guineensis and related 
S. intercalatum

Rain forest areas of central Africa

Urogenital 
schistosomiasis

Schistosoma haematobium Africa, the Middle East, Corsica (France)

Source: WHO [33].

Table 2. 
Parasite species and geographical distribution of schistosomiasis.
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Boer war (1899–1902). In the Eastern Cape of South Africa, schistosomiasis was first 
recorded in 1863, after Dr. J Harley diagnosed endemic haematuria with unknown 
cause in residents which cause was only known 11 years after. Although schistosomiasis 
affects all age categories but was more common in children in South Africa between 
1864 and 1899 this was associated with contact with freshwater [23, 25]. Although 
certain studies claimed that women and girls were considered to be less affected as 
they had little contact with “natural” water but other studies claimed they are more 
likely to be affected because they have more contact with freshwater [2, 25].

The name schistosomiasis was given by a German physician called Theodore Bilharz 
as he was the first to identify the parasite causing schistosomiasis in 1851. In his study 
he recovered two distinct species from autopsies of dead soldiers in Egypt and first 
named the parasite Distomum haematobium and also described hatching of eggs, 
linking the existence of the parasite to clinical symptoms– primarily haematuria–
attributed to the disease [23]. Bilharzia was later adopted as the generic term for the 
schistosomiasis parasites after the German physician Theodore Bilharz.

In Africa, cultural interference influenced the way schistosomiasis symptoms are 
described. For example in Nigeria among Song people in the North, schistosomiasis is a 
sign of manhood; among the Yewa people in Southwestern, is called “Atosiaja” as a result 
of urinating where dogs urinated, while Anambra people in the Eastern part of Nigeria 
called it “ogbodu” meaning red urine, as a sign of venereal disease; a sign of maturity or a 
result of a curse, malaria fever, witchcraft or dirtiness [26]. In north Cameroon, the Fulbe 
people relate red urine to “cille naange” (sun urine), in Upper Egypt, is seen as “harzia”, 
a serious disease that weakens people, eats the liver, and causes blood loss, bladder 
stones, calcium disease and other afflictions [26]. In most of the African descriptions of 
Schistosomiasis, water contacts or snails were not mentioned. General knowledge of the dis-
ease causation and the perceived severity may influence people a little toward the disease.

3.  Factors promoting the neglect of Schistosomiasis and reasons for 
persistent transmissions

Author and colleagues [2], emphasize the place of human culture in the  
persistent transmission of schistosomiasis, in Nigeria. Their emphasis was based on 
human behavior related to occupation, recreation, and daily house chore that neces-
sitate the people to have contact with freshwater bodies that carries the snail with the 
schistosomiasis lava. Notably, schistosomiasis is one of the 20 NTDs, is a water-based 
parasitic disease of public health importance [27].

The NTDs in the early 2000s was categorized as 17 conditions in the WHO 
portfolio [1, 28], there was a varied group of communicable diseases caused by 
bacteria, helminths, protozoa, or viruses, such as Buruli ulcer, Chagas disease, dengue, 
dracunculiasis (guinea worm disease), echinococcosis, foodborne trematodiasis, human 
African trypanosomiasis (sleeping sickness), leishmaniasis, leprosy, lymphatic filariasis 
(elephantiasis), onchocerciasis (river blindness), rabies, schistosomiasis (snail fever), 
soil-transmitted helminthiasis (intestinal worms), taeniasis/cysticercosis (pork tape-
worm), blinding trachoma, and yaws [1, 28]. Since 2016, this list was expanded with 
three groups of diseases to currently include 20 NTDs or groups of NTDs. Those new 
NTDs include mycetoma, chromoblastomycosis, and other deep mycoses; scabies and 
other ectoparasites; and snakebite envenoming [1].

Generally, Africa lacks accurate data on the NTDs, moreover, the constant contact 
with water containing S. haematobium cercariae released from the Bulinus snail, often 
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occurs regularly, resulting in re-infection with the disease [27], this also affects the 
data on the prevalence of schistosomiasis in Africa. Using documented evidence in 
data gathering, research shows that adult worms could live in humans for as long as 
30 years [29]. When humans host the worm for such long a time in endemic areas 
it becomes possible for infection or/and re-infection at some point in their life [27], 
leading to a vicious cycle within the communities irrespective of preventive che-
motherapy. For example, statistics affirmed that the highest schistosomiasis disease 
burden globally can be found in Nigeria (see Table 1), however, Nigeria does not have 
accurate national data on schistosomiasis prevalence. Although, she sometimes embark 
on a large-scale deworming implementation exercise for SAC in endemic areas with 
praziquantel [30], neglecting the adults and out-of-children as they were not covered 
by mass administration of praziquantel would be a challenge to the control of the 
disease.

Sometimes, the affected communities and individuals affected by schistosomiasis 
tend to neglect the symptoms, depending on the stage of the infection, because of the 
wide range of clinical symptoms that may occur, many of which are hard to distin-
guish from several other diseases [15]. It was also argued from the perspectives of the 
medical sociologist as perceived by the people as a disease but not an illness [26]. From 
that argument, the affected community does not see schistosomiasis as a serious ailment 
since they can go about their daily business without being bed riding. However, a study 
shows that schistosomiasis causes morbidity with many infected persons experiencing 
hematuria, dysuria, bladder-wall pathology, and hydronephrosis [27]. But because these 
conditions are not peculiar to schistosomiasis alone it tends to be neglected.

From the Nigeria scenario as related to other sub-Sahara Africa, is the cost for 
diagnosis and tool kits that inform the diseases being neglected. Nigeria did tackle 
schistosomiasis through a 2-step approach: case management and a control program 
[31]. According to Isere and colleagues, in the case management approach, cases 
are diagnosed at the primary care level. While for the control program, school-aged 
children are given praziquantel for the treatment of schistosomiasis. Sturrock [32], 
affirmed that schistosomiasis is common among children with the highest intensity 
of infection found in children between ages 5 and 15 years. However, the study also 
revealed that women and men carry a high risk of urinary schistosomiasis due to social 
and occupational activities such as farming and washing, especially in areas with poor 
water, and sanitation services [2]. Water-related domestic activities such as washing 
clothes and fetching water, as well as recreational water activities also increase the 
risk of infection for women and children [33]. It is also more common in fishing and 
agriculture dominant communities where direct interactions with water increase the 
risk of contracting the disease.

Other concerns for schistosomiasis being tag neglected disease include missed diagno-
sis, need for more sensitive, accurate, cheaper, and easy to use devices for the diagnosis 
and control of schistosomiasis. Study shows that several persons do not pass bloody urine 
which is characteristic of the disease [34]. Notably, most of the control program does 
not include adults in MDAs [30], meaning that adults with schistosomiasis infections 
are not being treated. “Schistosomiasis haematobium infection is mainly diagnosed using 
microscopy to detect parasite eggs in urine specimens which are not sensitive in detect-
ing light infections of <50 eggs per 10mls of urine; while labor-intensive, and sensitivity 
of diagnosis depends on the skill of the laboratory personnel” [35]. “Also, egg excretion 
in urine varies daily and can be complicated by interaction between the host and the 
parasite” [36]. There are other tests for the detection of S. haematobium infection, but 
they are contested for their poor specificity and high cost for endemic countries [37]. 
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Although some of the tests are useful they are at the stage of schistosomiasis elimination, 
a phase that the majority of the African countries are yet to reach [17]. From the various 
range of factors and the tendencies for continuous transmission, it is certain, that the 
challenge and burden of the schistosomiasis will be burdensome.

4.  Schistosomiasis burden and the challenge of eliminating  
the disease in Africa

Schistosomiasis disease burden is high in Sub-Saharan Africa [38]. This is because 
Sub-Saharan Africa accounts for not less than 93% of the world’s burden of diseases. 
As of 2015, there were about 207 million schistosomiasis cases, with the highest preva-
lence found in Nigeria, Tanzania, Ghana, Mozambique, and the Democratic Republic 
of Congo, these 5 countries account for 78 million cases [39]. In this region, after 
Nigeria, Tanzania was the second country having the highest cases of schistosomiasis 
and approximately 51.5% of the Tanzanian populations were either exposed or live in 
areas with a high risk of exposure [40], in current data [6] Mozambique has slightly 
overtaken Tanzanian (See, Table 1).

To combat schistosomiasis, WHO did develop numerous roadmaps for NTDs, and 
significant progress has been made by many sub-Saharan African countries by rolling 
out national action plans and programs targeting schistosomiasis control and elimina-
tion [7]. Considering all these efforts, we are tempted to ask why is it that schistoso-
miasis still remains a huge problem in sub-Saharan Africa? With such an unmet need 
for the treatment [5]. Conversely, over 150 000 deaths are attributable to chronic 
infection with S. haematobium in Africa [41]. Researchers affirm that schistosomiasis 
commonly affects the poor, the majority of them living in rural, underprivileged 
urban, or peri-urban settings with limited access to clean water, inadequate sanita-
tion, and lack hygienic services [42]. Schistosomiasis burden is beyond health impact it 
also has social and economic implications for communities [39].

Children are at a greater risk of acquiring the infection as well as reinfection [43]. 
Schistosomiasis is known to cause anemia, growth stunting, and reduced productivity; 
and accounts for between 1.6 and 4.2 million disability-adjusted life years (DALYs) lost 
annually in sub-Saharan Africa [42, 44, 45]. New data show a reduction of an estimated 
1.43 million DALYs lost to schistosomiasis in 2016 globally [46]. However, in aggregate 
schistosomiasis with other NTDs were estimated to affect close to 2 billion people at the 
turn of the millennium, with a collective DALYs burden that was equivalent to HIV/
AIDS, tuberculosis, or malaria [47]. There exist indirect consequences of NTDs, which 
are beyond condemning affected people to live long years with disability and stigma, it 
was noted that it keeps children out of school, adults out of work, burden households 
with considerable costs to seek health care, trap communities in endless cycles of 
poverty and cost developing economies billions of dollars every year [48].

5.  Mass drug administration and its inadequacy to control  
Schistosomiasis in Africa

Schistosomiasis control and elimination involve several strategies ranging from 
disease treatment to managing complications and controlling disease transmission 
with a combination of preventive chemotherapy dispersed through MDAs, and water, 
sanitation, and hygiene (WASH) programs [7, 19, 49, 50]. The focus of the WHO plan 
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for schistosomiasis control and elimination is on preventive chemotherapy, particularly 
MDAs in sub-Saharan Africa [51]. Although some progress has been made such as 
partnerships with donor foundations, interventions of international organizations like 
Merck the producer of praziquantel, and the exercise of large-scale treatments [7, 52]. 
There is because Praziquantel has been considered cost-effective, relatively safe, inex-
pensive, and effective; with donor organizations willing to provide the drug at no cost 
making it the only viable choice for the treatment of schistosomiasis [19].

Praziquantel is the key bullet for schistosomiasis control and elimination, however, 
Onasanya and colleagues [51], observed that in practice is reactive instead of proac-
tive and is an unavoidable consequence of a one-size-fits-all approach. According to 
them, this reactive approach is limiting for several reasons. They stated that firstly, 
despite the “efforts at making praziquantel available to those in need and Merck 
KGaA’s commitment to praziquantel donations, targets for MDAs coverage have still 
not reached all people at risk who require treatment” [51, 53]. This they said, “may 
indicate an under-representation or undercount of cases based on low-level aware-
ness” [8, 12, 54], the disease may be introduced to new or previously eliminated areas 
due to our migratory patterns [4, 55, 56], it is safe to assume that the similarity of the 
disease makes its transmission easy across different tropical regions and countries. 
For example, countries like Nigeria have prioritized praziquantel for SAC but leave 
out adults and preschool children during MDAs [54]. In this context, it implies that 
schistosomiasis cannot be effectively eliminated in communities where MDAs treat-
ment is on-ongoing.

Secondly, it was noted that, although there is a commitment to the donation of 
praziquantel, there is a high chance of recrudescence of disease to pre-MDAs levels 
once donations reduce or cease, or even during MDAs programs [57, 58]. Thirdly, 
“praziquantel itself has not demonstrated 100% curative ability in both single-dose 
and multi-dose regimens in various settings, implying that relying only on praziqu-
antel treatment use during MDAs is not an effective strategy for control and elimi-
nation of this disease” [59–61]. Fourthly, “given the neglected nature of the disease 
in most healthcare systems in sub-Saharan Africa, there is currently inadequate 
funding for the disease from the national governments which is likely to persist or 
worsen in the future once the current external funding and support are reduced. 
They also noted that there is also a potential for donor fatigue as current gains in 
treatment to be reversed when donation stops because countries do not have sus-
tainable strategies to own and incorporate programs within their current healthcare 
systems” [62].

Lastly, Onasayan and colleagues submitted that the disease context is complex 
with an interplay of social, economic, political, and cultural factors that may affect 
achieving the goals of the NTD 2021–2030 Roadmap [56, 63, 64]. Affirming that 
in light of the daunting challenges, there is a need to revisit the current top-down 
approach to schistosomiasis control among sub-Saharan African countries irrespec-
tive of the level of the endemicity. From the angle of WHO, there have been several 
resolutions over time toward the control and elimination of schistosomiasis, including 
renewing interest, addressing partnerships, for example in 2012, the need to attach 
importance to both preventative and control strategies by developing applicable plans 
with progressive targets was initiated [20]. Moreover, “in 2013, the WHA66.12 resolu-
tion on NTDs focused on advocating for continuous country ownership of programs 
for NTD prevention, control, elimination, and eradication” [7, 49]. “The current 
roadmap for 2021–2030 for NTDs also reiterates the importance of community-based 
and applied research for effective NTD programs, it highlights the need to integrate 
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mainstream approaches into national healthcare systems, coordinate action across 
sectors, and close coordination and multi-sectoral action across all sectors” [50].

We may wonder if enough literature has not been done on schistosomiasis control. 
But Mazigo and colleagues [65], simply noted that planning and implementation of 
schistosomiasis control activities requires an understanding of the prevalence, intensity 
of infection, and geographical distribution of the disease in different epidemiological 
settings. It is safe to assume that the reasons why preventive chemotherapy strategy 
for schistosomiasis fails sometimes are the lack of understanding of the geographical 
distribution of the disease and the infection level in endemic communities living 
in different geographical settings [65]. For effectiveness, therefore, Mazigo and 
colleagues [65], pointed out the importance of identifying areas where infections 
have continued to be a public health problem despite repeated rounds of MDAs. 
Noting that this will allow the development of focused integrated control measures. 
Generalizing from Tanzania research, they affirmed that in many of the schistosomiasis 
endemic countries, there is inadequate attention given to research on the geographical 
distribution of schistosomiasis in other areas outside the historically known and highly 
researched areas.

5.1  Use of preventive chemotherapy and proposition for Africa traditional 
medication to control Schistosomiasis

If schistosomiasis affects the intestine and is not attended to in the time it can 
become complex and lead to critical organ failure [66, 67]. To prevent this, the single 
dose of praziquantel (PZQ ) has been prescribed as a first-line treatment since 2005 
with the remarkable success achieved against schistosomiasis through targeted mass 
chemotherapy [52]. According to Moon [68], PZQ was discovered in the 1970s and 
approved for human use in the United States of America in 1982. For effectiveness 
and in pursuant of elimination of schistosomiasis, preventive treatment should be 
repeated over several years, to reduce and prevent morbidity [6].

Some progress has been recorded by the World Health Organization (WHO), in 
2017 for example, it was estimated that out of at least 290.8 million infected people, 
and about 98.7 million were treated for schistosomiasis [69]. The statistics account for 
less than 30% of the infected population receiving treatment. What possible factors 
could be responsible for the low coverage? Hotez, and colleagues [70] attributed the 
inadequate coverage to cost. Other scholars argued that PZQ has its limitations. For 
instance, it has the property that reduced prophylactic effect at the recommended 
doses against immature stages [71, 72]. Others claimed that there is little data on PZQ 
safety and efficacy in preschool children leading to the exclusion of this age group 
from chemotherapy preventive control programs [73], and others said that there is no 
oral formulation for infants and preschool children [74]. It was even concluded that 
the drug has no effect if the liver and spleen are seriously affected [33].

A report from Nigeria shows treatment once annually with praziquantel for schisto-
somiasis infections, which is said to be effective for the treatment of all species of schis-
tosomiasis [39]. According to some scholars [75], this program was said to have been 
achieved through school-based deworming (SBD) carried out by the State Ministries 
of Health in collaboration with the Federal Ministry of Health Nigeria (FMoH), 
WHO, and other nongovernmental organizations (NGOs). This program according 
to research [30], offers treatment of all school children in the country. However, due 
to the poor environment as well as poor hygiene behavior by individuals, reinfection 
occurs rapidly after treatment.
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Though PZQ appears safe and effective against all adult Schistosomiasis species 
in general [76], further research is needed to understand the efficacy and safety of 
various doses for different Schistosoma species. “Some studies reported PZQ therapeu-
tic failure up to 40%” [77, 78]. What should be the main concern? First is the heavy 
reliance on the single available drug, which studies show has been in use for the past 
40 years. Secondly, is the tendencies for drug resistance which is an eventual scenario 
for any drug, and PZQ cannot be an exception [79]. Hence, there is a need to search 
for novel drugs against all schistosomiasis lifecycle, (see Figure 1) and the stages of the 
parasite with considerations for both pediatric and adult use.

Onasanya and colleagues seem confused because of the lack of clarity on how 
sub-Saharan African countries would achieve the targets beyond the desire for easy 
wins through the use of praziquantel as a reactive way to achieve the aims of control 
and elimination of schistosomiasis [51]. They stated that if schistosomiasis control is to 
be attained, then it will require a dynamic approach that incorporates more proactive 
and holistic strategies beyond the current top-down approach. Affirming that such 
an approach most of the necessity incorporates the socio-cultural, epidemiological, 
economic, and geographical dynamics within each country to create a mix-set of 
feasible strategies for schistosomiasis control.

Consequently, the WHO calls for the need to eliminate schistosomiasis by 2030, and 
proposed the development of new intervention tools and alternative drugs to PZQ [52]. 

Figure 1. 
Schistosomiasis life cycle. Sources: CDC [10]. Available at: https://www.cdc.gov/parasites/schistosomiasis/biology.
html.
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Scholars are of the view that most modern drugs have their root in traditional medicine, 
as noted that nearly 30% or more of the modern pharmacological drugs are derived 
directly or indirectly from plants [80, 81]. Notably, African people are majorly from 
low-income countries relying heavily on traditional medicine for the treatment of all 
forms of ailment including schistosomiasis and other parasitic diseases [26]. In Ethiopia a 
large number of communities, particularly in rural areas, rely on traditional medicinal 
plants to fight several diseases including schistosomiasis [82, 83], this is not different 
from Ghana, Nigeria, Mali, Senegal, and other African countries. One scholar argued 
that the reasons why people practice traditional medicine are the high cost of modern 
drugs, paucity and inaccessibility of modern health services, and cultural acceptability 
of traditional medicine [82]. However, observation shows that in health pathways some 
African combine both modern and traditional medicine in health help-seeking behav-
ior. Some participants in Nigeria affirmed that there are medicinal plants that have 
already shown therapeutic efficiency against schistosomiasis infection [26]. When will 
the goal of total elimination of schistosomiasis be achieved?

6. Global Health Agenda and Schistosomiasis control campaign in Africa

The global health agenda can be traced to the World Health Organization and 
the World Health Assembly (WHA) in 1975, when the Executive Board called for an 
international conference to address the conspicuous inequalities in health and health 
services between countries [84, 85]. In the said conference WHA adopted the call to 
scale up efforts in drug development, proper engineering design of water manage-
ment projects, and mobilization of partners for schistosomiasis control [86]. In the 
following year, in 1976, a resolution was passed on the need to consider the epide-
miological aspects of the disease during the planning and implementation of water 
management schemes in endemic countries [23]. The resolution considered the need 
to implement measures to prevent the spread of schistosomiasis to new geographical 
locations [87]. In 1977, WHA specified that the central social goal of WHO was the 
level of “acceptable” health that would allow a “socially and economically productive 
life” for all people by 2000 and called on nation-states to work toward this goal [85]. 
To pursue this agenda, the primary health care framework was formulated at the 
Alma-Ata conference in 1978 [88]. The purpose of the Alma-Ata Declaration was to 
influence strategies, policies, and programs of national and global communities for 
the next two decades. The declaration emphasized the need to provide “Health for 
All” by adequate collaboration between biomedical and traditional sectors, in order 
to encourage encompasses approaches to health care that incorporated community 
development and community participation [85].

Oyeyemi and colleagues noted that while these efforts recorded some positive out-
comes in some countries, the situations in sub-Saharan African countries were rather 
the same [23]. Another research confirmed the lack of interest in the schistosomiasis 
control campaign in sub-Saharan Africa as other diseases were given more priority in 
the region’s health agenda [89]. Little or no efforts were recorded between the 1970s 
after the Agenda to the year 2001 when significant results were expected. For exam-
ple, Oyeyemi and colleagues said there was no single record of an epidemiological 
study on schistosomiasis in some Nigerian States [23]. They, however, agreed that most 
of the notable schistosomiasis control strategies in Nigeria started in the late 2000s.

Over the years, several resolutions aimed toward improvement on schistosomia-
sis control have been made with great commitment but little or no achievement, 
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portraying the African countries like a dancer, dancing around in a cycle. However, 
there seems to be a resurgent in recent years, as the control of schistosomiasis and 
other NTDs started to have some level of awareness and taken the priority list of 
some African governments, international organizations, and donors among others 
[7]. The resurgent can be traced to the WHA 54.19 resolution on schistosomiasis and 
soil-transmitted helminths on attaining at least 75% regular treatment benchmark of 
all school-aged children in endemic communities by 2010, endorsed in 2001 by the 
WHO member states [23, 90]. But it took more than a decade for some countries to 
come up with a national action plan for the control of NTDs. For example, a well-
organized control implementation for the schistosomiasis program was only supported 
after the year 2010 by the Nigerian government [23]. As of January 2012, when WHO 
published NTDs Roadmap, it described the strategic approach to fast-track work to 
overcome the global impact of NTDs, targeting the period of 2012–2020 [91]. These 
resolutions received the overwhelming support of donors, member states, and other 
stakeholders who pledged their support for the WHO Roadmap and its 2020 target 
[51, 91], in the same 2012, the WHA 65.21 resolution on the elimination of schistoso-
miasis was endorsed [92].

Consequently, all affected regions (See, Figure 2 and Table 3) are to strengthen 
the control interventions and surveillance and embark on schistosomiasis elimination 
where possible [19]. So, in the year 2013 WHA 66.12 resolution on NTDs, member 
states were to take ownership of NTDs’ various control programs [49]. Then, between 

Figure 2. 
Principal places affected by Schistosomiasis in Africa. Sources: MDPI [93]. Available at: https://www.mdpi.
com/2414-6366/6/3/109.
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the years 2015 and 2020, three time-bound goals for control of schistosomiasis were 
set by the WHO NTD Roadmap for the Mediterranean Region, Americas, Western 
Pacific, and sub-Saharan African countries [7, 23]. Oyeyemi and colleagues, assert 
that although the WHO NTDs Roadmap envisaged the potential elimination of 
schistosomiasis in some countries in the sub-Saharan region by 2020, it was certain that 
this feat was unachievable by the end of 2020 [23]. They assumed that conflict in the 
Nigerian communities might have contributed to the non-realization of the control 
of schistosomiasis. They also alluded to the COVID-19 pandemic as a possible impedi-
ment to schistosomiasis control implementation programs in Nigeria. The question is, 
would the WHO NTDs 2020 target have been realized in the absence of conflict and 
the current pandemic? The answer is possibly a no, going by the previous patterns of 
attention given to previous resolutions. It was, however, affirmed that epidemiologi-
cal evidence suggests that the country has a long way to go and a new WHO NTDs 
Roadmap for control or elimination of schistosomiasis is inevitable [23], now that there 
is a new roadmap for 2021–2030 [52]. Following the previous pattern of late imple-
mentation, the presence of other diseases of priority such as COVID-19 and incessant 
conflict in Africa, are we not going to be singing the same song of a long way to go? 
We may need time to tell, since the new resolution just began, it may be too early to 
judge if it will succeed or fail.

7. Conclusion

Historically schistosomiasis in Africa can be traced to the Egyptian mummies 
of the twentieth dynasty, it has spread over the continents with the highest global 
burden in the world. Despite several efforts brought forth to combat the disease is 
still categorized among the neglected tropical diseases for several reasons. It is not all 
affected populations that are treated during MDAs, also certain symptoms look like 
that of other diseases, mode of transmission also are associated with the people social 
and occupational activities, sometimes schistosomiasis is missed diagnosis and devices 
for the diagnosis are expensive. The high cost of logistics and the exclusion of adults 
and out-of-school children during mass drug administration are possible factors that 
promote continuous transmission of schistosomiasis in Africa. Schistosomiasis and other 
NTDs affect close to 2 billion people with other indirect consequences such as dis-
ability, stigma, truancy, abscond from duty, poverty, and economic loss. With all the 

Name Value

Africa 218,779,749

Americas 2,252,917

Eastern Mediterranean 17,275,612

European Not applicable

South-East Asia 24,179

Western Pacific 2,937,454

Global 241,269,911

Source: WHO [33].

Table 3. 
Schistosomiasis global statistics.
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concerted effort of government, donors, and WHO, the MDAs is still inadequate to 
control schistosomiasis in Africa. Maybe because of the inadequate attention is given to 
research on the geographical distribution of schistosomiasis in other areas outside the 
researched areas. There is current advocacy for the use of traditional medicine as an 
additional effort to combat schistosomiasis in Africa. This is because several declara-
tions and roadmap for the control and elimination program have failed, we hope that 
the 2030 target will be a success.
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Abstract

Meloidogyne genus contains the most prevalent and harmful worms formally known 
as root-knot nematode species. They attack a wide range of plants belonging to differ-
ent plant families. The infective second stage juveniles (J-II) feed on the roots and as a 
result, the host plant roots become swollen/produce galls. The attack plant shows stunted 
growth and in extreme cases, the death of the plant occurs. An integrated pest manage-
ment (IPM) approach is required to tackle these harmful nematodes spp. The integrated 
tactics include cultural/agronomic practices, biological and chemical control. A sole 
management method is not enough to deal with the root-knot nematode. Therefore, a 
proper IPM package is required for the farmer to gain good health for the crops.

Keywords: root-knot nematode, Meloidogyne, integrated pest management, parasites, 
endophytic-nematodes

1. Introduction

Root knot nematodes (RKN) are sedentary internal plant parasites and belong to 
the genus Meloidogyne. The word Meloidogyne is originating from Greek that means 
a cup-shaped female of RKN (Figure 1). They cause huge economic losses due to 
diverse host range and adaptation to vast climatic conditions. Reverend Miles Joseph 
Berkeley (clergyman) for the first time discovered galls on the cucumber roots in 
1855 [1]. The finest work of Chitwood even remains accurate until now; he classified 
Meloidogyne from Heterodera. That is why the current name of Chitwood is used as 
intermingled for RKN [2]. Most of the species are pathogenic that may reproduce 
sexually mainly but in certain cases, they may reproduce through asexual means 
(facultative pathogenesis) [3]. The worm-like males are short-lived and die after 
matting with a cup-shaped female (Figure 1) that is long-lived and penetrates the 
root tissues to lay about 500 eggs in a sheet formally known as an egg sac (gelatinous 
sheet). The amateur stages are juvenile (J) I, II, III, and IV. The first two (I and II) 
are worm-like and only J-II (Figure 2) actively feed and move [4]. The biology of 
RKN is given in Figure 3.
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The RKN lacks any rigid skeletal form and thus utilizes the turgor-pressure (TP) 
for sustaining the bodily shape and locomotion [5]. They possess tiny stylet-like 
insects that are injected into the plant roots for taking nutrients. The adult female 
releases secretary proteins that induce the captured cells and cells to become multi-
nucleated (with no cell wall formation). This process release protein that is ingested 
by the RKN through a feeding tube that filters the sap from plant roots. Because of 
this feeding behavior and cell divisions, the neighboring cells also grow bigger and 
causing swelling in the roots that ultimately leads to gall formation (Figure 4) in 
the roots [6].

Figure 1. 
Adult female of root-knot nematode (microscope view).

Figure 2. 
Juvenile-II female of root-knot nematode (microscope view).



257

Perspective Chapter: Integrated Root-Knot Nematodes (Meloidogyne) Management Approaches
DOI: http://dx.doi.org/10.5772/intechopen.102882

2. Diversity of root-knot nematode

RKN are among the most successful parasites because of the huge range of hosts 
and flexible behavior in adapting to a variety of environmental conditions [7]. The 

Figure 3. 
Lifecycle of root-knot nematode.

Figure 4. 
Galls on infected roots of root-knot nematode.
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Meloidogyne genus has almost 100 species [8]. However, the four species are of prime 
significance including Meloidogyne javanica, Meloidogyne arenaria, Meloidogyne 
incognita, and M. hapla) [9].

3. Damages of root-knot nematode

RKN poses a severe danger to the quantity and quality of numerous economic 
crops around the world. Only the top 20 life-sustaining crops are predicted to suffer 
an annual crop loss of 12.6% (equivalent to $215.77 billion) due to these worms [10].

The RKN dislodges the vascular system of the host plant and the attacked plant tends 
to exhibit stunted growth and, death of the seedlings. The RKN infection leaves the plant 
vulnerable to the attack of other pathogens. The yield declined drastically and in certain 
cases, the losses may reach up to 90–100% if no management practices are initiated [4].

4. Host range of root-knot nematode

RKN attack a diverse range of plants belonging to different families. The host 
range is surpassing 5500 plant species. They attack shrubs, trees, ornamental plants, 
vegetables, and field crops [11].

5. The microbiome of RKN in soil with roots and other microorganisms

The bacterial genera, Bacillus micrococcus, Sphingomonas, Rhizobium, 
Methylobacterium, and Bosea exhibit a dominance against J-II of Meloidogyne hapla. The 
fungal genera Davidiella, Rhizophydium, Plectosphaerella, Lectera, Gibellulopsis, and 
Malassezia suppress J-II of Meloidogyne incognita. According to Topalovic et al. [12] that 
in soil, Bacillus thuringiensis and Plectosphaerella cucumerina were shown to be associ-
ated with Megalaima incognita J-II. B. thuringiensis produces proteinaceous protoxin 
crystals {also known as crystal protein or cry protein (CP)} that cause intestinal lysis 
that leads to nematode death.

Plants have devised a mechanism in which hostile microorganisms in the rhizo-
sphere are selectively stimulated and enriched [13]. The ability of plants to recruit 
antagonists under various soil management approaches will improve the foundation 
for new profitable and sustainable microbiome-based crop production systems [14]. 
Most horticulture growers use harmful chemicals to combat soil-borne infections, 
whereas organic farmers use conservative practices that preserve soil biodiversity 
and encourage the RKN antagonistic microbiota. Researchers recently discovered 
differences in the rhizosphere microbiome under various crop techniques, including 
impressively low levels of plant pathogens under long-term organic-farming (OF) 
[15]. Furthermore, microbial shifts in rhizospheres after RKN inoculation suggest 
that soil can be managed to attract beneficial microorganisms. RKN performance on 
plant roots should be reduced by the recruitment of microorganisms.

6. Morphometric markers identification of root-knot nematode

Since proper identification of Meloidogyne spp. is critical for crop management, 
a more precise procedure of identification is required. To address this issue, a 
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biochemical procedure of identification was quickly created as a supplement to the 
morphological way of identification [16]. body width, Body length, stylet length, 
anal body width, head end to excretory pore, dorsal gland opening, head end to 
metacorpus valve, esophagus length, hyaline tail length, and tail length are some of 
the most common morphometric markers used to identify nematodes [17]. Eisenback 
[18] developed a perennial pattern, head anatomy, and stylet of females to identify 
Meloidogyne hapla, M. javanica, Megalaima incognita, and M. arenaria by using 
light microscopy (LM) and scanning electron microscopy (SEM). Eisenback [18] 
distinguished M. hapla, M. javanica, M. incognita, and M. arenaria based on stylet 
morphology and head shape of the males using LM and SEM; produced a visual key 
based on morphological traits to distinguish M. hapla, M. javanica, M. incognita, and 
M. arenaria. Eisenback [19] successfully distinguished J-II of Myrmecina gramini-
cola, M. nassi, and M. javanica using tail morphology. Furthermore, Eisenback 
[19] used more comprehensive morphology to identify numerous Meloidogyne spp. 
Identification of nematodes using morphometric data is very simple up to the genus 
level, but it becomes a difficult task once you get down to the species level. It’s not 
uncommon for major descriptive characteristics from different species to overlap, 
which can lead to misidentification [17].

7. Molecular techniques for the identification of root-knot nematode

Many fungi, bacteria, and plant-parasitic nematodes have been speciating via 
polymerase chain reaction (PCR). PCR is a technique that uses a set of primers to 
amplify a specific region of the genome. PCR can be used to compare genetic simi-
larity or variability between and among species when combined with restriction 
fragment length polymorphism (RFLP) or sequencing [17]. Powers [20] used the 
example of a protein-coding 600 nucleotide piece of DNA being able to identify 10 
million species based on the variability present on that segment to demonstrate the 
value of researching DNA that codes for genes. This example illustrates how ben-
eficial PCR may be in differentiating specimens because it amplifies a section of the 
genome. Denaturation, annealing, and extension are the three processes that make 
up PCR. To allow the primers to attach to a specific region of single-stranded DNA, 
double-stranded DNA is de-naturated at a high temperature (90–95°C). Annealing, 
or the binding of oligonucleotide primers to the target area, takes place at a lower tem-
perature (45–60°C). As the primers attach to the target site, the temperature is raised 
slightly (70–74°C) to allow the primers to extend on the template DNA with the help 
of DNA polymerase, a process called extension. To achieve a million-fold amplifica-
tion of the target location, this technique is routinely performed 30–40 times [17].

8. Root-knot nematode integrated pest management

Integrated pest management (IPM) was defined by Prokopy [21] as “a decision-
making procedure involving coordinated employment of numerous methods for 
maximizing the control of different types of pests (diseases, insects, vertebrates, and 
weeds) in a way that is both environmentally and economically beneficial. Nematode 
management is challenging. Preventive approaches, such as sanitation and plant 
variety selection, are the most reliable. Present infestations can be decreased by 
following, rotation of crop, and soil solarization. These approaches, however, only 
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work for about a year since they diminish nematodes in the upper foot or soil. They’re 
best used for annual plants or to aid the establishment of young woody plants. If 
nematodes have infested a crop or an area, struggle to limit infection by shifting dates 
of the plant to cooler seasons when worms are less active and to make plants more 
resistant to nematode infection, try to create optimal circumstances for plant growth, 
such as adequate watering and soil additives [22]. In IPM of root-knot nematode, 
there are some methods used such as cultural control (crop rotation, sanitation, host 
plant resistance, solarization, planting, and harvesting dates and irrigation and soil 
amendments) biological control, and chemical control.

8.1 Cultural control

8.1.1 Management of plant parasite root-knot nematode through crop rotation

The herbivore behavior of RKN has given two good options that can be carried 
out with crop rotation and change farming methods [23]. In plasticulture systems, 
control measures such as rotations to non-host crops are restricted because two or 
more crops vegetables are frequently produced each year on the same land, limiting 
cycles of rotation. Furthermore, some commercially marketed vegetable types resist 
nematode [24]. Crop rotation, which involves cultivating non-host crops or resistant 
types, aims to keep nematode populations below the tolerance limit. By adding non-
hosts between sensitive crops, the number of life cycles is reduced significantly, and 
the nematode population is reduced to a significant level. Crop rotation’s effectiveness 
in reducing the build-up of some plant-parasitic nematodes in cropping systems has 
been well reported [25]. There is some example such as the rotation of maize with 
alfalfa or oat it is a non-host crop that can reduce the populations of RKN. Because 
various species have distinct host ranges, identifying the specific species in the field 
before relying on crop rotation as a management method is always a good idea [26]. 
Green manure plants were also tested for their efficiency as crops rotation with beans 
to reduce RKN. They also explored as basic additions in the control of nematode [27]. 
Meloidogyne graminicola, the rice root-knot nematode, has gained widespread atten-
tion due to its ability to cause significant harm in rice-wheat cropping systems. It has 
emerged as an issue in nurseries and upland rice, as well as its widespread prevalence 
in deep water and irrigated rice in Southeast Asia’s various countries. So the crop 
rotation of rice with marigold (Tagetes sp.) plays an important role in lowering RKN 
populations because of its nematicidal properties [28].

8.1.2 Sanitation

Infested soil or plants are commonly used to transfer nematodes into new 
locations. Use only plants that are free from nematodes acquired from reputable 
nurseries to keep nematodes out of your garden. Prevent placing plants and soil from 
affected areas of the garden to control the spread of nematodes. Irrigation water 
from around infested plants should not be allowed to flow off, as this will propagate 
nematodes [29].

8.1.3 Resistant or tolerant varieties and rootstocks

Using nematode-resistant vegetable types and fruit tree rootstocks is one of 
the most effective strategies to manage nematodes. Tomato varieties resistant to 
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nematode species with the code Fusarium, Verticillium, Nematodes (FVN) on the 
seed packet should be cultivated. Tomatoes that resist nematode produced about six 
times high tomatoes than a variety susceptible in recent vegetable garden-type studies 
on root-knot nematode soil [30].

8.1.4 Solarization

Solarization is used to reduce temporarily nematode populations in the upper 
12 inches of soil, allowing for the shallow-rooted annual crops production and the 
establishment of early-stage plants before worm populations rise. Fruit trees, vines, 
and woody ornamental plants, on the other hand, will not benefit from solarization 
in the long run. For maximum solarization, moist the soil and cover it with a clear 
plastic sheet. During the warmest portion of the summer, the sheet should be left in 
place for 4–6 weeks. When the soil temperature reaches 125°F for 30 min or 130°F for 
5 min, RKN, including eggs, die [31].

8.1.5 Planting and harvesting dates

Many nematode species are prevalent during the summer season, and an average 
temperature below 64°F prevents them from penetrating roots. As a result, farmers 
could avoid nematode damage to fall-planted crops like carrots, lettuce, spinach, and 
peas by waiting until soil temperatures drop below 64°F [29].

8.1.6 Irrigation and soil amendments

To lessen the impact of nematodes on crop plants, the soil can be treated using a 
variety of organic amendments. Manure, peat, and composts are among the amend-
ments that can help increase the water and nutrient-holding capacity of the soil, 
particularly on sandy soils. Because nematodes are most likely to injure plants that are 
water-surface, boosting the capacity of soil to grasp water can reduce nematode dam-
age. Similarly, more frequent irrigation can aid in the reduction of nematode damage. 
You’ll have the same number of nematodes in the soil in either situation, but they’ll do 
minimum injure [29].

8.2 Management of plant parasite root-knot nematode through biological control

Many approaches have been made to control plant-parasitic nematodes with 
varying degrees of success. This includes biological control via soil-borne microbes. 
Soil suppressiveness is the inability of pathogens to survive and establish in diverse 
soils, or the ability to establish but not cause disease to a significant amount. Soil 
biotic suppressiveness can be general, where multiple diseases are suppressed by 
complex ecological interactions, or specialized, where one or a few organisms fight 
a specific pathogen [12].

Biological control is a non-lethal method of eliminating pests and pathogens. 
Antagonists and nematophagous microorganisms are the highest potentials than 
chemical nematicides. Various forms of nematicides are used to control nematodes, 
which can be harmful to the environment. As a result, finding new techniques to 
reduce RKN that aren’t hazardous chemical nematicides could be beneficial [32]. 
Therefore bio-agents can use against different pathogens. In RKN management, only 
a few nematophagous bacteria and fungi are commercially accessible [10].
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Among biocontrol agents, fungi have different suitable strategies for controlling 
root-knot nematode. They may grab nematodes via constricting and non-constricting 
rings, adhesive tendrils, and colonies their body parts or produce toxic compounds to 
destroy them [33]. Many soil-dwelling fungi have been proven to be efficient biologi-
cal control agents, especially Paecilomyces lilacinus, Trichoderma harzianum, Fusarium 
spp., Pochonia spp., Chlamydosporium, and Penicillium spp. These fungi have been 
discovered to be effective at killing worm eggs, juveniles, and female nematodes, as 
well as reducing parasitic root-knot nematode concentrations in soil [34].

Fungi that belong to the genera Penicillium, Pochonia, and Aspergillus have been 
identified as nematophagous or antagonistic to RKNs that operate directly by para-
sitizing eggs, as well as indirectly by stimulating plant defense mechanisms or to 
produce nematicidal metabolites [35].

Cultural filtrates of fungi were tested for their nematicidal action toward RKN in 
various plants. For example Aspergillus spp. decreased M. incognita egg production 
and were very toxic to juveniles. Soil drench action of Aspergillus spp. culture filtrates 
gave significant seedling growth of Vigna radiate and high rate of reduction in nema-
tode population [36]. Sikandar et al. [37] discovered a major reduction in M. incognita 
invading after seed treatment with Penicillium chrysogenum cultural filtrates, suggest-
ing P. chrysogenum as a possible biological control agent in the case of M. incognita in 
cucumber.

The importance of biological control of pests is growing, As such nematicides rep-
resent living systems, several difficulties exist to develop commercial bio-nematicidal 
products. Problems with their culture and formulation, variable gap between labora-
tory and field performance, potentially negative effects on non-target or beneficial 
organisms, and expectations of broad-spectrum activity and quick efficacy based on 
practice with synthetic chemical nematicides have been addressed in detail by some 
workers [10]. Bio-products containing antagonists of fungi and bacteria rank high 
among other bio-nematicides [38]. Rapid progress has been made during the past two 
decades in different aspects of bio-nematicidal production and use.

8.3 Management of plant parasite root-knot nematode through chemical control

Significant management of plant-parasitic root-knot nematodes in such produc-
tion systems has relied on the use of chemical nematicides (any substance that is 
utilized to manage nematode infection in vegetables) as a brief-term control measure, 
reducing nematode rates in the soil to levels under recognized commercial harm 
thresholds. Nematode rate must be reduced to under threshold rate to decrease root 
damage and increase yield in affected fields [39]. Nematicides are chemically manu-
factured compounds that kill or harm nematodes. The first chemical nematode con-
trol trials against M. incognita on cantaloupe and tobacco were conducted in southern 
Italy in 1998. The global market for nematicides is worth around $1 billion per year, 
with RKN management accounting for 48% of this market. In the case of nematodes, 
nematicides might have a nemastatic or nematicidal effect. Nematicidal chemicals are 
extremely poisonous and harm exposed worms, but nemastatic compounds do not 
kill nematodes but prevent or postpone the hatching of nematode eggs [40].

8.3.1 Types of nematicides

Nematicides are classified as fumigant or non-fumigant based on their soil 
volatility.
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8.3.1.1 Fumigant nematicides

Fumigant nematicides are hazardous chemicals that have a wide range of effects. 
They may be helpful against a variety of soilborne pests and pathogens in addition 
to killing plant-parasitic nematodes. In high-value crops like vegetables, fumigants 
are utilized to clean soil and decrease the risk of yield loss due to soilborne pests. 
When fumigant compounds are sprayed into the soil, they reach target organisms as 
a gaseous that passes among soil particles or as a liquid that dissolves into the water 
film that covers soil particles [41]. Plant-parasitic nematodes can be controlled 
by fumigant nematicides in a variety of soil, however, they are most successful 
in rough soils as compared to clay soils. Throughout the United States, including 
Georgia, soil fumigation has shown better performance in managing root-knot 
nematodes in vegetable crops production for decades. In Georgia, controlling the 
species of root-knot nematode such as Meloidogyne is critical to the production of 
vegetables (Table 1) [41].

8.3.1.2 Non-fumigant nematicides

Non-fumigant nematicides are non-volatile dangerous substances that can be used 
before, during, and after planting to lower nematode population densities and protect 
crops from injury via drenching, drip irrigation, or spraying into crop foliage [41]. 
These nematicides are divided into two types: contact (which kills nematodes in the 
soil by direct touch) and systemic (which kills nematodes as they feed on plant roots). 
Non-fumigant chemicals are distributed by soil water movement after being applied 
to the soil. Non-fumigants’ efficacy is not affected by soil temperature, unlike fumi-
gant nematicides. Due to toxicity and environmental concerns, the many previous 
non-fumigant nematicides have been taken off the market. Prompting the creation of 
a new class of chemical molecules that address these issues while still providing effec-
tive plant-parasitic nematode management [41]. For usage in vegetable crops, some 
commercially non-fumigant nematicides are available (Table 2).

Trade name Toxicity Main ingredient

Chlor-O-Pic Nematicide/fungicide 96.5–99% chloropicrin

Telone I Nematicide 1,3 dichloropropene (1,3-D)

Telone C-35 Nematicide/fungicide 65% 1,3-D, 35% chloropicrin

Telone C-17 Nematicide/fungicide 73% 1,3-D, 17% chloropicrin

Telone EC Nematicide 1,3-D

Dominus Broad-spectrum Allyl isothiocyanate

Paladin Broad-spectrum Dimethyl disulfide

K-Pam Broad-spectrum Metam potassium

Vapam Broad-spectrum Metam sodium

PicClor-60 Nematicide/fungicide 40% 1,3-D, 60% chloropicrin

InLine Nematicide/fungicide 61% 1,3-D, 33% chloropicrin

Table 1. 
Currently available chemical fumigant nematicides for use in the production of vegetables.
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8.4 Plants that inhibit the growth of nematodes

Lesion and root-knot nematodes are suppressed by Targets species of marigolds. 
The most effective marigolds are Petite Blanc, Queen Sophia, Nemagold, and 
Tangerine (varieties include Petite Blanc, Queen Sophia, Nemagold, and Tangerine). 
Nematodes will nourish on and generate on T. signata or T. tenuifolia, Signet marigolds. 
Marigolds are ineffective against the northern root-knot nematode, M. hapla, which is 
found in colder climates. Marigolds provide the best impact when grown as a continu-
ous planting for the full season [42].

The plant extracts effect from Artemisia absinthium, Thymus vulgaris, Ricinus 
communis, Citrullus colocynthis, and Punica granatum on the motility of Meloidogyne 
incognita, and Helicotylenchus dihystera, as well as the reversibility of the movement 
inhibition, were investigated by Korayem et al. [43]. Megalaima incognita’s egg-hatch-
ing inhibition and H. dihystera’s acetylcholinesterase (ACHEs) inhibition surprisingly, 
extracts of P. granatum, A. absinthium, and T. vulgaris and inhibited AChE more than 
oxamyl, which was previously thought to be a potent AChE inhibitor [44]. Similarly, 
detailed knowledge on the modes of action of various biological nematicides in terms 
of nematode acetylcholinesterase inhibition is required [10].

9. Conclusion

Root-knot nematodes are potent silent killers of many plant species belonging to 
a wide range of plant families. They lower the yield of many economically important 
crops and decline the quality as well. Many farmers are unaware of their presence due 
to its concealed behavior under the soil and roots. The second stage juveniles (J-II) feed 
and reside in the roots that creates galls/knots on the roots which ultimately lead toward 
the death of the plant. Integrated approaches are advised to the growers to tackle these 
parasitic worms. The use of resistant varieties, crop rotation, chemical control and utili-
zation of microbiota is necessary to keep their damages below economic threshold level.
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Trade name Toxicity Main ingredient

Salibro Nematicide Fluazaindolizine

Counter 20G Nematicide/insecticide Terbufos

Movento Nematicide/insecticide Spirotetramat

Mocap EC Nematicide/insecticide Ethoprop

Mocap 15G Nematicide/insecticide Ethoprop

Velum Prime Nematicide/fungicide Fluopyram

Nimitz Nematicide Fluensulfone

Vydate Nematicide/insecticide Oxamy

Table 2. 
Currently available non-fumigant nematicides use in vegetable production.
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Abstract

Climate change and habitat loss alter the landscape for wildlife, resulting in 
shifts in geographic ranges, occupation of smaller, remnant habitat patches, or use 
of novel environments. These processes often lead to sympatry between species 
that historically were non-sympatric. Such interactions increase competition 
for resources and expose species to novel parasites that reduce a species’ fitness 
leading to wildlife declines. We explore these interactions in species of endangered 
North American rodents—Northern flying squirrels (Glaucomys sabrinus) and 
Allegheny woodrats (Neotoma magister). Northern flying squirrels are declining in 
the United States due to competition with its congener, southern flying squirrels 
(Glaucomys volans). Evidence indicates that competition is mediated by a shared 
nematode, Strongyloides robustus. Transmission of this nematode to northern flying 
squirrels is increasing due to forest fragmentation and climate change. We also note 
the recent discovery of S. robustus as a novel parasite and a factor in the decline 
of the European red squirrel (Sciurus vulgaris). Likewise, in Allegheny woodrats, 
shrinking landscape changes have resulted in increased range overlap with raccoons 
(Procyon lotor) that harbor a nematode fatal to woodrats. The subsequent transmission 
of this nematode, Baylisascaris procyonis, to woodrats is a contributing factor to 
woodrat decline throughout the Appalachians.

Keywords: Allegheny woodrat, flying squirrels, Eastern gray squirrels, Baylisascaris, 
Strongyloides



Parasitic Helminths and Zoonoses - From Basic to Applied Research

270

1. Introduction

Global climate change and human-induced habitat loss alter the landscape for 
native wildlife, resulting in shifts in geographic ranges, occupation of smaller, rem-
nant habitat patches, or use of novel or new environments. These processes often 
lead to sympatry between species that historically occupied non-overlapping ranges 
and habitats. Such interactions may result in increased competition for resources 
and expose species to novel parasites that adversely affect a species’ fitness leading to 
wildlife declines. For example, if the distribution of a host species shifts, so too will 
the distribution of its parasites. Therefore, in some ecosystems, invasive and endemic 
hosts may experience new parasites which may be pathogenic to naïve hosts [1, 2].

Species may shift their distribution as a response to changing climate but some 
species also may be introduced incidentally or purposefully by human activities – 
resulting in similar novel host-parasite interactions [3]. For instance, global trade, 
transport, and the introduction of exotic species likely facilitates parasite-mediated 
competition between species. These trends may worsen under climate change because 
new species assemblages may occur, thus creating opportunities for parasite exchange. 
When previously allopatric host species come into sympatry, novel host–parasite 
interactions may emerge if parasites are able to successfully infect newly exposed 
hosts [4]. These parasitic ‘co-invaders’ may mediate the impacts of biological intro-
ductions by potentially amplifying transmission to native species [3]. However, evalu-
ating threats from introduced parasites to native wildlife is difficult due to limited 
information associated with distribution shifts or introductions [5]. Complicating 
these interactions, climate change may alter parasite survival, development rates, and 
periods of transmission between intermediary hosts [2]. We explore these interac-
tions and concurrent species declines in several species of wild rodents demonstrating 
conservation challenges in a globalizing planet experiencing climate change.

2.  Strongyloides robustus parasite-mediated competition in squirrels  
in North American and Europe

Strongyloides robustus is an intestinal nematode reported to occur in several squirrel 
species (Sciuridae) across at least two continents. Documented hosts include the 
Eastern gray squirrel (Sciurus carolinensis), southern flying squirrels (Glaucomys 
volans), northern flying squirrel (Glaucomys sabrinus), and the North American red 
squirrel (Tamiasciurus hudsonicus) in North America as well as the invasive Eastern 
gray squirrels in Europe and now as a spill-over parasite in Europe's native red squirrel 
(Sciurus vulgaris) [6–9].

Strongyloides robustus exhibits a direct life cycle whereby eggs are shed and hatch, 
usually within a few days depending on ambient temperature, developing first as a 
larval (L1) stage, a second, L2 stage (a rhabdidiform larvae) and finally an infective, 
L3 stage (filariform larvae) [8]. Infection, which results from direct consumption 
of the L3 larvae, is assumed to occur most often in the nest and may be  transmitted 
from one species to another when nest use overlaps over a relatively short time 
period [8, 9].

Across North America the two flying squirrel species, in which this nematode 
occurs, are largely allopatric with G. sabrinus occupying mostly coniferous forests 
(spruce [Picea sp.] and fir [Abies sp.]) of boreal regions of the United States of 
America (U.S.A.) and Canada and G. volans occurring in hardwood forests of the 
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midwest, east and southeastern U.S.A. However, there are regions in the Appalachian 
Mountains and areas northward of the eastern U.S.A. where the ranges of the two 
species exhibit limited sympatry and may compete for nest sites (Figure 1). Although 
both species consume seeds and nuts [7], G. sabrinus relies on a steady diet of fungi 
and lichens throughout most of its range, whereas G. volans is generally limited to 
hardwood stands where it feeds on the nuts of hardwood species. Although these 
habitat differences and dietary limitations maintain allopatry across much of their 
range, mixed stands, especially in the east and northeast, often bring the two 
species together where the edges of each species' range meet. In addition, forest 
fragmentation due to human-mediated landscape changes has reduced coniferous 
patches in these regions, permitting G. volans’ and G. sabrinus’ ranges to overlap [10]. 
Furthermore, global climate change has expanded G. volans’ range northward and 
increased interactions between these two species [11].

For several decades now, there has been growing circumstantial evidence that 
S. robustus may mediate competitive interactions between the two species of flying 
squirrels in North America [6, 12]. G. volans a common host for S. robustus shows no 
evidence of pathology when infected with this nematode, whereas G. sabrinus may be 
quite negatively affected and even killed by the parasite [6, 13, 14].

Based on these early circumstantial but compelling studies [6, 7], Price et al. [12] 
included these studies on flying squirrels in their comprehensive examination of para-
site-mediated competition between similar pairs of species. They proposed two hypoth-
eses to potentially explain how parasites of one host are likely to negatively impact a 

Figure 1. 
Distribution of Northern flying squirrel (Glaucomys sabrinus) and Southern flying squirrel (Glaucomys 
volans) in the United States, 2021.
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closely related host. In the first, the geographic range hypothesis, they predicted that 
species of larger geographic ranges carry more parasites and are therefore more likely to 
displace a similar species with a smaller range. In the second, the body-size hypothesis, 
Price et al. [12] hypothesize that smaller species with higher densities and higher rates of 
population growth are likely to displace the larger bodied species. The second hypothesis 
was supported in 12 of 15 cases, one of which included G. volans and G. sabrinus.

Krichbaum et al. [15] conducted a survey of gut parasite communities in sympatric 
populations of the two species of flying squirrel in Pennsylvania and populations of 
G. sabrinus in New York where G. volans is not found. Where sympatric, both flying 
squirrel species hosted S. robustus with the southern flying squirrels showing substan-
tial numbers of the parasite and exhibiting an overdispersed distribution in the host 
(G. volans). Populations of northern flying squirrels in northern New York were not 
infected with S. robustus.

In tests of the immuno-competence hypothesis that higher levels of testosterone 
increase susceptibility to parasites, Waksmonski et al. [16] used high performance 
liquid-chromatography-ultra-violet spectroscopy (HPLC-UV) to compare testoster-
one levels in both species of flying squirrels infected with S. robustus. They observed 
strong qualitative evidence that testosterone levels were substantially higher in 
northern flying squirrels hosting S. robustus compared with southern flying squirrels 
hosting the parasite.

Even stronger evidence for repeated contact between these two species in 
Pennsylvania and Ontario is reported by Garroway et al. [11]. In Pennsylvania, for 
example, both species of Glaucomys were first captured in the same nest [14]. Soon 
thereafter, following an unseasonably warm period, G. volans was observed to move 
northward in Ontario and Pennsylvania, mate and produce hybrid offspring [11]. 
This evidence of hybridization clearly documents significant contact between the two 
species in the same nests where exchange of S. robustus is likely to occur.

Recent studies in a similar system suggest that the invasive Eastern gray squirrel in 
Europe [17], which is a common host for S. robustus may share this parasite with the 
endangered Eurasian red squirrel (S. vulgaris), potentially causing negative health 
effects [18]. In fact, this study represents the first experimental investigation docu-
menting the negative effects of S. robustus on a potentially vulnerable host. Romeo 
et al. [18] conducted boldness/activity tests of individual Eurasian red squirrels 
infected with S. robustus, captured at sites where the invasive gray squirrel was found 
and at control sites where S. vulgaris was the only squirrel present. Based on these 
studies observers documented a negative association between the red squirrels’ activ-
ity level (boldness) and infection with the invasive parasite at sites of sympatry.

Collectively the above studies provide strong evidence that S. robustus may medi-
ate competition between G. volans and G. sabrinus in parts of North America and 
between populations of the invasive S. carolinensis and the native S. vulgaris in Europe. 
In both systems the affected species are considered species of conservation concern 
and listed as endangered in those parts of their range where S. robustus is potentially 
exerting its greatest effect.

3.  Baylisascaris procyonis in raccoons and Allegheny woodrats:  
nematode-acerbated mammal decline

Ascarids are host-specific nematodes (order Ascaridida, class Secernentea) that are 
parasitic in the intestines of various terrestrial vertebrates. Adult ascarids live in the 
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small intestine of their definitive host and produce eggs which are shed in the feces. 
Eggs are very resistant to environmental extremes and can remain infective in the 
environment for many years [19, 20]. Like other ascarids, B. procyonis has a direct and 
indirect life cycle and can cause zoonotic infection in a variety of paratenic hosts [20]. 
Although raccoon (Procyon lotor) is the specific host for the adult worm, there is no 
obligatory intermediate host. Adult female worms in the small intestines of raccoons 
collectively shed millions of eggs per day which are passed in the hosts’ feces. After 
being passed, Baylisascaris eggs continue to develop and an infectious larva develops 
in 2–4 weeks. Raccoons become infected by ingesting B. procyonis eggs or larva during 
social feeding or grooming activities. In addition, raccoons may become infected by 
consuming flesh or droppings of other vertebrates (specifically mammals or birds) 
that have become infected by this roundworm. B. procyonis is common (prevalence 
rates ~65%) throughout North American wherever raccoons are found. Except for 
heavy infections, B. procyonis causes no disease in their primary host [20].

Although raccoons are the natural host for B. procyonis, other mammals and birds can 
become aberrant intermediate hosts after inadvertently ingesting eggs containing infec-
tious larva. In these aberrant hosts, B. procyonis causes severe central nervous system 
disease that is often fatal. The life history of raccoons may contribute to the inadvertent 
transmission of Baylisascaris to non-raccoon species. Raccoon defecate in common 
latrines resulting in a high abundance and concentration of B. procyonis eggs that remain 
infectious for months due to their resistance to environmental extremes [19, 20].

Allegheny woodrat is a species of new world rodent that is endemic to the 
Appalachian mountains of eastern North America [21–23]. A decline in the numbers 
and range of the Allegheny woodrat was first noticed in the 1960s and the decline 
was considered severe by the mid-1970s. The species has since been extirpated from 
New York and Connecticut. Extensive surveys in Pennsylvania have revealed that 
woodrats have disappeared from approximately one third of their former range 
there [21]. Similar declines have been noted in Maryland and Ohio. Allegheny 
woodrat populations remained stable in West Virginia but recent data indicates that 
populations are declining in that state as well. This rapid decline has led to the species 
being listed as endangered and/or threatened by states throughout its range and is 
currently  considered a species of conservation interest and protection by the U.S. 
Forest Service – although it is not listed under the Endangered Species Act [24].

Allegheny woodrats typically occur in rocky areas associated with forested 
mountain ridges such as cliffs, caves, talus slopes and rocky fissures. The rocky 
barrens where they den are generally devoid of vegetation with the exception of 
the occasional tree that manages to survive among the rocks. Active primarily at 
night, woodrats leave the security of their rocky dens to visit adjacent areas to feed 
on the available vegetation. They are typically found in talus fields having large 
sized boulders (greater than 1.2 m in diameter). Vegetative associations include 
birch (Betula spp.)/chestnut oak (Quercus prinus) forests, scattered birch, oaks and 
shrubs with herbaceous plants at the base of slopes.

Allegheny woodrats exhibit behaviors that are typical of a ‘pack rat’ and, besides 
food items, woodrats also collect and store various non-food items (e.g., feathers, 
snail shell, dried leaves, human items) in their rocky dens. The foraging behavior of 
Allegheny woodrats may increase their susceptibility to encountering Baylisascaris in 
the feces of raccoons. For example, woodrats may forage for and collect seeds present 
in the dried feces found in raccoon latrines. Woodrats may make repeated visits to 
these latrine sites, collect seeds, and subsequently store them in their food caches—
resulting in repeated exposure to the parasite [21, 23].
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Exposure to raccoon roundworm is considered one of many factors that act 
synergistically to cause the decline of this native rodent [23]. At raccoon latrine sites 
associated with woodrats, published prevalence rates of B. procyonis vary from 11% 
(Indiana), 22% (Maryland), and 33% (Pennsylvania) [22, 25, 26]. Accordingly, at 
sites where woodrats persist, raccoon roundworm was absent [22]. Furthermore, 
forest fragmentation and raccoon densities are also lower than at sites where woodrats 
have been extirpated [26–28]. In New York state, an unsuccessful woodrat reintroduc-
tion effort in 1990 was attributed to high prevalence of raccoons and Baylisascaris at 
the reintroduction site [29]. Additionally, in Indiana woodrat translocations failed 
at one site where the presence of raccoons and Baylisascaris was high [27]. However, 
the distribution of anhelminitic baits reduced levels of roundworm contamination 
permitting persistence of woodrats at additional translocation sites in Indiana [27].

Woodrat translocations should be considered at formerly-occupied sites if 
raccoon latrines and B. procyonis are removed. Anhelminitic baits can be used to 
reduce roundworm prevalence rates at these sites and the maintenance of continu-
ous, mature deciduous forested habitat will reduce raccoon densities. Furthermore, 
protecting sites where woodrats persist from habitat alterations that will attract rac-
coons is important. A comprehensive regional approach to assessing the prevalence 
of B. procyonis in raccoons and the exposure level to infection in woodrat habitat is 
necessary. Once prevalence rates are more widely-understood, the feasibility of using 
anhelminitic approaches in core woodrat areas can be considered. Finally, the effects 
of human encroachment (highways, urban areas, agriculture) forest fragmenta-
tion on raccoon densities and woodrat habitat needs to be better understood [21]. A 
compilation of resources related to Allegheny woodrats, including the effects of B. 
procyonis, is available at: https://library.delval.edu/allegheny-woodrats/conservation.

4. Conclusions

Here we described two nematode parasites, Strongyloides robustus and B. procyonis, 
relatively common in one mammalian host that contribute to decline in another neigh-
boring mammal species of special conservation concern. Where southern and northern 
flying squirrels are sympatric, S. robustus (commonly found in southern species) 
appears to contribute to poor health in threatened/endangered northern flying squir-
rels. Recently, S. robustus, also found in the invasive Eastern gray squirrel in Europe, 
appears to be transmitted to the now threatened Eurasian red squirrel and may contrib-
ute to its decline by modifying its behavior and limiting its ability to compete with its 
congener. Similarly, B. procyonis a common roundworm of the raccoon is often con-
tracted by the Allegheny woodrat an inhabitant of rocky habitats on forested mountain 
ridges of the eastern and central U.S.A. where it feeds on and stores seeds deposited in 
the feces of raccoons deposited in latrines often associated with woodrat habitat. Now 
lost from more than a third of their original range, decline of the Allegheny woodrat is 
attributed largely to the presence of raccoons and this roundworm parasite.

Species distribution changes and range shifts due to climate change and/or human 
activity will result in the emergence of new species assemblages. Within these new 
assemblages, species may affect each other directly through predation or competition, 
or indirectly by habitat alteration or restructuring host-parasite interactions [3]. The 
role of climate change in restructuring host–parasite interactions through shifts in 
host ranges is poorly understood [4] but case studies in rodents presented here provide 
some predictions about the potential conservation challenges that may emerge.
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Chapter 15

Soil-Transmissible Helminths 
Infections; Diagnosis, 
Transmission Dynamics, and 
Disease Management Strategies in 
Low-and Middle-Income Countries
James-Paul Kretchy

Abstract

Soil-transmissible helminths (STHs) infections are the most common 
 sanitation-related public health problems among people living in poor settlements 
of tropical and sub-tropical regions in low- and middle-income countries (LMICs). 
Though available data suggest the occurrence of disease in adults, children of school-
going age bear the greatest burden, affecting their cognitive development and physical 
growth. The characteristic high levels of poverty, poor environmental hygiene, open 
defecation practices, and inadequate sanitation and waste management systems, 
expose residents to the risks of STH infections. Walking bare-footed, inappropriate 
hand hygiene behaviour, and the unavailability/improper use of personal protective 
equipment (PPE) can impact transmission risks in endemic communities and among 
occupational risk groups. These have to be properly investigated, managed, and 
appropriate interventions communicated to decision-makers.

Keywords: control, diagnostics, exposure, soil-transmitted helminths, low-and 
middle-income countries, personal protective equipment

1. Introduction

1.1 Background information and disease burden

Soil-transmissible helminths (STHs) refer to the intestinal worms infecting 
humans that are transmissible through faecal contaminated soil. Infections caused 
by STHs are widely endemic and constitute one of the major public health problems, 
particularly in African, South American, and Asian LMICs [1]. The geographical dis-
tribution of parasites causing these infections is known to be influenced by prevailing 
environmental and climatic conditions. For example, poor environmental sanitation 
and hygiene conditions in tropical and sub-tropical regions are major determinants 
of STHs. The WHO estimates that about 2.5 billion people globally, currently have no 
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access to improved sanitation whilst close to 1.1 billion others practice open defecation 
[2]. Furthermore, the inequalities in socio-economic status of human populations 
at risk, particularly regarding access to clean water and sanitation, housing, and the 
access to anti-helminthic treatment, impact the observed epidemiological distribution 
of STH infections [3]. The transmission is by human exposures to the infective stages, 
either by direct skin penetration or through ingestion, which can lead to serious 
illness, though infections remain asymptomatic in the majority of cases with light-
intensity infections. Laboratory diagnosis is the gold standard in confirming STH 
infections, since clinical symptoms present as non-specific gastrointestinal diseases 
and among persons with high intensity of infection.

The current global disease burden suggests that nearly two (2) billion people are 
infected, with over 80% of the disease burden found in tropical and sub-tropical 
regions of LMICs [4]. An estimated 870 million children live in areas of high preva-
lence in Africa, South Asia, and South America. The diseases are attributed to the 
four most prevalent STHs namely, Ascaris lumbricoides, Trichuris trichiura, or the 
hookworms (Ancylostoma doudenale/Necator americanus), infecting approximately 
807–1121 million, 604–795 million, and 576–740 million people, respectively. 
Strongyloides stercoralis, which is the least prevalent and most neglected STH species, 
is responsible for an estimated 30–100 million infections globally. With the specific 
emphasis of the disease burden in LMICs, previous studies have found that unlike in 
Ghana (2.1%), Ascaris lumbricoides have the widest distribution reported in Nigeria 
(25.4%), Cameroon (30.8%), Equatorial Guinea (38.8%), and Congo (32.2%). 
In South America, infections with Ascaris lumbricoides is less widely dispersed in 
Ecuador (35.8%), Colombia (26.0%), and Venezuela (28.4%) compared with Asian 
LMICs like in the Philippines (33.6%), Afghanistan (36.0%), Malaysia (41.7%), and 
Bangladesh (38.4%). The hookworm infections with Ancylostoma doudenales/Necator 
americanus, remain common throughout African LMICs like Ghana (52.9%), in addi-
tion to the Asian LMICs, Malaysia (21.0%), Bangladesh (22.3%), Nepal (30.7%), and 
Papua New Guinea (60.6%). The prevalence of Trichuris trichiura infections in Asian 
LMICs like Malaysia (49.9%), and the Philippines (45.5%), as well as in the South 
American LMIC, Venezuela (28.4%) is more than that reported in the African LMIC 
Ghana, (0.8%).

It is worth considering that in addition to the single infections caused, multiple-
species infections in a single individual are also common, and taken together, can 
cause considerable global health impacts and decrease economic productivity in 
vulnerable populations of many LMICs [2, 5]. The epidemiological patterns of the 
disease burden require consolidated efforts by governments, communities, and 
healthcare institutions to adopt context-specific public health interventions that 
would see a reduction in the rates of STH infections, if not to eliminate or completely 
eradicate them. Even though these infections have been reported among specific risk 
groups like adult food vendors [6] and sanitation workers [7] in African LMICs, the 
greatest burden is confirmed in children of school-going age, affecting their cognitive 
development and physical growth [8]. For example, an estimated 270 million pre-
school children and over 568 million school-going children currently have infections 
that require anti-helminthic treatment and prevention interventions.

The available literature on transmission conditions of STHs, diagnostic techniques 
used to identify the species variety, risk factors to infections, and suggested public 
health interventions to reduce the risk of infection in exposed populations are inad-
equately published and are mostly presented in journal articles. This chapter, there-
fore, sought to conduct a narrative description of these aspects, plus present a case 
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study of STH infections in an occupational risk-group in an African LMIC, to provide 
context-based recommendations on how STHs can be prevented and controlled in 
vulnerable populations living in such settings.

2. Methodology

The narrative review approach was used to draft this chapter. Information was 
retrieved from the internet-based search for original articles and reviews published 
between the years 2000 and 2021, using PubMed and Google scholar portals, and 
from textbooks. The keywords used for the literature search and inclusion criteria 
were ‘control, diagnostics, exposure, soil-transmitted helminths, low-and middle-
income countries, and personal protective equipment’. In-text references have been 
cited appropriately and full references are provided in the bibliography section.

3. Literature review

3.1 Transmission conditions and risk factors to STH infections in LMICs

Studies in Ghana and other LMICs have shown that residents in rural and peri-
urban communities have higher risks for STH infections than in urban communi-
ties because of the higher proportions of poverty, poor environmental hygiene, 
inadequate sanitation, open defecation, and inadequate waste management systems 
[9, 10]. These factors perpetuate the continued existence of STHs in such settings. The 
infective stages of STHs persist for longer periods in human or animal faecal polluted 
environments and can survive a wide range of physical and chemical conditions, 
thereby, posing the highest disease risks to community members, particularly in pre-
school children or those of school-going age, compared with other biological agents 
like bacteria and viruses [11, 12]. The adequate warmth and moisture in many tropical 
and sub-tropical LMICs also favour the survival of STH eggs and increase the risk of 
transmission to people living in endemic areas [13]. Researchers have also reported 
the persistence of STH eggs in salty beaches in Brazil [14], and Portugal [15], due to 
faecal contamination of the beach soil.

According to the WHO [16] although the human threadworm (Strongyloides 
stercoralis) is an important member of the STHs, it is the least prevalent. The most 
important STH species that infect people are the human roundworm (Ascaris lum-
bricoides), the human whipworm (Trichuris trichiura) and the two hookworm species 
(Necator americanus and Ancylostoma duodenale). These groups of STHs do not require 
intermediate hosts in their life cycle. Rather, the adult helminths lay eggs that hatch 
into larvae, grow, and then develop into adult worms inside the gastrointestinal tract 
of humans. The major mode of transmission is through direct faecal-oral ingestion 
of the eggs/ova (for Ascaris lumbricoides, Trichuris trichiura, and the hookworm, 
Ancylostoma doudenale) [17]. The Necator americanus is rather transmitted through 
direct penetration of the larvae through exposed parts of the body [18]. Government 
agencies and other stakeholders in the health sector of affected LMICs need to ensure 
the implementation of Public health intervention measures that target the blocking 
of the transmission chains, such as improved water, sanitation and hygiene (WASH) 
uptake, prevent the establishment of disease, and to improve the quality of lives, 
particularly of children and other occupational risk groups.
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3.2 Clinical and laboratory diagnosis of STH infections

Though clinical diagnoses of STH infections are based on the signs and symptoms 
accompanying the disease after the establishment of an infection, infected persons 
usually remain clinically asymptomatic, and the diseases rarely cause mortality. When 
present, clinical symptoms may include non-specific gastrointestinal symptoms, such 
as acute abdominal pain, diarrhoea or intestinal obstruction. Chronic symptoms may 
present as iron-deficiency anaemia, malnutrition, retarded growth, cognitive impair-
ment, particularly in children, and pre-term delivery, low-birth weight babies, and 
impaired lactation in pregnant/post-natal women. These clinical manifestations as 
well as self-reported cases, need to be confirmed by identifying infective stages like 
eggs, ova, or larvae in bowel contents collected from suspected patients with clinical 
illness or from asymptomatic persons.

Laboratory diagnosis for confirmation of STH infections can be done by using 
diverse methods with varying sensitivity and specificity [19–21]. The two most 
effective methods are direct parasitological, using microscopy (i.e., sedimentation 
concentration, McMaster, Kato Katz, FLOTAC) and molecular methods (i.e., poly-
merase chain reaction). The different diagnostic methods, STH detected, usefulness, 
and disadvantages are summarised in Table 1. Culture techniques and serological 
assays are less preferred methods in STH infection diagnosis, compared with micros-
copy and molecular techniques. The choice of a particular diagnostic method requires 
paying considerable attention to factors such as rapidity of obtaining test results, 
availability of infrastructure, cost of assay, ease of performance, and level of applica-
tion in the field (Table 1). Other conditions such as proper training of laboratory 
personnel and strict compliance to quality control or quality assurance procedures 
could enhance the performance of diagnostic methods to confirm STHs. Confirmed 
diagnosis helps to ascertain individual infection status, and to estimate the incidence, 
prevalence, and intensity of infections among populations at risk. The outcomes of 
diagnosis can again be used to evaluate the effectiveness of parasite control measures 
like parasite clearance, the reduction in incidence or prevalence, and the intensity of 
infections. The benefit of laboratory findings is also to provide context-based policy 
guidance on the frequency of anti-helminthic treatment or prophylactic therapy in 
affected geographical areas.

3.3 The specific case of STH infections in an African LMIC

A longitudinal study conducted by Kretchy et al. [7], showed 4.3% incidence 
rate and low intensity of infections with the STH, Trichuris trichiura (T. trichiura) 
among waste handlers in a large coastal peri-urban settlement in Southern Ghana, six 
months post-treatment with albendazole (400 mg single oral dosage). This incidence 
rate for T. trichiura was, however, higher compared with the national average in an 
adult population (1.2%) and among non-school going children (0.8%) in endemic 
communities in Kintampo, Ghana [22, 23]. This could mean that waste handlers were 
at higher risk of infection with T. trichiura compared with the adult population of an 
endemic area in Ghana due to their occupational exposures. However, a similar study 
conducted in endemic communities in India by Narain et al. [24] among a group of 
teenagers found a higher incidence of infection with T. trichiura (43.6%), six months 
post-treatment with albendazole (400 mg). The most common health complaints 
following infections with T. trichiura include mainly intestinal, such as diarrhoea 
and abdominal pain [25]. Whilst heavy infections in adults have been found to 
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cause iron-deficiency anaemia [26], the light intensity infections recorded among the 
waste handlers may not result in this health outcome. Nevertheless, waste handlers 
who were infected with T. trichiura may serve as important reservoirs for the con-
tinued transmission of the STH among waste handlers, immediate family members 
and the entire peri-urban community as a whole. The findings from the study also 
indicated that STH infections were correlated with the type of waste handling activity 
performed, and that waste handlers who did not use the PPE gloves were about six 
times more likely to have STH infections compared to those who used gloves. This 
result has consolidated the knowledge on the importance of hands in the transmission 
of STH infections and the need to wear PPE to prevent the direct exposure of the bare 
hand to faecal contaminated soils/environments.

3.4 Public health interventions to reduce the risk of STH in exposed populations

In endemic populations, the risk of acquiring STH infections could be all year 
round however, several factors can predispose specific groups of persons to become 
susceptible. Specific risk factors in pre-school and children of school-going age 
to STH infections include having long or untrimmed fingernails, failure to wash 
hands before meals, walking bare-footed, nail-biting, and thumb-sucking habits. 
School-going children in particular, are more prone to STH infections when playing 
in unpaved, soil-infested school lawns. In communities, where tube-well rather than 
treated tap-water is used as the drinking water source, pre-school or non-school-
going children become significantly vulnerable, because of the likelihood of faecal 
contamination from nearby latrines, seepage, or run-off water carrying faecal excre-
ments from open defecation practices [27].

Practicing the appropriate public health intervention measures can reduce the 
exposure to the risk factors to STH infections in the environment and prevent disease 
occurrence. These can be achieved by preventive treatment with anti-helminthic 
drugs, adequate sanitation, and good environmental and personal hygiene practices, 
and by using appropriate PPE. Health education, change in health behaviour and 
periodic training among occupational risk groups may also be necessary preventive 
steps in reducing disease risks among persons living in endemic communities in 
resource-limited settings of African, Asian, and South American tropical, and sub-
tropical LMICs.

The use of preventive anti-helminthic drugs is the current global strategy in con-
trolling STH infections in at-risk populations [28]. In endemic countries like Ghana, 
albendazole (400 mg) and mebendazole (500 mg) are the anti-helminthic drugs of 
choice for the treatment against STH infections [29]. Albendazole and mebendazole 
have undergone extensive safety and efficacy testing and have been used in millions 
of people globally with only few and minor side effects [30]. Both drugs are effective 
broad-spectrum anti-helminthics, inexpensive and are easily administered by trained 
non-medical personnel. However, unlike mebendazole, albendazole (400 mg) is 
administered as a single oral dosage, which makes it easier to monitor treatment by 
direct observation by the researcher [16, 31]. The problem with preventive treatment 
with anti-helminthic drugs to at-risk populations is the inability to prevent re-infec-
tion after a short period of between three and six months [32, 33].

Other measures like proper sanitation and good personal hygiene practices are 
equally essential to reduce risk factors to STH infections. Good hygiene practices 
could also reduce the growth of other biological agents, in addition to STHs, on the 
hands of persons exposed to faecal contaminated soil. Wearing appropriate PPE 
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during food vending or waste handling, and using footwear in school-going children 
may serve as barriers to prevent direct physical contact with the infective stages and 
reduce transmission risks.

Public health education and health promotion activities about keeping healthy 
behaviours like handwashing with soap after playing in the soil, after engaging in 
waste handling activities or after defecation and before eating may help to reduce 
transmission and re-infection rates due to STHs. Receiving periodic training about 
the use of appropriate PPE may also be necessary preventive steps in reducing disease 
risks among occupational risk groups like food vendors and waste handlers. These 
interventions, in addition to the use of anti-helminthic drugs, are necessary steps 
needed to reduce risk factors to STH infections.

It is necessary for the appropriate authorities and policymakers in endemic areas 
of LMICs including governments, employers, district, and local health authorities to 
provide appropriate and suitable PPE, replace old and worn out PPE in occupational 
risk groups, and also provide sufficient sanitation and hygiene facilities, such as 
toilets, soap, and water, and supervise their use in basic schools and poor settlements. 
Community members in endemic areas must be encouraged to undergo periodic 
medical screening and participate in deworming exercises at least once in every six 
months.

4. Conclusion and recommendations

Vulnerable populations particularly children and occupation risk groups in 
African, Asian, and South American LMICs, are predominantly faced with the 
hazards of STH infections. Although the burden of disease is quite high in African 
LMICs like Ghana and Nigeria, the highest burden of infection from hookworms, 
Trichuris trichiura, and Ascaris lumbricoides was reported in Asia. The high ende-
micity of infection in such settings and populations has huge socio-economic and 
developmental consequences for those infected. The ability of healthcare systems to 
promote strategies to block the transmission pathways, prevent infection and reduce 
complications arising from associated diseases is critical. Stakeholders in government 
and private agencies, as well as employers of occupation risk groups, need to invest 
adequate funds, infrastructure, and resources to support efforts in diagnosis, treat-
ment and evaluation of WASH interventions that can mitigate the infection burden 
in LMICs.

It is important for future surveillance programs in the control of STHs, to consider 
and adopt more effective interventions that would integrate highly sensitive and 
specific diagnostic techniques like the polymerase chain reaction rather than micros-
copy-based methods so that laboratories can detect light-intensity STH infections 
even in areas of low endemicity. This would enable public health systems to imple-
ment appropriate curative or preventive measures against the transmission of STHs, 
particularly in vulnerable populations.
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Chapter 16

Zoonotic Trematode Infections; 
Their Biology, Intermediate Hosts 
and Control
Henry Madsen and Jay R. Stauffer, Jr.

Abstract

Many diseases linked with trematodes are zoonotic, including liver flukes (Fasciola 
spp., Clonorchis, and Opistorchis are the most common), intestinal flukes (some 
species of the Heterophyidae), lung flukes (Paragonimus spp.) and the blood flukes 
(schistosome species). A characteristic for all these species is that they have a verte-
brate as final host and have freshwater snail species as the first intermediate host, and 
for the food-borne trematodes, also a second intermediate host where their infective 
stage (metacercariae) lodge or in case of the Fasciolidae, cercariae encyst on aquatic 
or semi-aquatic plants. We describe the biology of transmission with emphasis on the 
intermediate snail hosts, and the control of these.

Keywords: schistosomiasis, liver flukes, intestinal flukes, snail intermediate host

1. Introduction

Diseases resulting from zoonotic transmission of parasites are common [1]. Most 
parasitic zoonoses are neglected diseases despite causing a considerable global burden 
of ill health in humans and have a substantial financial burden on livestock industries 
[1]. Zoonotic trematodiasis are found worldwide and are responsible for some serious 
and debilitating helminthic diseases in people, particularly in rural and poor urban 
areas of low and middle-income countries [2, 3]. Many of the trematodes that infect 
humans are zoonotic or have zoonotic potential. Here we briefly discuss the most 
important zoonotic trematodes and focus on their first intermediate hosts, snails, and 
their control. Trematodes (Trematoda) belong to the phylum Platyhelminthes which 
also contains Turbellaria (mostly non-parasitic animals such as planarians), and three 
entirely parasitic groups: Cestoda, Trematoda, and Monogenea. Trematoda includes 
two subclasses of parasitic flatworms, also known as flukes, i.e., Aspidogastrea and 
Digenea. Here we focus on Digenea, which as adults are internal parasites of verte-
brates. Trematodes have both sexual and asexual reproduction in different host species. 
Sexual reproduction occurs in the final vertebrate host, while asexual reproduction 
occurs in the first intermediate host, usually certain species freshwater or marine snails. 
Most trematodes have a second intermediate host where their infective stage (meta-
cercariae) lodge. For the food-borne trematodes, various fish species, crustaceans, or 
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snails may serve as second intermediate host or in case of the Fasciolidae, cercariae 
encyst on aquatic or semi-aquatic plants (see more details below).

The Digenea contains about 20,000 species, within two orders, Diplostomida and 
Plagiorchiida. Only a few of these species infect humans, and some of the diseases 
they cause are briefly discussed below, i.e., schistosomiasis and several species of 
food-borne zoonotic trematodes (paragonimiasis, fascioliasis, clonorchiasis, opisthor-
chiasis, and others). Examples of eggs from these trematodes are shown in Figure 1. 
Some species of trematodes have a relatively narrow range of snail species that serve 
as intermediate hosts, while others have an apparently wide range (Table 1).

2. The diseases

2.1 Schistosomiasis

Schistosomiasis is native in many countries in Africa, South America, and Asia 
with an estimated number of 200 million infected people and with 800 million being 
at risk according to Doumenge et al. [4], but considering the population increase 
since then, the number of humans currently at risk must be well over a billion [5]. 
According to latest available information somewhere between 230 and 250 million 
people are actually infected [6, 7]. People become infected by contact with water 
harboring schistosome-infected intermediate host snails (Figure 2). The snails release 
cercariae into the water that contact and penetrate human skin.

The schistosomes belong to the trematode order Diplostomida, superfamily 
Schistosomatoidea and Schistosomatidae. The genus Schistosoma contains 23 recog-
nized species and at least 7 of these are of medical and veterinary importance [8]. 

Figure 1. 
Eggs of various trematodes found in human feces or urine (source: Mae Melvin, public health image library 
(PHIL); Centers for Disease Control and Prevention).
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The species are divided into four groups, i.e., the S. japonicum group, the Schistosoma 
mansoni group, the S. indicum group and the S. haematobium group [8]. Some species 
primarily infect humans while others primarily infect non-human animals, but infec-
tions with the former group may be found in non-human vertebrates and infections 
with the latter group may be found in humans [9, 10].

Species within the group of S. japonicum use as intermediate hosts, species of the 
Pomatiopsidae. Schistosoma japonicum is the major species of medical importance in 
South-East Asia and the species has many definitive hosts [6]. Schistosoma mekongi 
is found in parts of the Mekong River basin region in Cambodia, Laos, and Thailand 
[11]. The other species of the S. japonicum group are mainly parasites of rats [12] 
although human infection by Schistosoma malayanum are found [11].

The group of Schistosoma mansoni has 2 species, S. mansoni and Schistosoma 
rodhaini both using Biomphalaria spp. (Figure 3) as an intermediate host. S. mansoni 
is found throughout sub-Saharan Africa, parts of the Arabian Peninsula and it is the 
only Schistosoma spp. found in South America [8]. The two species hybridize in the 
wild [12]. Species of the group S. indicum occur in the western and southern Asian 
regions and are commonly found in animals, i.e., ungulates, horses, pigs, and possibly 
dogs [8]. The species use Indoplanorbis exustus as intermediate host [8]. The group 
associated with S. haematobium includes nine species that are the most widespread, 
i.e., Africa, Indian Ocean Islands, Arabian Peninsula, and Mediterranean regions 
[8]. Schistosoma haematobium causes urogenital schistosomiasis, while other spe-
cies, S. intercalatum and S. guineensis infecting humans in this group cause intestinal 

Figure 2. 
Life cycle of schistosomes infecting humans (source: Alexander J. da Silva & Melanie Moser, public health image 
library (PHIL), Centers for Disease Control and Prevention).
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schistosomiasis [8]. Natural interactions and introgressive hybridisation between 
these species are common [8, 13, 14].

Each of the species of schistosomes infecting humans has a characteristic and lim-
ited intermediate snail-host spectrum. The intermediate hosts of S. mansoni, S. haema-
tobium, S. intercalatum, and S. guineensis belong to the family Planorbidae or Bulinidae 
(previously a subfamily of the Planorbidae) while those of S. japonicum, S. mekongi, 
and S. malayensis are caenogastropods that belong to the Pomatiopsidae [15]. Various 
species of Biomphalaria serve as intermediate hosts for S. mansoni (Figure 3) and certain 
Bulinus spp. (Figure 4) are intermediate hosts for S. haematobium, S. guineensis, and S. 
intercalatum. For S. japonicum, species of the genus Oncomelania are the intermediate 
hosts (Figure 4). Species-level relationships within Oncomelania are not fully resolved 
but there seems to be four species that currently transmit S. japonicum, i.e., subspe-
cies of O. hupensis in eastern China, O. robertsoni in western China, O. quadrasi in the 
Philippines and O. lindoensis on Sulawesi [16]. For S. mekongi and S. malayensis, the 
intermediate host is from the subfamily Triculinae, tribe Pachydrobiini, i.e., Neotricula 
aperta and Robertsiella kaporensis, respectively [17, 18] (Figure 4). More species can 

Figure 3. 
Neotropical (1–5) and African (6–15) Biomphalaria species, B. glabrata (1), B. tenagophila (2), B. straminea 
(3), B. havanensis (4), B. helophila (5), B. alexandrina (6), B. angulosa (7), B. camerunensis (8), B. pfeifferi 
(9), B. salinarum (10), B. sudanica (11), B. choanomphala (12), B. rhodesiensis (13), B. smithi (14),  
B. stanleyi (15).



297

Zoonotic Trematode Infections; Their Biology, Intermediate Hosts and Control
DOI: http://dx.doi.org/10.5772/intechopen.102434

Figure 4. 
Representative species of Bulinus, Oncomelania, Robertsiella and Neotricula. The B. africanus group (a):  
Bulinus abyssinicus (1), B. africanus (2), B. nasutus (3), B. ugandae (4), B. jousseaumei (5), B. obtusus  
(6), B. obtusispira (7), B. umbilicatus (8), B. globosus (9), B. productus (10). B. truncatus/tropicus complex (b): 
Bulinus angolensis (11), B. liratus (12), B. natalensis (13), B. tropicus (14), B. nyassanus (15), B. succinoides (16), 
B. transversalis (17), B. trigonus (18), B. truncatus (19). The B. forskalii group (c): Bulinus bavayi (20),  
B. beccarii (21), B. canescens (22), B. cernicus (23), B. crystallinus (24), B. forskalii (25), B. scalaris  
(26), B. senegalensis (28). The B. reticulatus group (d): B. reticulatus (28), B. wrighti (29). Asian species (e): 
Oncomelania hupensis smooth (30) form and ribbed form (31), O. quadrasi (32), Robertsiella kaporensis (33), 
Neotricula aperta (34).
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be infected experimentally but they may not transmit the parasite in nature [19]. For 
example, there have been reports that S. haematobium was transmitted by Ferrissia 
in India; at least three endemic foci of human schistosomiasis have been described in 
India previously and sporadic autochthonous cases and cercarial dermatitis are also 
common (see references in [20]). Experimental exposure of Ferrissia tenuis to mira-
cidia of S. haematobium showed that this snail could be infected and shed cercariae 
[21]. In the north-western extremity of Africa, Planorbarius metidjensis is common and 
although it is an experimental host for S. mansoni and S. haematobium [22, 23] there is 
no evidence that it is a natural host [23].

Snails may be widely distributed in an area, but there is a tendency for infected 
snails with Schistosoma spp. to be focally distributed in particular areas where infected 
people contaminate the water with their wastes. In some cases, human infections 
may be facilitated by prior contamination of habitats by reservoir hosts especially 
for S. japonicum, but also possibly for Schistosoma mansoni and S. haematobium. Snail 
populations undergo great seasonal variations in density and infection rates. Rainfall 
and/or temperature are the main causative factors. This results in the pattern of 
transmission commonly being of a focal and seasonal nature. Although prevalence of 
infection in the intermediate hosts may be low, this can result in a high percentage  
of human infections, e.g., in Lake Malawi [24].

2.2 Avian schistosome

Swimmer’s itch or cercarial dermatitis is a short-term immune reaction occur-
ring in the skin of humans that have been penetrated by cercariae of schistosomes 
(Schistosomatidae) that normally develop in birds or in mammalian hosts other than 
humans. Genera often associated with swimmer’s itch in humans are Trichobilharzia 
and Gigantobilharzia, but species such as Schistosomatium douthitti, a parasite of 
rodents, may also cause swimmer’s itch. In marine habitats, especially along the 
coasts, swimmer’s itch can occur as well. Symptoms, which include itchy, raised 
papules, commonly occur within hours of infection and do not generally last more 
than a week. It is common in freshwater, brackish, and marine habitats worldwide 
and application of molecular diagnostic techniques has begun to unravel the many 
schistosome species that can be responsible [25]. Various species of Lymnaeidae, 
Physidae, Planorbidae, Bulinidae (see some species in Figures 5 and 6) and other taxa 
are intermediate hosts [25–28].

In Thailand, Indoplanorbis exustus together with Lymnaea rubiginosa are referred 
to as the “itchy snail” by rural people [29]. These snail species are hosts for a number 
of schistosomes including Schistosoma spindale, S. indicum, and S. nasale. Though 
these species do not develop to maturity in humans, they may cause cercarial 
dermatitis.

2.3 Paragonimus

Paragonimiasis, also known as pulmonary distomiasis, is a parasitic disease of 
humans and animals in various parts of the world, but principally in the Orient (Far 
East). Its etiological agents are species of the trematode genus Paragonimus which uti-
lize caenogastropods (specifically superfamilies Cerithiodea and Truncatelloidea) as 
first intermediate hosts (see examples in Figures 7 and 8) and decapod crustaceans, 
primarily freshwater crabs and crayfish, as second intermediate hosts.
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The genus Paragonimus contains several species that infect a variety of mammals and 
birds and some of these species affect other vertebrates. Lung fluke infections are distrib-
uted in certain parts of the World where food habits include eating raw crabs, and cray-
fish, which contain the infective metacercarial cysts. Several million people are thought 
to be infected with paragonomiasis and almost 300 million are at risk of infection 
[30, 31]. In Africa, Paragonimus africanus is important [32], while in Mexico and Central 
America Paragonimus mexicanus causes occasional human infections [30]. Similarly, in 
the Midwest states of the USA, a number of human infections with Paragonimus kellicotti 
have been reported. The main endemic areas are in the Orient and Southeast Asia. In 
these areas, the etiological agent in humans is mainly Paragonimus westermani [31].

The cercariae penetrate the soft body parts of the crustacean host and then invade 
the viscera and muscles of this host, where they usually become encysted in specific 
organs depending on the species of lung fluke and the species of the crustacean host 
(Figure 9). When the mammalian host, human or reservoir host ingests infected 
crab or crayfish meat or viscera (raw, soaked in rice wine, or salted), the metacercaria 
excyst in the duodenum and migrates through the intestinal wall in about an hour, 
reaching the abdominal cavity in 3–6 h. The larvae of various lung flukes enter and 
remain in the abdominal wall for several days (up to 3 weeks), then migrate through 
the diaphragm to the pleural cavity, where they penetrate the serosal layers of the 
lungs. Finally, they arrive near the bronchioles, where they develop to adult worms 
in pairs, and exist in tissue capsules laid down by the host, about 6–8 weeks after 
ingestion of the parasitized crustacean host. The lung capsules containing the worms 
connect with the respiratory passages of the lung, and the eggs of the parasite are 
moved along with lung exudates [33].

Figure 5. 
Some species of the Lymnaeidae, Physidae and Bulinidae. Lymnaeidae: Radix natalensis (1), Pseudosuccinea 
columella (2), Radix auricularia (3), Galba truncatula (4), Austropeplea viridis (6). Bulinidae: Indoplanorbis 
exustus (6). Physidae: Aplexa waterloti (7), Physa acuta (8).
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2.4  Fish-borne zoonotic trematodes (Clonorchiasis, Opistorchiasis,  
and Heterophyidiasis)

Fish-borne zoonotic trematodes utilize fish as their second intermediate host and 
comprise about 12 families, and five of these, Clinostomatidae, Echinostomatidae, 
Heterophyidae, Opisthorchiidae, and Troglotrematidae have been reported to infect 
humans. Among those, the opisthorchid flukes have the most public health impor-
tance [34]. It has been recognized as a Type I carcinogen, and chronic infection by 
this liver fluke leads to cholangiocarcinoma development. The heterophyid intestinal 

Figure 6. 
Species of the Planorbidae (a and c) and Burnupiidae (b). Planorbidae: Planorbella (Helisoma) duryi (1), 
Planorbarius metidjensis (2), Planorbis planorbis (3), Africanogyrus coretus (5), Ceratophallus natalensis (6), 
Drepanotrema sp. (7), Gyraulus spp. (8), Polypylis hemisphaerula (9), Segmentorbis spp. (10), Ferrissia sp. (11). 
Burnupidae: Burnupia sp. (4). The scale shown in part c is also used for part b.
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fluke sometimes coexists in the endemic region of the liver fluke and can cause confu-
sion in diagnosis and prevalence since eggs of both the opisthorchid and heterophyid 
flukes are similar. An overview of the various species is given in Waikagul and 
Thaenkham [34] and Hung et al. [35].

Fully embryonated small eggs of C. sinensis are found in the stools of infected 
humans and other mammalian hosts (e.g., dogs and cats). These eggs do not hatch 
until they are eaten by the snail, the first intermediate host [36]. For C. sinensis, the 
snail hosts are species of caenogastropods of the family Bithyniidae (Parafossarulus, 
Bithynia) or Semisulcospiridae (Semisulcospira). In addition, species of the Thiaridae, 
especially Melanoides tuberculata have been reported as hosts for C. sinensis [37] but 
experimental infection of this species failed [38]. The miracidia hatch in the esopha-
gus, intestine, or rectum of the snail, and then penetrate the wall of these organs to 
become sporocysts developing in the hemolymph spaces of the snail (Figure 10). 
Rediae develop and migrate to the digestive gland area and form cercariae, which soon 
leave the snail and swim in the adjacent water [36]. They then penetrate the skin of 
the fish second intermediate host and become encysted metacercariae in the muscles. 
The metacercariae become infective within a month, and when the infected fish is 
ingested raw, or slightly cooked or pickled, by man or eaten by other mammalian 
hosts, the metacercariae excyst and make their way to the liver, which they reach in 
about a day or less. After reaching the bile passages, the young worms mature. The 

Figure 7. 
Selected species of Pachychilidae (a), Heminiscidae (b), Paludomidae (c), Thiaridae (d) Potamididae (d), 
Melanopsidae (e) and other (d). Pachychilidae: Brotia sp. (1); Brotia costula (2); Brotia swinhoei (3); Sulcospira 
aubryana (4); S. housei (5); Potadoma moerchi (6); P. freethi (7); P. liricincta (8). Heminiscidae: Pachymelania 
aurita (9); Pachymelania fusca (10, 11). Paludomidae: Cleopatra bulimoides (12); C. nsedwensis (13), C. 
ferruginea (15) Pseudocleopatra togoensis (14). Thiaridae: Melanoides jugicosta (16), M. tuberculata (17), 
Sermyla riqueti (18), Thiara scabra (19), Tarebia granifera (22), Potamididae: Tympanotonus fuscatus (20), 
Cerithidea sp. (21). Melanopsidae: Melanopsis spp. (24). Other: Anentome helena (23).
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first eggs are laid about 4 weeks after infection, but the worms continue to grow for 
some additional months. In addition to humans, dogs, cats, pigs, and rats have been 
found naturally infected and constitute effective reservoir hosts. In some regions 
where prevalence of infection among humans is very low or lacking, as in some parts 
of China and Vietnam, prevalence of infection is usually high among other mammals. 
Cats, rabbits, and guinea pigs are good experimental hosts.

Clonorchiasis is caused by the fluke Clonorchis sinensis (China, Japan, Korea, 
Russia, Thailand, and North Vietnam), and human opisthorciasis is caused by 
primarily Opisthorchis viverrini (Cambodia, Lao PDR, Thailand, Central and South 
Vietnam) or O. felineus (The Baltic States, eastern Germany, Italy, Kazakhstan, 
Poland, Russia, Eastern Siberia, and Ukraine) and is contracted through eating raw 
infected fish [34]. These trematodes have very similar life cycles.

Heterophyidae comprises several genera and species of trematodes of almost 
worldwide distribution. More than 25 species have been found parasitizing humans 
around the World [34, 35]. The heterophyid is a small-sized fluke, about 1 mm in 
length, and is parasitic mostly in the small intestine of birds and mammals and rarely 
in fish and reptiles.

The worms are usually found lodging in intestinal mucosa between villi, however, 
they have invaded the submucosal level in experimental immunosuppressive mice. 
Within a week after the metacercaria is ingested by the definitive host, metacercaria 
develop to mature adults in the intestine. Heterophyid adults have a short life; the 
reported life spans varied among different host species [34, 39].

Fish-borne zoonotic trematodes (FZT) are an important problem and 
fish produced in aquaculture may present a food safety risk in some areas of 

Figure 8. 
Selected species of the Truncatelloidea. Bithynia fuchsiana (1), Bithynia sp. (2), Digoniostoma siamensis (3), 
Alocinma longicornis (4), Parafossarulus manchouricus (7), Gabbiella stanleyi (5), Gabbiella senaariensis 
(6), Assiminea sp. (8), Hubendickia sp. (9), Pachydrobia spp. (10, 11), Fairbankia sp. (12), Julienia sp. (13), 
Stenothyra spp. (14), Neotricula aperta (15), Robertsiella kaporensis (16).
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Southeast Asia where aquaculture is very important [36]. In at least parts of 
Vietnam, however, transmission of C. sinensis is not common in aquaculture 
ponds and usually occurs in natural habitats [40]. On the other hand, hetero-
phyid trematodes are very common in aquaculture ponds. The fish culture 
industry may have aggravated the situation in some areas, although C. sinensis 
and O. viverrini mainly are transmitted in natural waterbodies. Large and small 
lakes and ponds are used for culturing fish, and these bodies of water are usu-
ally polluted with human and animal excreta containing eggs of FZT. Because 
raw fish are mainly eaten by adults, infections with clonorchiasis are, in general, 
more prevalent in the higher age groups (30–50 years); this is usually consistent 
in all endemic areas.

2.5 Echinostomatidiasis

The superfamily Echinostomatoidea is a large, cosmopolitan group of digeneans 
currently including nine families and 105 genera, with the vast majority parasitic, 
as adults, in birds with relatively few taxa parasitizing mammals, reptiles, and 
exceptionally, fishes [41]. Recent studies on the phylogeny of the group combining 
morphology and molecular data have resulted in several changes [41].

Figure 9. 
Life cycle of Paragonimus westermani (source: Alexander J. da Silva & Melanie Moser, public health image 
library (PHIL), Centers for Disease Control and Prevention).
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Echinostomatidiasis is caused by a number of fluke species, belonging to the 
Echinostomatidae, which share certain morphological features, among which 
are the presence of a head collar surrounding the oral sucker, provided with a 
single or double crown of large spines which are larger than those covering the 
body surface. They are usually stout, fleshy, medium-sized flukes parasitizing 
birds and mammals in various parts of the world [42]. Several birds, during 
their migration, carry the infection with several echinostome species along their 
migratory routes. Various life cycle patterns are exhibited by echinostomes. 
Usually they are less specific than schistosomes as to their first or second inter-
mediate hosts or their definitive hosts. The first intermediate hosts are several 
species of aquatic Hygrophila or Caenogastropods and the second intermediate 
hosts are the same or other species of snails, bivalves, tadpoles, or fish. The cer-
cariae of certain species do not require a second intermediate host but, instead, 
encyst in the open.

Echinostomes are usually harmless flukes in the intestine of their hosts. Certain 
species, however, and heavy infections of the harmless species, produce some pathol-
ogy and pronounced symptoms in poultry and small mammals. They are, therefore, 
of significance in veterinary medicine.

Transmission of the echinostome to humans is either through eating raw or 
undercooked fish, snails, or amphibians. Human cases have been reported mostly in 
Asia. Duodenum mucosal bleeding and ulceration are the main clinical findings due 
to mechanical damages caused by the worms. The common symptoms are abdominal 
pain and diarrhea followed by weakness and weight loss [42].

Figure 10. 
Life cycle of fish-borne zoonotic trematodes (Opistchorchidae and Heterophyidae) (source Clausen et al. [36]).
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2.6 Fascioliasis

Fascioliasis, a disease caused by the liver flukes Fasciola hepatica and Fasciola 
gigantica, is cosmopolitan in distribution and occurs in sheep- and cattle-raising 
countries of the world, parasitizing these animals and other herbivores on almost 
every continent and on several islands. In Europe, diseases of sheep and cattle are 
found in every country, and they manifest in the form of epidemics among humans, 
especially in England, France, and Italy. Human fascioliasis has also been reported 
from Mexico, South and Central America, Asia, Africa, and Australia and is believed 
to be more common than has been thought. This could be ascertained if there were 
more accurate diagnostic methods and better reporting [43].

Fascioliasis due to F. hepatica generally occurs in temperate climates, and thus the 
disease is prevalent in Europe, North America, northern Asia, Australia, and north-
ern Africa [44]. It is also present in the highlands of Kenya, in South Africa, and in 
Central and South America. F. gigantica, on the other hand, is the common liver fluke 
in widespread areas of Africa and Asia. In some parts of the world, the geographical 
distribution of F. gigantica overlaps that of F. hepatica.

The life cycle of F. hepatica is illustrated in Figure 11. Adults reside in the 
intrahepatic biliary ducts of the mammalian host. The eggs are laid in the bile 

Figure 11. 
Life cycle of Fasciola hepatica (source: Alexander J. da Silva & Melanie Moser, public health image library 
(PHIL), Centers for Disease Control and Prevention).
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ducts, proceed to the intestine with the bile, and are evacuated with the feces. 
The development of the eggs in the water takes from 10 to 15 days at an optimal 
temperature of 23–25°C. The fully developed miracidium escapes from the egg. 
The miracidium swims actively in the water and tries to invade various snail 
species of the Lymnaeidae (Figure 5) in different geographic areas of the world. 
The sporocyst developing from each miracidium near the site of penetration, 
usually in the mantle edge, the kidney and the esophageal area, produces rediae 
in about 2–3 weeks. The latter move actively and migrate to the distal area of the 
snail, containing mainly the digestive gland. Within the body of rediae, cercariae 
are produced which exit the snail and actively swim in the water. Development of 
Fasciola in the snail host is affected by the environment, in particular temperature. 
Cercariae encyst rapidly on aquatic vegetation, grass, bark, or any floating debris, 
or encyst free in the water, and may either float or settle to the bottom of the water. 
The metacercarial cysts are resistant and remain viable for a long period but are 
killed by excessive heat and dryness.

Mammalian hosts, including humans, consuming aquatic vegetation with 
metacercariae or drinking water from contaminated snail habitats containing the 
metacercariae, contract the infection. The metacercariae, soon after ingestion, 
excyst in the small intestine. After excystment, they penetrate the wall of the small 
intestine to the abdominal cavity. They have been found in the latter cavity 1–3 days 
from the time that they have been ingested, depending on the species of the host. 
They wander around in the viscera and may settle and become established in ectopic 
sites other than the liver.

2.7 Paramphistomatidiasis

The paramphistome flukes are represented by many species throughout the world, 
and they are parasites of the alimentary tract (stomach and intestine) of humans, 
nonhuman primates, ruminants, equines, and other herbivores; only about two spe-
cies occur in birds [45]. These flukes are large fleshy parasites, measuring up to 20 mm 
in length and 15 mm in width. Some of these flukes cause gastrodisciasis or paramphi-
stomiasis. Whereas gastrodisciasis is restricted to Africa and Asia, paramphistomiasis 
occurs throughout the world [46].

Three important intestinal parasites cause gastrodisciasis: Gastrodiscoides homi-
nis; Gastrodiscus aegyptiacus, and Gastrodiscus secundus. High prevalence rates have 
been reported from humans in various parts of India, but the parasite was also 
found in the Philippines, Kazakhstan, Vietnam, and from Indian immigrants in 
Guyana. In some countries, G. hominis infecting humans is a different strain from 
that infecting pig. Gastrodiscus aegyptiacus and G. secundus are common parasites 
of equines in Africa and Asia, and several pathological cases are on record in 
horses in Africa.

Infections with all the paramphistomatids (including the gastrodiscids) are 
acquired from the same habitats where the animals also contract fascioliasis, bovine 
schistosomiasis, and others, where various species of snails live together. The life 
cycle, though differing in minute details, is similar to that of Fasciola spp.

Like the fasciolid flukes, the paramphistomatids utilize freshwater pulmonate 
snails as intermediate hosts. Whereas Fasciola spp. utilize only lymnaeid snails 
throughout their wide geographical area, some rumen paramphistomes, such as those 
in the U.S., use lymnaeid snails, while other paramphistomes, and also gastrodiscids, 
utilize planorbid snails in other parts of the world.



307

Zoonotic Trematode Infections; Their Biology, Intermediate Hosts and Control
DOI: http://dx.doi.org/10.5772/intechopen.102434

3.  The first intermediate hosts (overview of major clades of the 
Gastropoda)

Trematodes require one or two intermediate hosts to complete their life cycle. The 
first intermediate host is specific species of freshwater water (and for some trematode 
species brackish or marine) gastropods. Due to the necessity of passing through the 
gastropods, control of these snails could, at least for some of zoonotic trematodes, be 
an important way to reduce their transmission (see later).

The class includes the snails, which are superficially asymmetrical and possess a 
spirally coiled shell; the limpets, which possess a low, conical un-spiraled shell; and 
the slugs, which possess a concealed shell or no shell at all. A recent paper [47] esti-
mates the number of named and valid recent species as about 63,000 in 476 families. 
There is a great diversity among the freshwater gastropods. Gastropod taxonomy 
has undergone considerable revision and still undergoes revision as new DNA data 
become available. Here we use the classification as described in Bouchet et al. [47].

The class, Gastropoda, contains the following subclasses: Patellogastropoda, 
Neomphaliones, Vetigastropoda, Neritimorpha, Caenogastropoda, and Heterobranchia 
of which the last three are represented in freshwater. Many of the existing identification 
keys to freshwater gastropods follow the classification of Thiele [48] where Gastropoda 
was divided into three sub-classes Prosobranchia (Streptoneura, i.e. crossed nerve 
system), Pulmonata and Opisthobranchia (Euthyneura). Using the existing keys for 
species identification of freshwater snails, however, does not pose a real problem. Thus, 
Prosobranchia (often called prosobranchs) equates Caenogastropoda plus Neritidae 
and Pulmonata (often referred to as pulmonates) equates Hygrophila within the 
Panpulmonata. We shall restrict our discussion to primarily the freshwater gastropods.

3.1 Subclass: Neritomorpha

3.1.1 Neritidae and Neritilidae

The Neritidae are one of the most abundant groups of freshwater snails in the 
coastal streams of tropical and subtropical regions worldwide, as well as in the inland 
waters of the European continent [49]. The Neritiliidae, previously a subfamily in the 
Neritidae, include 23 described species in seven genera from low latitude areas of the 
World. Species of Neritilia occur in freshwater streams to brackish estuaries [50]. These 
are species of medium-sized snails with a characteristic shell, radula and operculum. 
Neritids require hard substrata for their grazing and locomotion, and some species of 
Dostia and Septaria can exclusively be found on branches and drift logs in estuaries 
and mangrove swamps [49]. These markedly euryhaline neritids have the potential to 
survive in fully marine conditions for some extended period of time and to disperse as 
benthic adults and eggs on drift logs [49]. The families are not known as intermediate 
hosts for medical or veterinary  important trematodes, but some species may harbor 
other trematode or nematode infections. Examples of species are shown in Figure 12.

3.2 Subclass: Caenogastropoda

3.2.1 Viviparidae

The family (Figure 12) has a global distribution and moderate diversity [51] in the 
extant fauna (125–150 valid, described species). Viviparids are distributed primarily in 
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lakes, rivers, and streams in temperate to tropical regions. Although they can be found 
in freshwater of all kinds, many species prefer, or are restricted, to one habitat type 
only. Their greatest diversity occurs in tropical and subtropical regions of Asia, where 
some 60–85 species occur. These species are medium to large snails usually with a coni-
cal shell. Tentacles are short and pointed and the right tentacle of males is transformed 
into a copulatory organ. The females are ovoviviparous with a uterine brood-pouch. 
Size and number of mature embryos may be of help to taxonomists [29]. The family 
is quite diverse in Asia where representatives are commonly consumed by humans. 
Metacercariae of the Echinostomatidae and possibly other trematodes are commonly 
found in viviparid snails and since many species are eaten by local people they could 
serve as intermediate hosts for human trematode infections if consumed insufficiently 
cooked. Species within the family are also reported as first intermediate hosts of some 
species of echinostome [51]. Some if not all species within the family are suspension 
feeders giving them a competitive advantage over species that only graze.

3.2.2 Ampullariidae

Ampullariidae (Figure 12) are predominately distributed in humid tropical and 
subtropical habitats in Africa, South and Central America, and Asia. The family 

Figure 12. 
Selected species of Neritidae (a), Viviparidae (b) and Ampullariidae (c). Neritidae: Dostia violacea (1, 2), 
Neritina afra (3, 5), N. natalensis (4, 6, 7), N. oweniana (8). Viviparidae: Cipangopaludina chinensis (1), C. 
lecythoides (2), Mekongia lithophaga (3), Angulyagra polyzonata (4), Filopaludina sumatrensis (5), Sinotaia 
aeruginosa (6), various African Bellamya spp. (7–15). Ampullariidae: Saulea vitrea (1), Lanistes spp. (2–4, 7, 8), 
Marisa cornuarietis (6), Pila ovata (5), Afropomus balanoidea (9), Pila africana (10), Pomacea canaliculata 
(11), Pila sp. (12), P. conica (13), P. ampullacea (14), P. polita (15).
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includes 186 recent species with the majority in the three genera Pomacea (96 spe-
cies), Lanistes (43 species), and Pila (29 species) [52]. These are large or very large 
species (some species can reach shell height or diameter of about 10 cm). The animal 
has a short rostrum that carries a tentacle-like process (pseudopodia) on either side. 
Tentacles are very long and thin, the eyes are placed on separate stalks beside the 
tentacles. The mantle cavity is separated into two parts by a septum; the right side 
contains the gill, the left side serves as a lung. The male has a copulatory organ formed 
by part of the mantle edge. Some species may harbor metacercariae of trematode 
species, i.e., Echinostoma spp. and it may also serve as first intermediate host for some 
avian schistosomes or echinostome species. Pila spp. deposit egg masses in damp soil, 
Pomacea deposit their egg masses on various objects above the water while Lanistes 
spp. deposit gelatinous egg masses in water. Only one genus, Pila, is represented in 
Asia but Pomacea spp., which were introduced into Asia for commercial purposes have 
become a very prominent element of the gastropod fauna in Asia. Pomacea spp. were 
originally introduced to Taiwan and later to other Asian countries and has become 
pests of wetland rice and other crops causing massive economic losses. Especially, P. 
canaliculata, the Golden Apple Snail, is effective in spreading and has become a major 
pest in the area. Apple snails have highly diverse feeding mechanisms (shredding, 
scraping and collecting) to exploit diverse food sources. M. cornuarietis, which has 
a discoid shell (Figure 12), has potential in biological control of schistosome inter-
mediate hosts and it has been introduced in Africa [53–55]. Due to the unforeseeable 
potential impact of such introductions, further introduction or propagation of the 
species outside its original area of distribution should be discouraged.

3.2.3 Superfamily: Cerithioidea

The Cerithioidea (Figure 7) is a superfamily within the Sorbeoconcha and com-
prised of marine, brackish water, and freshwater gastropods containing more than 
200 genera. The freshwater species are found on all continents, except Antarctica. 
They are dominant members of mangrove forests, estuarine mudflats, fast-flowing 
rivers, and placid lakes. The shell is generally turreted, sometimes ovoidal-conic, 
rarely subglobose. It can be smooth or with spiral and/or axial sculpture, sometimes 
with spiral microsculpture. The operculum is corneous, generally spiral, rarely 
concentric; it is retractable into the shell. The male reproductive organs are without 
a verge. Female reproductive organs often have a brood pouch, generally with an egg 
transfer groove. Many species seem to be parthenogenetic.

The superfamily contains the Hemisinidae [56], Melanopsidae [57], Pachychilidae 
[58], Paludomidae [59], Pleuroceridae [60], Semisulcospiridae [61], and Thiaridae 
[62]. Only some of these families are described further below. Some of these spe-
cies are important as intermediate hosts for medically important trematodes, e.g., 
Semisulcospiridae is an important host for Paragonimus westermani and some species 
for C. sinensis.

3.2.4 Potamididae

The family has a circumtropical, distribution but is also found in moderate climates. 
The Potamididae (mudwhelks or mud creepers) are small to large brackish water snails 
that live on mud flats, mangroves, and similar habitats. The trees provide the snails 
with shelter, protection from predators, a solid substrate, and sometimes food [63]. 
Some species are intermediate hosts for some fish-borne zoonotic trematodes.
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3.2.5 Pachychilidae

Pachychilidae are a group of freshwater gastropods only recently recognized as an 
independent freshwater radiation within the diverse and predominantly marine gas-
tropod superfamily Cerithioidea [58]. Pachychilids were previously assigned to other 
cerithioidean freshwater families, such as Thiaridae or Pleuroceridae. Pachychilidae 
has a circumtropical distribution with the freshwater inhabiting Pachychilus and 
Doryssa from South and Central America, Potadoma, from tropical western Africa and 
the Congo River drainage system, and Madagasikara from Madagascar [58]. Asian 
taxa include Paracrostoma, Sulcospira and Brotia from Southeast Asia [58].

Pachychilid gastropods are a conspicuous element of the freshwater macro-
invertebrate fauna of Southeast Asia. In this region, three spatially separated groups 
of pachychilids can be differentiated mostly by means of their brooding strategy [64]. 
Pachychilids have rather heavy, thick shells and are not eaten by molluscivores in 
experimental studies [65]. They often occur at very high density [66]. Some species 
have rather specialized habitat requirements, and this may make them more vulner-
able to habitat degradation, modification, and pollution [67].

3.2.6 Thiaridae

The Thiaridae form a monophyletic group with its constituent species being prob-
ably autochthonous in Southeast and South Asia, Australia, and some Pacific Islands, 
as well as sub-Saharan Africa, both in lotic and lentic freshwater environments, with 
some species also tolerating brackish conditions in the lower courses and estuaries 
of rivers [62]. Some species, such as Melanoides tuberculata, have an extraordinarily 
high invasive potential and today have an almost circumglobal distribution in tropical 
and subtropical biomes [62]. This spread apparently has assisted in the elimination 
of schistosomiasis from the Caribbean [68]. The females are ovoviviparous and the 
young are brooded within a non-uterine subhaemocoelic brood pouch situated in the 
right headfoot and extending deep into the neck region above the columellar muscle. 
Functional males have been found in a few species.

Some populations of M. tuberculata are comprised of only females reproducing 
parthenogenetically, while males may appear only during periods of environmental 
stress, for example high level of infection. Relatively few studies have been done on 
population dynamics of thiarid snails. Dudgeon [69] found that there was a single 
peak in juvenile recruitment coinciding with the warmer months; hatchlings grew 
quickly and were sexually mature before the next breeding season. Thiarid snail spe-
cies, but in particular M. tuberculata, are very abundant in fishponds in Vietnam and 
Thailand [70, 71].

The family is very important as intermediate hosts for heterophyid intestinal 
trematodes and possibly Paragonimus westermani. Some papers mention that selected 
species also are intermediate hosts for liver flukes [37], but this has been questioned 
by others [70].

3.2.7 Paludomidae

The genera and species suggested to be included in the Paludomidae have hitherto 
been classified as Thiaridae, especially the endemic thalassoid species from Lake 
Tanganyika [59]. Generic diversity of African paludomids is concentrated in the 
Lake Tanganyika basin and adjacent water bodies, with only two genera, Cleopatra 
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and Pseudocleopatra recorded from outside of this region. The genus Cleopatra is 
widespread in rivers, lakes, and even temporary water bodies of sub-Saharan Africa 
reaching North Africa through the Nile River system and in Madagascar, while 
Pseudocleopatra is reported from Ghana and the Congo River basin [59].

3.2.8 Superfamily: Truncatelloidea

Families within this superfamily were earlier included in the Rissooidea which 
was one of the largest and most diverse molluscan superfamilies, with about 23 
recognized recent families, including marine, freshwater, and terrestrial members. 
The freshwater, brackish water, and semiterrestrial families and genera were moved 
to Truncatelloidea [47]. Most families contain small-sized species (Figure 8) and 
several species have medical and/or veterinary importance. The following families 
belong to this superfamily: Amnicolidae, Assimineidae, Bithyniidae, Cochliopidae, 
Helicostoidae, Hydrobiidae, Lithoglyphidae, Moitessieriidae, Stenothyridae, and 
Tateidae. Detailed reviews of these families are found in Refs. [16, 72–79]. Here, we 
present a brief overview of selected families.

3.2.9 Assimineidae

The species are mostly amphibious, spending most of the time outside the water 
on wet mudflats under stones, on decaying wood or in the stumps of palms [29]. Some 
species, however, are fully aquatic [29]. They are found in drainage creeks, in the 
estuaries of rivers, and in trenches and ponds in freshwater within the tidal zone [29]. 
The animals are oviparous with free-swimming larvae. Assiminea lutea was reported 
to harbor microcercous cercariae of Paragonimus, probably a species infecting 
non-human final hosts [29]. Brandt [29] checked several thousand specimens of A. 
brevicula and A. obtuse from Thailand for cercariae but no infected snails were found.

3.2.10 Bithyniidae

The family (Figure 8) is very important in Asia because some species are inter-
mediate hosts of liver and intestinal trematodes. Species identification based on only 
morphological characters may be difficult. Species are commonly found in shallow 
reservoirs and wetlands including rice fields and may often be exposed to desiccation. 
Although some snails die during desiccation, some survive through aestivation to 
recolonize the habitat when water returns. Species within this family may feed both 
by grazing and by filter feeding. Bithynid snails are often found in aquaculture ponds 
in the Red River and Mekong deltas and occasionally at high density but they are more 
commonly found in small canals and rice fields. During the spring planting of rice 
fields, density of Bithynia spp. can be extremely high in newly planted fields.

3.2.11 Pomatiopsidae

With approximately 170 species, the Pomatiopsidae is among the most species-
rich freshwater gastropod families. The highest diversity can be found in Southeast 
Asia and the Japanese archipelago (>140 species), followed by sub-Saharan Africa 
with approximately 10–11 species, southern Australia with ca. 9 species, the north-
western Palearctic with 1–8 species, North America with 5–6 species, and South 
America with ca. 2 species [80]. The Pomatiopsidae comprise two subfamilies, the 
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Pomatiopsinae Stimpson, 1865 and the Jullieniinae. The Asian intermediate hosts for 
Schistosoma species belong to this family.

The Triculinae in Asia is very diverse with an endemic fauna that includes over 90 
species occurring along a 300 km stretch of the lower Mekong River in Thailand and 
Laos [29, 80–82]. Relatively few species are reported from Vietnam [83], but this is 
likely because relatively little work has been done on the Vietnamese part of the Mekong 
River. Within the Triculinae, several species have been described from Vietnam [83], 
i.e., Tricula ovata, T. similunaris and 11 species of a new genus Vietricula. Liu et al. [82], 
however, believed these snails to be Pachydrobia. Some of the pomatopsid species are 
intermediate host for Paragonimus westermani [18, 84]. Doanh et al. [85] found two 
Vietricula spp. (originally identified as Oncomelania) infected with Paragonimus hetero-
tremus and Doanh [86] experimentally infected the two species with P. heterotremus.

3.2.12 Hydrobiidae

Hydrobiidae, commonly known as mud snails, is a large cosmopolitan taxonomic 
family of very small freshwater snails and brackish water snails. These are small 
snails, with a shell height of less than 8 mm. The dextrally coiled shells are smooth 
and renders few robust characteristics to the systematist. Furthermore, there is 
considerable intraspecific variation in shell characteistics. Description is mostly based 
on the characteristics of the operculum, radula, and penis.

3.2.13 Stenothyridae

The Stenothyridae is comprised of small-sized gastropods found in intertidal and 
shallow-water aquatic habitats in Asia and Australia. Also, this family is very diverse 
in the Mekong River. The species live in fresh or brackish water on sandy ground, on 
stones and decaying wood or buried in the mud where they feed on decaying organic 
matter. Dung et al. [70] reported, however, pleurolophocercous cercariae were shed 
by Stenothyra messageri in the Red River Delta; these cercariae were not identified to 
species but they could potentially be zoonotic.

3.2.14 Other caenogastropod species

Some predominantly marine species may enter rivers. For example, the neogas-
topod Anentome helena (Figure 7) is found in the Mekong River in Vietnam and 
Thailand. The species is common in the Mekong River and is exported to Europe and 
Americas where it is used to control snails in hobbyist’s aquaria. In the wild, it prob-
ably primarily feeds on carrion rather than seeking live prey.

3.3 Heterobranchia

3.3.1 Valvatidae

Small wide-spired operculate snails, commonly referred to as valve snails. They 
are egg-laying and hermaphroditic [87]. Burch [88] lists 11 North American species. 
According to Strong et al. [89] there are 60 species in the Palaearctic region, 10 in the 
Nearctic, and 1 for the Afrotropical region. They have a featherlike gill, visible on the 
left side outside the shell when the snail is active, and a ciliated pallial tentacle extend-
ing out to the right.
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3.3.2 Lymnaeidae

Lymnaeidae (Figure 5) is a large and diverse family of freshwater pulmonates 
widely distributed on all continents except Antarctica. Lymnaeidae exhibit a great 
diversity in shell morphology which is linked to substantial eco-phenotypic plastic-
ity [90]. Conchological and anatomical traits cannot be taken as reliable diagnostic 
characters to discriminate species of Lymnaeidae as they vary largely within species 
[91]. At the supraspecific (genus, subgenus) level there is confusion [92], with some 
researchers considering numerous genera and subgenera and others only accept-
ing the large genus Lymnaea, following the old classification of Hubendick [93]. 
Phylogenetic analyses, however, show the presence of four well defined subgenera 
among the genus Lymnaea sensu lato, Radix, Galba, Leptolimnaea, and Lymnaea [94]. 
For further details refer to Vinarski et al. [94].

The family is of great parasitological importance as it includes several intermediate 
hosts of trematodes which infect man and mammals e.g., Fasciola spp., and schisto-
somes infecting both domestic livestock, wild mammals, and birds, the cercariae of 
all of which can cause swimmer’s itch or cercarial dermatitis.

3.3.3 Physidae

The Physidae has a Holarctic distribution, extending into Central and South 
America [95]. Physids have been introduced around the world and are common, 
particularly in lentic habitats. Physid diversity is centered in North America, where 
they are the most abundant and widespread freshwater gastropods [88]. Physidae are 
hermaphrodites and can be distinguished from other pulmonates by a high-spired 
sinistral shell, radula with teeth in V-shaped rows, simple jaw with no lateral processes, 
and lack of both hemoglobin and a pseudobranch [29]. Other unique characteristics of 
many species of Physidae are an extended mantle edge that can partly cover the shell, 
as well as the presence of a preputial gland [29]. Six major clades were uncovered in 
an analysis of the penial morphology [96], while four major clades, Physa acuta, Physa 
gyrina, Physa fontinalis, and Physa pomilia were recognized by Pip & Franck [97]. They 
are common hosts of avian schistosomes responsible for causing swimmer’s itch. P. 
acuta which is thought to be native to North America has spread throughout the world, 
and this may pose some difficulties for snail identification (e.g., with confusion with 
Bulinus species) and it may cause displacement of native, disease-transmitting species.

3.3.4 Burnupiidae

The monogeneric Burnupiidae are a limpetlike group of freshwater pulmonate 
snails predominantly occurring in Africa. The genus Burnupia has traditionally been 
seen as member of either a freshwater limpet family Ancylidae or as a member of the 
Planorbidae [98]. The majority of species of Burnupia occur in sub-Saharan Africa, 
particularly in eastern and southern parts, from the isolated Ethiopian highlands 
down to the Cape region [98].

3.3.5 Bulinidae

Bulinidae (Figures 4 and 5) comprise small to medium-sized planorboid gastro-
pods, reaching up to 25 mm in height or diameter. They are sinistral and either high-
spired (e.g. Bulinus) or discoid (e.g. Indoplanorbis) and possess a large pseudobranch 



Parasitic Helminths and Zoonoses - From Basic to Applied Research

314

that is deeply folded and vascularized [99]. Buliniforme pulmonate gastropods have 
traditionally been a subfamily of the Planorbidae. Recent molecular phylogenetic 
analyses, however, have suggested a very different scenario for planorboid gastro-
pods, in which the bulinine forms would be reduced to be represented by Bulinus 
and Indoplanorbis only [100, 101]. These phylogenetic suggestions were followed in 
the most recent classification of the worldwide gastropods [47], in which the family 
Bulinidae is proposed, comprising the subfamilies Bulininae and Plesiophysinae.

The classification still largely relies on the early accounts of Mandahl-Barth [102, 
103], and the system is based on both shell and anatomical characters; however, the 
definition of the majority of the more than 30 species currently recognized is still 
unsatisfactory [104]. A variety of taxonomic characters have been employed in Bulinus, 
ranging from (shell) morphology to genital anatomy and radulae, chromosome 
numbers, and data from electrophoresis and immunodiffusion [104]. Conchological 
characters are of restricted value in a planorboid snail genus such as Bulinus that is 
characterized by a rather uniform shell shape largely lacking specific characters such as 
keels [99]. The four species groups have been basically confirmed by phylogenetic stud-
ies based on mitochondrial and nuclear markers, but all, unfortunately, suffer from 
unresolved or poorly supported relationships within and between the proposed species 
groups [99]. Clearly, many more genetic studies are needed to identify cryptic species 
(complexes) and to study the role of hybridization of Bulinus spp. [99].

Indoplanorbis exustus is an intermediate host for the Schistosoma indicum species 
group, and the role of this snail in the transmission of several other medically and 
veterinary important parasites has been emphasized repeatedly [99]. The species 
is rather ecologically flexible and thrives in unspecific freshwater habitats that are 
not flowing, but it requires warm climates. The species is found in Africa, and it is 
widespread in southern Asia.

3.3.6 Planorbidae

Planorbidae (Figures 3 and 6) represent the most diverse taxon of freshwater 
pulmonate gastropods on earth that has an almost cosmopolitan distribution [105]. 
After excluding the Bulinidae and Burnupiidae there are approximately 150 species 
globally [105]. Following the most recent classification of freshwater gastropods 
[47], based on various phylogenetic analyses conducted during the past two decades, 
the Planorbidae consist of three subfamilies, namely Planorbinae Rafinesque, 1815, 
Ancylinae Rafinesque, 1815, and Miratestinae P. Sarasin & F. Sarasin, 1897 [105].

Planorbidae occur in all kinds of freshwater habitats, ranging from temporary and 
permanent ponds, streams, rivers, and large lakes [89]. The cosmopolitan distribution 
of Planorbidae has been the result of a high dispersal capacity and ecological flexibil-
ity, including desiccation resistance that is particularly important for the successful 
passive transport via (aerial) vectors.

The snails are small to medium-sized with long slender tentacles and blood con-
taining hemoglobin [106]. The shell is discoid, lens-shaped, or higher ovate to turreted 
and the animals are sinistral, that is, the genital openings and the anus are situated on 
the left side, but in most of the discoid forms the shell appears to be dextral, because it 
is carried inverted, so that the side representing the spire (apical side) in other families 
is the lower side of the planorbid shell and the upper side is umbilical [106].

In the Planorbinae, there are several tribes, i.e., Planorbini (almost global 
distribution); Segmentinini (comprise Palearctic, Oriental, and Afrotropical spe-
cies); Drepanotrematini (Central and South America); Neoplanorbini (represent 
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a likely extinct taxon endemic to river systems in the southeasten United States); 
Helisomatini (includes Afrotropical and American taxa); Coretini (primarily 
European); and Camptoceratini (southern and eastern Asia) (see references in [105]). 
Several species are intermediate hosts for medically or veterinary important trema-
todes including schistosomes.

Freshwater limpets of the subfamily Ancylinae occur on all continents. They are 
small species with cap- or shield-shaped shell [29]. These animals have a pallial lung, 
as do all pulmonate snails, but they also have a pseudobranch which serve as a gill in 
situations where the limpet is unable to reach the surface for air.

The subfamily Miratestinae comprises Australian high-spired planorbid species 
the buliniform species Amerianna carinata that spread widely from its Australian 
origin [107]. Other species of planorbid snails are global invaders as well [105].

4. Control

4.1 Changing transmission patterns

Distribution and transmission patterns for some of the zoonotic trematodes may 
be changing for various reason. Climate plays an important role in the transmission 
of many infectious diseases; it not only determines spatial and seasonal distributions, 
but influences inter-annual variability, including epidemics, and long-term trends 
[108]. Evidence of climate change includes the instrumental temperature record, 
rising sea levels, and decreased snow cover in the Northern Hemisphere [109]. One of 
the most conspicuous effects of climate is an increased frequency of extreme weather 
conditions, which can have devastating effects on the snail fauna in some vulnerable 
habitats and at least temporarily affect schistosome transmission [110]. Obviously, 
one of the key factors for changing transmission patterns would be temperature 
changes [111].

Another possibility for changing transmission patterns is introduction of inter-
mediate hosts into new areas. There are numerous examples of snails spreading over 
long distances and becoming invasive. Although snails may be spread over short 
distances attached to other animals, in mud on feet of birds or over somewhat longer 
distances passing alive through the digestive channel of migratory birds, the major 
mean of transport is the global trade in aquatic animals and plants [108]. Asian species 
such as Tarebia granifera have spread to South Africa, Biomphalaria straminea from 
South America to Asia, Indoplanorbis exustus to sub-Saharan Africa, and many other 
examples. Apple snails were introduced to Asia for food production. Invasive species 
could have major impact on local biodiversity. Another reason could be parasite intro-
duction with imported final hosts or parasites change genetically and thereby perhaps 
be able to use new species as intermediate hosts. Gibbs [112] listed six interconnected 
parameters that have increased the rate of emerging diseases including: (1) global trade 
and tourism; (2) speed of mass transportation; (3) exposure to new pathogens through 
ecosystem disruption; (4) intensification and monoculture in farming; (5) sophistica-
tion of food processing, and (6) evolutionary pressures through overpopulation.

4.2 Control

Control of the zoonotic trematode-caused diseases in people and animals must 
depend on the severity of pathology caused, transmission patterns, and available 
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options for medical treatment of infection. For most of these infections, effective 
control needs to take a holistic approach following One-Health principles [113].

While recognizing that existing approaches to the control of zoonotic diseases will 
continue to benefit from their current vertical or horizontal structure, there is growing 
evidence for the benefits of a joint human and animal health approach [114]. The One 
Health concept integrates human and animal health resources and should be promoted, 
because many zoonoses can be better surveyed, diagnosed and controlled by considering 
human and animal health together [114]. In our view, the One-Health approach must take 
a holistic approach where all aspects of the parasite life cycle are considered and this is 
especially the case for zoonotic trematodes. Some of the zoonotic trematodes are closely 
linked to food production, and this is especially important in least developed countries.

Disease control programmes are typically integrated as there is a need to link 
surveillance, monitoring, and reporting all activities with actions taken by the health 
system and this is particularly the case for control of zoonotic diseases [114]. Such 
approaches may be biomedical (drug or vaccine), vector or intermediate host con-
trol (insects or snail), environmental, legislative (inspection and condemnation of 
infected products at slaughterhouses) or educational [114].

Some of these zoonotic trematode-caused diseases are serious problems of both 
public health and veterinary importance. Although infections by some of these trema-
todes in the final hosts can be effectively reduced through medical treatment, reinfec-
tion appears very quickly [36, 110, 115, 116]. Thus, it is necessary to take a holistic 
approach to control. Treatment of infections by trematodes involves the understand-
ing of the multiple host species, environmental control, and behavior modifications 
and includes several scenarios. Interventions should include (1) attempts to reduce 
the contamination of water bodies with trematode eggs; (2) attempts to reduce the 
chance of eggs or miracidia infecting the first intermediate host and (3) attempts to 
reduce the likelihood that cercariae or metacercariae infect a final host [113].

1. The most effective means of reducing egg contamination would be medical 
treatment of the final hosts (humans and possibly reservoir hosts). This could be 
supplemented with sanitary improvements to reduce contamination of waterbod-
ies with human feces or urine or prevention of reservoir hosts to have access to the 
water bodies e.g., dogs, cats, and wild birds for some of the fish-borne zoonotic 
trematodes [113]. Avoiding the use of untreated manure from domestic animals for 
fertilization of aquaculture ponds is an important way to reduce egg contamination 
of ponds and also prevention of rain run-off into the ponds is important [36].

2. Snail control using either habitat modification, chemical control, or biological 
control is important for reducing the chance of eggs or miracidia infecting the 
first intermediate host. Biological control should be attempted only using native 
species and might be a viable option in aquaculture ponds [117, 118]. Obviously, 
what is feasible depends on the type of habitat.

3. Snail control will also reduce cercariae production in transmission sites thus 
reducing infection in the final host. For schistosomiasis, transmission to people 
could be reduced through reducing water contact in transmission sites, e.g. 
through supply of safe water. For fish-borne zoonotic trematodes (FZT), behav-
ioral changes reducing transmission include, e.g., not eating raw fish, cooking 
fish remains before feeding it to animals (pigs, dogs, and cats) and preventing 
especially cats and dogs access to the ponds [36].
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Combining mass drug administration, provision of clean water and maintenance 
of good sanitation and hygiene, community health education towards modification 
of risky behaviors, surveillance, and veterinary public health interventions have been 
shown to be effective in combatting foodborne trematodiasis [119]. Finally, there is a 
need to reduce dependency on chemical compounds for control of the first interme-
diate hosts due to their costs and low sustainability, while management procedures 
could be more sustainable and long lasting.

5. Conclusions

Zoonotic trematodes cause a number of diseases some of which have major public 
health or animal health consequences or have huge financial implications. A key 
element in the parasites’ life cycle are the first intermediate host which depending on 
the parasitic species particular species of gastropod mollusks. Control of these snails 
could be an important element in an integrated approach to control these diseases 
following the “One-Health” approach.
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Biology of the Human Filariases
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Abstract

Filarial nematodes are parasitic worms transmitted by blood-feeding insects. Mainly 
found in tropical and subtropical areas of the developing world, diseases such as lym-
phatic filariasis and onchocerciasis represent major public health issues. With millions 
of people infected and billions at risk of infection, these diseases can stun economic 
growth and impair the life quality, hence the WHO classified both lymphatic filariasis and 
onchocerciasis as Neglected Tropical Diseases. The lesser known filarial disease loiasis 
is not only affecting millions of people, but represents a huge obstacle during mass drug 
administration programmes targeting other filarial diseases. Even less is known about 
mansonellosis, potentially the most widespread of the human filariases, but underesti-
mated due to the lack of clinical symptoms. Large scale intervention as well as mass drug 
administration programmes are undertaken with the long term goal of eliminating the 
filarial diseases lymphatic filariasis and onchocerciasis. However, there is still neither a 
vaccination nor short term macrofilaricidal treatments available. The following chapter 
will encompass the different filarial diseases, the biology of the parasite and their vector, 
the epidemiology as well as pathology of the filariases, highlighting the impact of these 
diseases is still immense and further research in understanding and combating these 
diseases is needed.

Keywords: Brugia, filariasis, ivermectin, Loa loa, loiasis, lymphatic filariasis, 
Mansonella, mansonellosis, neglected tropical diseases, Onchocerca volvulus, 
onchocerciasis, parasitic diseases, Wolbachia, Wuchereria bancrofti

1. Introduction

Listed as a Neglected Tropical Disease (NTD) by the WHO, lymphatic filariasis 
(LF) is a debilitating infectious disease of the developing world. This disease is caused 
by three species of lymph-dwelling filarial nematodes, Wuchereria bancrofti, Brugia 
malayi and Brugia timori (see Table 1). These worms are transmitted by mosqui-
toes and infections can lead to severe clinical manifestations such as elephantiasis, 
hydrocele, and lymphedema. It is these serious outcomes, which makes LF one of the 
leading causes of disability in the endemic regions, ultimately impairing life quality 
and stunning economic growth. Due to the massive negative effect LF has on public 
health, the WHO coordinates programmes with the aim to eliminate LF as a public 
health problem in 80% of the endemic countries by 2030 [1].
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1.1 Biology of the parasites

The three species of filarial nematodes causing LF are transmitted to its human 
host by different mosquito species. W. bancrofti is transmitted by mosquitos of the 
genera Aedes, Anopheles, Culex and Mansonia. B. malayi by Mansonia and Anopheles 
spp., and B. timori is transmitted by Anopheles barbirostris [2–4]. To date, no reservoir 
host is known, but subperiodic forms have been found in domestic and wild animals 
such as cats and monkeys. Development and replication of the filarial nematodes 
requires both the mammalian host and the arthropod vector. During the blood meal 
of the mosquito infective L3 larvae are transmitted into the mammalian host. These 
L3 larvae reach lengths up to 1.5 mm and 18–23 μm in diameter. Within their host, the 
L3 larvae migrate to the lymphatics, where they molt and become adult worms within 
5–18 months. In these filarial nematodes display sexual dimorphism with females 
being longer than their male counterparts. Females of W. bancrofti are 8–10 cm long 
and between 0.24–0.30 mm in diameter, while males reach 4 cm in length and up to 
1 mm in diameter. Compared to W. bancrofti, Brugia ssp. adult worms are smaller in 
length with females measuring 4.3–5.5 cm in length and 130–170 μm in diameter and 
males reaching 1.3–2.3 cm in length and 70–80 μm in width. When gravid, female 
worms release sheathed microfilaria (MF) in the lymphatic vessels that drain into the 
blood stream. The MF of W. bancrofti are larger in size compared to those of Brugia 
ssp.. W. bancrofti MF are 244–296 μm long and 7.5–10 μm wide, while Brugia MF are 
177–230 μm and 5–7 μm wide (see Table 2). MF release by female worms follows a noc-
turnal or diurnal periodicity that is in tune with the biting behavior of the mosquito 
vector in the endemic area [5]. While W. bancrofti and B. malayi mostly follow a noc-
turnal periodicity with peak MF blood counts around midnight, diurnal patters have 
been observed in the Pacific regions, where Aedes mosquitoes (e.g. Aedes polynesiensis) 
are the common vector [6]. This coordinated behavior between parasite and vector is a 

Disease Causative agent Vector Infection rate 
(estimations)

Geographical 
distribution

Lymphatic 
filariasis

Wuchereria 
bancrofti, Brugia 
malayi, B. timori

Aedes spp., Anopheles 
spp., Culex spp., 
Mansonia spp.,

65 million Africa, South 
and Southeast 

Asia, South 
America, Pacific 

Islands

Onchocerciasis Onchocerca 
volvulus

Simulium spp., 20.9 million Sub-Saharan 
Africa, South 

America, Yemen

Loiasis Loa loa Chrysops spp. 10 million Western and 
Central Africa

Mansonellosis Mansonella 
perstans, M. 

streptocerca, M. 
ozzardi

Culicoides spp., Simulium 
spp., Ceratopogonidae

114 million Sub-Saharan 
African, Central 

and South 
America

Overview of the human filarial diseases, their causative agents with the nematode-transmitting arthropod vectors as well 
as estimations of currently infected people and the endemic regions for the disease.

Table 1. 
Overview of the human filarial diseases.
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great example of co-evolution. Estimations for the life span for adult female worms of 
the aforementioned filarial nematode species range between 5 and 10 years, MF have 
a lifespan of 6–24 months [7, 8]. Female worms produce up to several thousand MF 
per day which remain in the lymphatics or in blood vessels, preferably under the skin. 
During a blood meal, MF are ingested by the female mosquitos. The MF penetrate the 
midgut and thereby shed their sheaths and migrate on to the thoracic muscles, where 
they molt twice and develop to the infective L3 stage. The L3 migrate through the 
haemocoel to the mosquito’s proboscis and from there is transmitted to the mammalian 
host during a blood meal of the mosquito. The development rate of the larvae within 
the mosquitoes is temperature-dependent and takes between 10 and 12 days [3, 9–11]. 
Of note, no sexual reproduction or replication occurs within the arthropod vector.

Species Residency of 
adult worms

Size of adult 
worms

Microfilariae Presence 
of 

Wolbachia

Major severe forms 
of pathology

Wuchereria 
bancrofti

Lymphatic vessels 
and lymph nodes; 

scrotal tissue

♂4 cm
♀ 8–10 cm

Blood, 
nocturnal, 
sheathed, 

244–296 μm

Yes Lymphangitis, 
elephantiasis, 

hydrocele

Brugia malayi Lymphatic vessels 
and lymph nodes

♂ 1.3–2.3 cm
♀4.3–5.5 cm

Blood, 
nocturnal, 
sheathed, 

177–230 μm

Yes Lymphangitis, 
elephantiasis

Brugia timori Lymphatic vessels 
and lymph nodes

♂ 1.3–2.3 cm
♀4.3–5.5 cm

Blood, 
nocturnal, 
sheathed, 

177–230 μm

Yes Lymphangitis, 
elephantiasis

Onchocerca 
volvulus

Subcutaneous 
nodules

♂ 2–5 cm,
♀ 33–70 cm

Skin (upper 
dermis), 

unsheathed, 
220–360 μm

Yes Blindness, 
dermatitis, Sowda

Loa loa Subcutaneous 
tissue

♂ 3–3.4 cm,
♀ 4–7 cm

Blood, diurnal, 
sheathed, 

230–300 μm

No Calabar swelling, 
Eye worm, 

Angioedema,

Mansonella 
streptocerca

Dermal skin layer ♂ 1.7 cm,
♀ 2.7 cm

Skin (upper 
dermis), 

unsheathed, 
180–240 μm

? Mild dermatitis

Mansonella 
perstans

Peritoneal, 
pleural, and 

pericardial cavity

♂ 4.5 cm,
♀ 7–8 cm

Blood, 
unsheathed, 

200 μm

Yes Mainly 
asymptomatic

Mansonella 
ozzardi

Peritoneal and 
pleural cavity

♂ 2.6 cm,
♀ 3.2–6 cm

Blood 
and skin, 

unsheathed, 
207–232 μm

Yes Mainly 
asymptomatic

This table gives an overview over the discussed filarial nematodes species with facts about their biology, size and associated 
disease pathology.

Table 2. 
Overview of the human-pathogenic filarial nematodes.
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1.2 Epidemiology

Currently, an estimated 858 million people live in 50 endemic countries [12, 13]. 
Of these, 65 million people are infected with LF. The majority of these infections, 
around 90%, are thereby caused by W. bancrofti. An estimated 19 million cases with 
hydrocele and 17 million lymphedema cases exist, leading to 1.3 million disability-
adjusted life years (DALYs) [12, 14, 15]. Most infections with W. bancrofti occur in 
South and Southeast Asia as well as in Sub-Saharan Africa, but also Central and South 
America, the Middle East as well as the Pacific Islands are endemic regions. B. malayi 
has its distribution in South and Southeast Asia, found in India, Indonesia, Thailand, 
Vietnam, Malaysia, and the Philippines. B. timori is limited to Eastern Indonesia 
and Timor-Leste. Despite the wide distribution of LF, the prevalence rate has been 
decreasing in many areas, mainly due to the impact of the Global Programme to 
Eliminate Lymphatic Filariasis (GPELF). This programme has even led to the elimina-
tion of LF in several countries including Togo, Egypt, Maldives, Sri Lanka, Thailand, 
Cambodia, Cook Island, Marshall Islands, Niue, Palau, Tonga, Vanuatu, Vietnam, 
Japan, Korea and China [16, 17]. In the last two decades, GPELF has distributed more 
than 8.2 billion treatments, ultimately leading to this success. GPELF has ended in 
2020, but MDAs targeting LF are still ongoing in 45 endemic countries. While the 
initial goal to globally eliminate LF by 2020 was missed, GPELF has created a good 
foundation for endemic countries to achieve the goal which the WHO has stated in 
their NTD roadmap 2021–2030: to eliminate LF as a public health problem in 80% of 
the endemic countries by 2030 [14, 18, 19]. Further major challenges for the future are 
increasing population numbers in endemic countries and the associated unplanned 
urbanization combined with poor sanitary [20].

1.3 Pathology

LF is a chronic and persistent disease, but the majority of infected individuals 
remain asymptomatic and do not develop clinical symptoms. However, LF can cause 
a broad spectrum of clinical manifestations including the most severe forms seen in 
patients with elephantiasis or hydrocele. The most common symptoms are lymph-
edema of the legs, lymphangitis, elephantiasis, and only in W. bancrofti-infected 
individuals, hydrocele [21, 22]. Interestingly, even asymptomatic patients display 
some degree of subclinical disease with microscopic haematuria/proteinuria, dilated 
lymphatics and presence of scrotal lymphangiectasia. The most prevalent symptoms 
are caused by the presence of worms and their products in the lymphatic system, 
which leads to the induction of endothelial cell proliferation and lymphangiectasia, 
the dilatation of lymphatic vessels. Furthermore, host proteins such as vascular 
endothelial growth factors, matrix metalloproteinases and angiopoietins are involved. 
Studies have demonstrated that lymphedema development is associated with genetic 
risk factors and nucleotide polymorphisms for genes encoding for the proteins men-
tioned above [23–25]. The dilated lymph vessels and the associated impaired lymph 
function leads to lymph fluids no longer being pumped against gravity, resulting in 
elevated tissue pressure. Progression of lymphedema can take many years during 
which leg skin thickens and loses elasticity, develop deep folds accompanied with 
development of dermatosclerosis and skin lesions. The lesions additionally can lead 
to secondary bacterial and fungal infections, further accelerating the development of 
chronic and severe lymphedema and elephantiasis [26–28]. Hydrocele is a common 
clinical symptom in men infected with W. bancrofti. Hydrocele is characterized by 
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fluid accumulation inside the tunica vaginalis and swelling of the groin and scrotal 
area. Acute hydrocoel is a result of worm death, both naturally and medically, leading 
to temporary clogging of the lymphatics due to disintegrating worms [29], whereas 
chronic hydrocoel develops after years of infection due to impaired lymph transport. 
A rare, but serious manifestation of LF is the so-called tropical pulmonary eosino-
philia (TPE). TPE is caused by immunological hyperresponsiveness to MF in the 
lungs, associated with coughing and wheezing, extremely high eosinophil counts and 
high levels of serum IgE. TPE can lead to further manifestations such as lymphade-
nopathy as well as spleno- and hepatomegaly [30].

2. Onchocerciasis

Another neglected tropical disease caused by a filarial nematode is onchocer-
ciasis, also known as river blindness. This disease is caused through infections with 
Onchocerca volvulus, a filarial nematode transmitted by bites of Simulium blackflies 
(see Table 1). These blackflies breed usually along fast-flowing and oxygen-rich 
rivers, hence the term river blindness. Similar to LF, onchocerciasis is a major public 
health problem in endemic areas due to the risk to develop severe dermatitis, vision 
impairment and blindness. With new diagnostic tools and the aid of MDAs, onchocer-
ciasis was successfully eliminated in many foci of its endemic region [31]. The WHO 
targets elimination of transmission for onchocerciasis, set for 2022 in the Americas 
and for 12 African countries by 2030 [31].

2.1 Biology of the parasite

The life cycle of O. volvulus is similar to the LF-causing nematodes. Humans 
harbor the adult worms while blood-feeding arthropod vectors transmit the larval 
stages. Onchocerciasis is closely associated with fast-flowing rivers that serve as 
breeding grounds for Simulium blackflies. The predominant Simulium vector in Africa 
is S. damnosum, with S. naevei driving transmission in parts of East and Central 
Africa [32–34]. In South and Central America, the disease is transmitted mainly by S. 
ochraceum [35] with other species have been active in transmission before elimination 
of the disease in most countries [36]. Female blackflies transmit the infectious L3 
stage of O. volvulus during the blood meal into the human body. Within 10 days, the 
L3 larvae molt once to become L4, which then persists in the host for 6–12 months 
before molting into an adult worm. The adult worms reside in so called onchocerco-
mata, subcutaneous nodules commonly located around the hip regions of an infected 
person, but also on head and torso [36]. Onchocercomata are granulomatous reac-
tions around the adult worms, they are painless for the infected person and have a 
diameter of 0.5–3 cm. They often consist of separate chambers with thick fibrous 
walls and cellular infiltration around the adult worms residing in the chambers. The 
ratio of females and males residing in a nodule is approximately 3:1. The worms mate 
here and gravid females produce and subsequently release thousands of unsheated 
MF into the subcutaneous tissue [37]. Female worms are long-lived, with their repro-
ductive life span being an estimated 9–11 years, in extreme cases up to 15 years [38, 
39]. The MF of O. volvulus are 220–360 μm long and 5–9 μm wide, female adult worms 
are 33–70 cm long and 270–440 μm wide, adult males are significantly smaller with 
19–42 mm length and a width of 130–210 μm (Table 2). MF migrate and reside within 
the host’s skin for 6–30 months and can be taken up by the aforementioned insect 
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vector during a blood meal. MF do not exhibit any form of periodicity. Therefore skin 
snips for diagnostics can be collected at any time. The MF can also be found in the 
lymphatics, sputum, urine and blood and it is their migration into the ocular regions 
which causes ocular pathology. Within the blackflies, the MF penetrate the mem-
branes of the mid gut and migrate through the haemolymph where they then settle 
in the syncytial cells of the thoracic longitudinal flight muscles. The MF molt twice 
to become the infectious L3 larvae [40]. Similar to other human-pathogenic filariae, 
O. volvulus contain the endosymbiontic bacteria Wolbachia. These bacteria are found 
in the hypodermis and are essential for filarial development, embryogenesis and 
survival [41, 42]. Depleting these endosymbionts using doxycycline leads to inhibi-
tion of filarial embryogenesis and death of adult worms, currently representing the 
macrofilaricidal drug for onchocerciasis [43].

2.2 Epidemiology

As of 2017, 20.9 million individuals were infected with O. volvulus [15]. Of these, 
14.6 million are cases of severe forms of skin disease and 1.2 million were suffering 
from visual impairment and blindness, accounting for an estimated 205 million 
DALYs [15, 35]. 99% of all onchocerciasis cases are found in 31 countries of tropical 
sub-Saharan Africa. Rigorous Ivermectin distribution programs have eliminated 
onchocerciasis in most areas in South and Central America. Isolated transmission 
sites of this disease exist in the border region of Brazil and Venezuela as well in the 
western parts of Yemen [1, 35]. Taken together, 218 million people live in areas that are 
endemic for onchocerciasis [1]. The endemicity of onchocerciasis can be classified in 
hypoendemic, mesoendemic and hyperendemic areas according to the MF prevalence 
rates. In hypoendemic areas, less than 30% of the patients have microfilaridermia 
[44], in mesoendemic areas microfilaridermia is 30–60% and nodules are detectable 
in around 20% of the patients [44]. In hyperendemic areas with more than 60% 
microfilaridermia, 30–40% of patients have skin pathology. This classification is a 
very helpful tool to predict effects of treatment and vector control programmes as well 
as transmission dynamics [45]. As such, the activity of the Onchocerciasis Control 
Programme and the African Programme for Onchocerciasis Control (APOC) focused 
mainly on mesoendemic to hyperendemic areas, so areas where the disease risk is 
the highest [44]. Since its launch in 1995, the APOC has prevented an estimated 8.2 
million onchocerciasis associated DALYs from 1995 to 2010 and another 9.2 million 
DALYs by 2015 [46]. However, in future hypoendemic areas must be included meet the 
formulated goal of onchocerciasis elimination. Based on the success of APOC and the 
following ESPEN (the Expanded Special Programme to Eliminate Neglected Tropical 
Diseases) program, the WHO targets the elimination of the transmission of onchocer-
ciasis by 2030 as part of their roadmap 2021–2030 [1, 13].

2.3 Pathology

The vast majority of individuals infected with O. volvulus are associated with 
mild clinical symptoms. The adult worm-containing nodules contribute little to 
morbidity but can be uncomfortable and cosmetically bothersome. Individuals with 
onchocercomata formation, high parasite burden and mild dermatitis are referred 
to as generalized onchocerciasis (GEO). Clinically significant onchocerciasis results 
from inflammatory responses to MF and its Wolbachia in the skin and the eyes. 
Early symptoms of O. volvulus-induced dermatitis are itching or rash due to immune 
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responses against dead or dying MF. While the rash can disappear shortly after, in 
some cases the rash persists and results in intense pruritus with secondary infections 
with bacteria or fungi due to extensive scratching. As a consequence, repeated inflam-
mation can lead to chronic onchodermatitis including large papules. Chronic skin 
inflammation can lead to severe dermatological changes including loss of elasticity, 
lichenification and thickening of skin (“lizard skin”) as well as depigmentation and 
hyperpigmentation (“leopard skin”) [47]. The most severe form of skin pathology is 
“Sowda”, which presents hyperpigmented papules and plaques and local lymphade-
nopathy, accompanied by enlarged lymph nodes with prominent follicular hyperpla-
sia [48–51]. This disease manifestation is called hyperreactive onchocerciasis (HO). 
interestingly, HO patients usually harbor low worm burden, but exhibit increased 
immune effector mechanisms [48]. These increased effector responses eliminate 
the MF, however simultaneously elicit dermatitis and the “Sowda” pathology [52]. 
Besides the skin pathology, onchocerciasis is commonly associated with blindness. In 
fact, onchocerciasis is the second most prominent infectious cause of blindness in the 
tropics. Loss of vision is due to immune responses against dead or dying MF and its 
exposed Wolbachia endosymbionts in the cornea and anterior chamber with keratitis 
and iridocyclitis, respectively. Opacity develops from the corners of the cornea to the 
center and permanent exposure to inflammation can lead to irreversible sclerosing 
keratitis which can develop into blindness [53, 54]. Laboratory studies have demon-
strated a role for the Wolbachia endosymbionts in the ocular pathology of onchocer-
ciasis [55]. Dying MF release Wolbachia which leads to infiltration and activation of 
fibroblasts, dendritic cells and macrophages which in turn induce neutrophil recruit-
ment in a chemokine-dependent manner [54]. The neutrophilic responses, mostly 
degranulation but potentially also the release of DNA-mediated trap formation results 
in degradation of the corneal matrix. This leads to corneal haze, which can cause 
visual impairment and in worst cases blindness. The exact route of how the MF get 
into the eye is still unclear, but authors suggested that blood sheaths of the posterior 
ciliary arteries as well as cerebrospinal fluids as entry points [56, 57].

3. Loiasis

Commonly known as the “African eye-worm”, the filarial nematode Loa loa is 
the causative agent of Loiasis (Table 1). While this disease is not yet listed as a NTD 
by the WHO, it still represents a public health issue in endemic regions. It especially 
became prominent because Ivermectin and diethylcarbamazine (DEC) treatment 
during MDA programmes against LF and ivermectin MDA for onchocerciasis can lead 
to in co-infected individuals with high L. loa MF loads. Loiasis is also known under 
names like Calabar swelling, fugitive swelling and filaria lacrimalis and in contrast to 
other filarial nematodes, L. loa does not possess Wolbachia [58, 59].

3.1 Biology of the parasite

Like mentioned before, loiasis is caused by the tissue-dwelling nematode L. loa. 
This worm gets transmitted through a bite of deer fly species Chrysops silacea, C. 
dimidiate and C. langi, which are restricted to Africa [60, 61]. Similar to other vector 
species, deer flies transmit infective L3 during a blood meal into their host. Humans 
are the only known host for L. loa although in vivo experiments are possible with 
Drills (Mandrillus leucophaeus) and immunocompromised mice [62, 63]. Upon 
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entering the host, the L3 migrate through the subcutaneous tissues and molt to adult 
worms. Adult female of L. loa can reach lengths of 40–70 mm and are 0.5 mm wide 
while males are smaller with 30–34 mm lengths and 0.35–0.43 widths. Fecund females 
release sheathed MF (230–300 μm) that are found in peripheral blood but also in 
spinal fluid, urine, lung and sputum (Table 2). Lifespan estimations of adult worms 
are rare, but range from at least 9 years to as long as 15–21 years [64]. Adapted to their 
insect vectors, L. loa MF are diurnal, so appear in the peripheral blood during the 
day. They reside overnight in the lung tissues. During another blood meal, the deer 
flies ingest the MF. The MF lose their sheaths and migrate from the midgut into the 
thoracic muscles of the arthropods. Upon developing into the L3, the larvae migrates 
to the proboscis of the fly to get transmitted during the next blood meal [60, 61].

3.2 Epidemiology

Loiasis is restricted to the rain forest areas of 12 countries of Western and Central 
Africa. These are namely Angola, Cameroon, the Central African Republic, Chad, 
the Republic of Congo and the Democratic Republic of Congo, Equatorial Guinea, 
Ethiopia, Gabon, Nigeria, Sudan and South Sudan [65]. Although large sections of 
these countries have low or no prevalence of loiasis, an estimated 14 million people 
reside in high-risk areas, where the prevalence of L. loa is greater than 40%. An 
estimated 10 million people are currently infected with Loa loa [64, 65]. The vector 
species are more common during the rainy season and usually bite during the day 
[66]. But these insects can also be found in rubber and palm oil plantations as well 
as mangrove swamps [67]. Travelers are more likely to become infected if they are 
exposed to bites for many months.

3.3 Pathology

The majority of infected individuals remain asymptomatic. However, clinical 
symptoms of loiasis may take years to develop and due to the lack of severe pathology, 
this disease is even more neglected [68–71]. One common clinical symptom is the 
Calabar swelling, a localized angioedema caused by transient subcutaneous swellings 
which mark the migratory course of the nematode [70]. Interestingly, only around 
16% of endemic patients develop this symptom, which are usually located on the face, 
limbs or joints [27]. It is hypothesized that these swellings are a result of an allergic 
reaction to the migrating adult filariae or MF [71]. Associated symptoms also include 
local or disseminated pruritus, urticaria and restricted movement patterns. Symptoms 
usually resolve after 2–4 days, but they can persist or even reoccur [71]. L. loa is known 
as the “African eye-worm” because of its migration across the eye. This eye migration is 
found in 10–20% of infected individuals and can result in inflammation, itching, light 
sensitivity, congestion and severe pain [69]. Similar to the aforementioned symptoms, 
these signs of infection usually last for several days and the ensuing damage is not 
permanent. Due to the removal of high MF loads, patients may also present protein-
uria and hematuria. Other described, but rare pathologies include inflammation of the 
lymph glands [72], arthritis [73], scrotal swellings [74], eosinophilic lung infiltrates 
[75] and endomyocardial fibrosis [71]. Attention to loiasis was raised due to reports 
about severe adverse effects including fatal cases of encephalopathy after ivermec-
tion or DEC treatment during MDA for LF or onchocerciasis [76–79]. These serious 
events were connected with patients with high peripheral blood MF loads of L. loa 
(>30,000 MF/ml) and the associated inflammatory responses to dying MF [80–82]. 



335

Biology of the Human Filariases
DOI: http://dx.doi.org/10.5772/intechopen.102926

Therefore, in regions where onchocerciasis and LF elimination programmes are ongo-
ing, the co-endemicity with L. loa represents a major obstacle [20, 83], leading to a 
test-and-not-treat scenario. Currently, the focus in these areas is on alternative strate-
gies including a better understanding of the micro-epidemiology, integrated vector 
management and new L. loa tests [84].

4. Mansonellosis

Mansonellosis is caused by four different species of the nematode genus 
Mansonella. Knowledge about epidemiology, pathology and even just the general 
biology of the parasite is very limited. Mansonellosis is not listed as a NTD and 
further research is urgently needed not only in understanding the immune response 
of infected patients, but also in developing better diagnostic tools. In contrast to the 
aforementioned filarial diseases, Mansonella infections lack a distinct clinical picture 
and infections appear mild or asymptomatic—a feature that probably comes with an 
optimal adaptation to the human host. Currently, mansonellosis can be considered 
the most neglected of the human filarial diseases.

4.1 Biology of the parasite

Mansonellosis is caused by four species of Mansonella, named Mansonella 
perstans, M. ozzardi and M. streptocerca (Table 1) as well as the newly discovered 
molecular clade of M. perstans named Mansonella sp. “DEUX” [85, 86]. Latter could 
represent a new species with a pathogenic role. It has been detected only in febrile 
children in Gabon [86]. Most of our knowledge about mansonellosis is based on 
M. perstans infections. Transmission of M. perstans is associated with midges of the 
genus Culicoides. M. streptocerca and M. ozzardi can also be transmitted by Simulium 
blackflies and M. ozzardi is additionally transmitted by Ceratopogonidae midges in 
South America and the Caribbeans [87–89]. The life cycle of the Mansonella species is 
similar to the other tissue-dwelling nematodes. L3 get transmitted onto the skin dur-
ing the blood meal of the insect vector and they penetrate into the bite wound. The 
L3 eventually develop into adult worms which reside in body cavities like the perito-
neum, the pleura and the pericardium. Female worms of M. perstans are 70–80 mm 
long and 120 μm wide, males are smaller, reaching 45 mm in length and being 60 μm 
wide. M. ozzardi is smaller and more slender than M. perstans, reaching 32–61 mm 
for females and 24–28 mm for males. M. ozzardi also resides in subcutaneous tis-
sues. Gravid females release unsheated MF, which are sub-periodic for M. perstans, 
meaning they are present in the blood at all times, and non-periodic for M. ozzardi 
and M. streptocerca (MF size: M. perstans; 200 μm long and 4.5 μm wide, M. ozzardi: 
207–232 μm long and 3–4 μm wide and M. streptocerca: 180–240 μm long and 3–5 μm 
wide, Table 2). The MF can be taken up again by their vectors during a blood meal 
and there they migrate from the midgut to the thoracic muscles to develop from L1 to 
L3 [85, 90–92]. MF of Mansonella species do not exhibit periodicity.

4.2 Epidemiology

More than 600 million people live at high risk of infection with M. perstans in 33 
countries of sub-Saharan Africa as well as in tropical regions of Central and South 
America. Studies have also brought up evidence for M. perstans infections by migrants 
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from Africa living in Spain [93]. It is estimated that 114 million individuals in total 
are infected with M. perstans. While only a few epidemiological studies have been 
carried out for M. perstans infections so far, it has been shown that MF prevalence 
rates are higher in adults than in children and that males are more frequently infected 
than females [94]. Endemic areas for M. streptocerca are the tropical rainforests of 
West, Central and Eastern Africa. M. ozzardi is found in South America and in the 
Caribbean. Also in these areas, a high prevalence is suggested. A recent study from 
Ecuador showed a high prevalence of >20% for M. ozzardi [95]. Although once again 
the actual number of infected patients is unknown, up to 70% of patients in endemic 
areas are MF+ [96]. Transmission of mansonellosis is strongly associated with the 
abundance and seasonal occurrence of the vector. The vector species themselves rely 
on aquatic or semi-aquatic habitats, animal dung as well as banana stems, rotting fruits 
or cacti that are required as breeding sites and essential for insect development [97, 98].

4.3 Pathology

Generally, mansonellosis is not associated with severe clinical symptoms and is 
therefore not considered a public health problem. Infections with both M. perstans 
and M. ozzardi are usually asymptomatic and only transient itching, skin swellings 
and rashes occur. M. streptocerca was reported to induce dermatological pathology 
similar to O. volvulus with spotty depigmentations around thorax and shoulders, 
coinciding with areas where MF are often detected [99]. Further clinical studies 
also report symptoms like fever, headache, tiredness, joint pain and lymph node 
enlargement [100–102]. Serological tests to diagnose Mansonella infections are not yet 
available. The current method for diagnosis is identifying the unsheated MF in blood 
(M. perstans and M. ozzardi) and skin biopsis (M. streptocerca and M. ozzardi).

5. Current treatments and future perspectives

The United Nations Sustainable Development Goals and the WHO NTD road 
map 2021–2030 stated the goal of confirmed elimination of transmission for oncho-
cerciasis and as a public health problem for LF by 2030. MDAs with ivermectin in 
combination with albendazole within Africa, or diethylcarbamazine (DEC) plus 
albendazole outside of Africa for LF and ivermectin alone for onchocerciasis were 
used. As mentioned above, the goal of eliminating LF by 2020 was missed by WHO’s 
GPELF. However, over 8 billion doses of the annual MDA treatments were distrib-
uted to more than 923 million people. The result is that 17 countries are currently 
under surveillance to confirm the elimination of LF transmission [18, 19, 103, 104]. 
The main intervention strategy for LF consists of annual, single dose MDAs with 
ivermectin plus albendazole or DEC plus albendazole targeting the MF stage. These 
treatments do not efficiently kill the adult worms, but removes MF from peripheral 
blood and inhibit MF release for a few months [105, 106]. A new approach for LF 
in areas that are that are not co-endemic for onchocerciasis and loiasis, is the now 
WHO-recommended MDA using a triple therapy. This therapy consists of a single 
dose of ivermectin (200 μg/kg), DEC (6 mg/kg) and albendazole (400 mg) [107]. 
The triple therapy was shown to reduce microfilaremia for more than 2 years and may 
have some macrofilaricidal efficacy. While the triple therapy can be seen as a game 
changer for LF, it is not recommended in co-endemic areas for onchocerciasis and 
loiasis. DEC can lead to severe adverse effects in onchocerciasis patients and L. loa 
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patients with high MF loads can experience severe adverse effects due to ivermectin 
[107]. In loiasis co-endemic areas, people with high MF loads have to be identified 
and excluded from treatment, or pretreated with albendazole. In onchocerciasis 
co-endemic areas the MDAs consist of a combination of ivermectin and albendazole. 
A treatment that can be used safely in patients with LF and L. loa co-infection is 
doxycycline. A treatment for four weeks with 200 mg/kg of doxycycline is sufficient 
to clear the Wolbachia endosymbionts, leading to a permanently inhibited filarial 
embryogenesis. L. loa worms are not affected by this treatment since they do not 
harbor Wolbachia. Doxycycline also slowly kills the adult worms [108]. Furthermore, 
doxycycline treatment has been shown to improve lymphedema pathology, probably 
due to its immunomodulatory and anti-inflammatory properties. For the treatment 
of lymphedema, doxycycline should be given daily at 200 mg/kg for 6 weeks, with 
intervals every 12–24 months [109].

Targeting the Wolbachia endosymbionts using doxycycline is also a proven treat-
ment for O. volvulus patients. Similar to LF, depleting Wolbachia in O. volvulus leads 
to permanent inhibition of filarial embryogenesis and death of adult worms after 
1.5–2 years [110–112]. No MF-induced adverse effects are observed and MF clearance 
happens over time due to natural removal of MF combined with the lack of filarial 
embryogenesis. Macrofilaricidal efficacy is achieved with 200 mg/day for 6 weeks. 
In order to accelerate the clearance of MF, doxycycline treatment can be combined 
with a single dose of ivermectin. The disadvantage of doxycycline is that its use is not 
recommended in pregnant as well as breast-feeding women and in children below 
the age of 8. Current research is focused on identifying anti-wolbachials with shorter 
treatment regimens. As such, the tylosin analogue ABBV-4083 is currently tested in 
phase 2 clinical studies with onchocerciasis patients [113, 114]. Current WHO sup-
ported MDA for onchocerciasis rely on ivermectin [1]. Treatment with this macrocy-
clic lactone (150 μg/kg) leads to clearance of MF and a temporary inhibition of female 
embryogenesis [115]. This results in interruption of transmission for several months 
[116]. However, ivermectin has no macrofilaricidal effect and has to be repeated every 
6–12 months for the fecund life span of O. volvulus, which means for 10 years or more. 
Additionally, ivermectin treatment is—similar to doxycycline—not indicated in 
pregnant and breast-feeding women as well as in little children, although circumstan-
tial evidence suggests that it has been inadvertently administered millionfold in early 
yet undetected pregnancies without overt pathologies [117]. Furthermore, side effects 
caused by ivermectin-induced dying MF can lead to inflammatory immune responses 
resulting in rashes, fever, and itching skin. Yet, in comparison to DEC, adverse 
effects caused by ivermectin treatment are less severe as compared to permanent 
visual impairment which has been reported following DEC treatment [118]. More 
recently, another macrocyclic lactone has been registered for onchocerciasis treat-
ment—moxidectin. It works similar to ivermectin with clearing MF and inhibiting 
filarial embryogenesis. However, moxidectin leads to an extended absence of lasting 
up to one year [119], so that it may replace ivermectin in some settings in the future. 
Another drug which has successfully passed the clinical phase I trials and is currently 
evaluated for its macrofilaricidal and long-term sterilizing activity in onchocerciasis 
patients is emodepside [120].

In contrast to LF and onchocerciasis, loiasis cannot be treated with anti-wolbachials 
such as doxycycline due to the lack of Wolbachia in L. loa [59]. The standard treatment 
is DEC, given at 5–10 mg/kg for 2–4 weeks, clearing microfilaremia with some mac-
rofilaricidal efficacy. A single oral treatment of ivermectin also clears microfilaremia. 
However, both these treatments can lead to severe adverse effects associated with 
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high MF counts in patients [121]. Adverse effects range from fever, nausea and itching 
(especially with DEC) to life-threatening events such as neurological symptoms, 
encephalopathy, coma and even death after ivermectin treatment. Therefore it is rec-
ommend that patients with more than 20,000 MF/ml are not treated with ivermectin. 
Patients with high MF loads can instead be treated with 200 mg albendazole twice a 
day for 21 days [122]. The risk of these aforementioned serious adverse effects is also 
one of the major obstacles during onchocerciasis elimination programs. Before treat-
ment with ivermectin, patients require a so-called “test-and-not-treat” measure [123]. 
MDA activities are still continuing in L. loa co-endemic areas, but the co-infection 
represents a major challenge going forward. For mansonellosis, treatment and success 
of treatment differs between the three Mansonella species. M. ozzardi MF are not 
susceptible for DEC treatment, but a single ivermectin dose leads to reduction of MF 
counts [124]. For M. streptocerca, DEC was demonstrated to eliminate both MF and 
adult worms, but side effects such as severe pruritus and urticaria has been reported 
[125]. A single treatment of ivermectin has led to long-lasting reduction of M. strepto-
cerca MF load [99]. On the other hand, single treatment of ivermectin or albendazole 
had very small or no effect on M. perstans microfilaremia [94, 126]. MF were however 
cleared in clinical trials using 200 mg doxycycline for 6 weeks [127].

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Trichinellosis is a food-borne, zoonotic disease that causes infection by a nematode 
parasite belonging to the genus Trichinella. This is an important disease, and its caus-
ative agent is prevalent throughout the world (cosmopolitan). More clinical awareness 
of trichinellosis is required due to its many outbreaks, increase in the consumption of 
pork meat and its by-products. Trichinellosis is an epizootic in nature and its economic 
burden is associated with the prevention of this disease from the human food chain. 
This disease is transmitted from animals to humans through the consumption of raw 
or undercooked meat containing encapsulated muscle larvae of Trichinella spiralis. 
This paper demonstrates the direct effect of progesterone (P4) and mifepristone 
(RU486) on the progesterone receptors of T. spiralis. Also, studied the challenges in 
the preparation of DNA and recombinant protein vaccination to control trichinellosis. 
It is simply done this study at different life cycle developmental stages of T. spiralis. 
Vaccines development against T. spiralis infection is the new paradime shift from 
prevention of trichinellosis to fulfilling the food safety requirements.

Keywords: Trichinella spiralis, immune response, progesterone receptor, hormones, 
vaccine

1. Introduction

The phylum Nematoda consists of non-segmented invertebrates commonly known 
as roundworms that occur in a wide range of habitats around the globe and lack 
jointed appendages. The causative agent of trichinellosis is Trichinella species including 
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Trichinella spiralis (T. spiralis) which belongs to the superfamily Trichinelloidea of the 
phylum Nematoda. At present, the recognized number of species and genotypes in 
the genus Trichinella are nine and three respectively based on the larvae appearance 
in muscle cells [1, 2]. The most pathogenic and prevalent pathogen in this genus is 
T. spiralis [3]. This is a most serious zoonotic food-borne parasite which can infect a 
wide range of hosts, is liable for trichinellosis disease in humans, and can infect more 
than 150 species of animals such as carnivores and omnivores including human beings 
worldwide [4, 5]. Trichinellosis occurs around many parts of the world and infects a 
huge number of human beings. Its ranges from Europe, North America, China, Japan, 
and Tropical Africa. However, China is the most affected country [1, 6].

The definitive hosts of nematode Trichinella include many domestic animals such 
as pigs, horses, and wild animals like bears, rats, and wild pigs. Each intermediate 
host of Trichinella spiralis is also its definitive host and serves as a source of infection 
for any other definitive host species by carnivorism [2]. Humans can acquire infec-
tion by the ingestion of undercooked, or raw meat of these animals contaminated 
with the larvae of T. spiralis [7]. The important preventive measure (to limit people 
from getting trichinellosis) is to disrupt the transmission of infective Trichinella larvae 
encapsulated in meat to human beings [8, 9]. However, in some countries, this disease 
is also transmitted by wild animals [10]. Since an enormous amount of pork and its 
by-products are consumed in China, that results in increased issues in the country 
[5, 11]. Unlike many other helminth parasites, the survival of T. spiralis nematodes 
is only direct host-to-host transmission adapting normal cellular functions and host 
immunity at all the stages of infection [12, 13].

The life cycle of T. spiralis starts when an adult female and male worms reproduce 
sexually in the small intestine of the host. The unique characteristic of T. spiralis 
among other parasites is that it passes all the stages of its life cycle within a single host 
including all phases of adult worm, newborn larvae, and muscle larvae [10, 14, 15]. 
Humans acquire the infection when they ingest Trichinella larvae that are encapsu-
lated in the striated muscles of domestic or wild animals [5]. After the consumption 
of infected meat, parasitic larvae which are encysted in the meat are then released into 
the host stomach by acid-pepsin digestion [16]. Columnar epithelial cells of the intes-
tine at the base of the villus are invaded by muscular larvae. Previously released into 
the stomach from meat and each molts four times to reach sexual maturity [7, 9, 17]. 
Approximately 1500 newborn larvae are produced by each fertilized female T. spiralis 
within 2–3 weeks and up to 10,000 over 4 months period. These larvae penetrate the 
intestinal lining with the help of unique sword-like stylet they possess and migrate to 
the striated (skeletal) muscles via the circulatory and lymphatic system [15]. These 
larvae can enter any type of cells but only survive in skeletal muscles. In the striated 
muscles, these previously migrated newborn larvae develop into infective muscle 
larvae and transform the skeletal muscle cells into a new type of cells known as nurse 
cells which maintain the larval life and for many species of Trichinella changes into 
capsules or cysts made up of hyaline and collagen fiber [8]. These capsules containing 
the muscle larvae can persist for many years and calcification occurs in most of the 
cysts and dies within a few months (see Figure 1). The life span of live adult worms 
in the mucosa of the intestine is 4–6 weeks in human beings while the muscle larvae 
encapsulated in the striated muscle fibers persist for months to years [1].

Immunity is the defensive mechanism against any pathogenic organisms that 
invade the victimized host. When the host consumes contaminated meat containing 
nurse cells, an immune-mediated inflammatory response starts due to the develop-
ment of the adult worms in the epithelium of the intestine to expel the parasites. The 
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level of antibody IgE which defends the body against parasitic organisms starts to 
increase. The inflammatory infiltrates containing mast cells and eosinophils present 
there pathologically. Both these immune cells are involved in the clearance of para-
sites. Toxic oxygen molecules and major basic proteins are elaborated by eosinophil to 
kill invaded organisms but also cause to damage the host body tissues. While mast cell 
protease-1 (MCP-1) is produced by mast cells that are also lethal to worms. There is 
widespread inflammation, edema if worm load is high and cells death occurs fre-
quently during the parenteral stage of infection [18, 19].

Trichinellosis infection is classified into three stages depending upon the life cycle 
of the pathogenic worm; (1) as an invasive stage, in which larvae grow into adult 
worms and after fertilization females begin to release newborn larvae which then 
migrate to blood circulation via the Lymphatic system [9]. This stage is character-
ized by nausea, diarrhea, abdominal cramps, and seldom vomiting. Constipation is 
also seen in some of the individuals instead of diarrhea. All these symptoms appear 
within 2–30 h of post-eating infected food. (2) As migratory phase; character-
ized by the encapsulation of larvae in the muscles of the host. The main symptoms 
observed in this stage include fever, face edema, swelling, muscle pain, and weak-
ness of the infected muscles [14, 16]. (3) As encystment stage; characterized by the 
calcification of cysts in the striated muscles only and results in everlasting injury 
[1]. As this parasite shows nonspecific signs and symptoms of the disease, its clinical 
diagnosis is difficult [15]. For the diagnosis of Trichinellosis, the digestion method 

Figure 1. 
Life cycle of T. spiralis [10].
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is the best method reported by World Organization for Animal Health (OIE) but to 
better detect the Trichinella parasites molecular biology and serologic methods have 
been developed [5]. Currently, Trichinellosis diagnosis is based on larvae detection in 
muscle biopsy or immunodiagnostic tests which are highly specific. Many antigens 
are expressed during the developmental stages of the T. spiralis and are useful for the 
serodiagnosis of trichinellosis. However, due to limited T. spiralis antigens availability 
testing is not extensively available [15, 16].

Trichinellosis is not only responsible for public health casualties but also cause the 
economic problem in food safety and swine animal production. Due to a large number 
of people infected with T. spiralis, this disease is regarded as re-emerging in many 
regions of the world [2, 15]. If transmission of this disease is not under control, it can 
lead to serious public health problems [10].

2. Status of anti-T. spiralis vaccine

It is a promising method for the control of parasites in pigs to develop a vaccine 
against T. spiralis infection. However, most of the studies for the development of vac-
cines against Trichinella have been performed in lab animals (Mouse models) so far. Only 
a few studies are performed on pigs for the development of vaccines against Trichinella 
infection. To prevent and control the transmission of T. spiralis infection from pigs to 
humans vaccine exploitation is an important step [20]. Trichinella is a tissue-lodging, 
enteral, and multicellular parasite. Its life cycle is complex and has a diverse developmen-
tal phase. Trichinella worms have stage-specific antigens [21]. It is necessary to develop 
an effective vaccine against Trichinella to interrupt the transmission of parasites among 
animals and the cycle of pathogen transmission from swine to humans [5].

Till now, various practices and strategies have been used in the prevention and 
eradication of parasites including the application of chemicals. The chemical methods 
are not well signed and have certain limitations such as continuous use of antiparasitic 
drugs resulting in rising resistance, have risks related to the environment, health, 
and their potential effects on the host or non-target organisms. Chemotherapy and 
antiparasitic drugs are used to prevent T. spiralis infection, but when we compare the 
vaccination of animals with chemotherapy treatment, we found that it has several 
advantages. A single dose of vaccine can provide lifelong prevention of T. spiralis 
infection, reduce the risk of drug residues in meat and other by-products, and decline 
the emergence of T. spiralis drug-resistant parasites [2].

Anti-Trichinella vaccines will provide a substantial contribution to the control, 
prevention, and elimination of Trichinellosis. The eradication of Trichinella spp. 
infections in animals is a difficult task as vaccines against Trichinella that act as a 
preventive weapon are not currently available except for rats and pig models [6]. For 
the past three decades, significant improvements have been made for the recognition 
of several antigens from T. spiralis. It will lead toward a better understanding of the 
formulation of novel vaccine developments. A variety of vaccines such as subunit 
vaccines, recombinant proteins vaccines, inactivated vaccines, synthesized epitope 
vaccines, DNA vaccines, viral or bacterial vector vaccines can elicit an immune 
response against Trichinella and provide effective protection. Scientists have used 
different antigens to formulate recombinant protein vaccines and many of them have 
provided some effective protection against Trichinella infection [4, 10].

Preventive vaccine development against Trichinella infection in domestic pigs is 
valuable to control and prevent this parasite [21]. The diseases can also be controlled 
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in animals through a veterinary vaccine. To induce long-term intestinal immunity the 
appropriate route for immunization against Trichinellosis is oral as the infection occurs 
due to the ingestion of poorly cooked meat containing encapsulated infective larvae 
[20]. Proteases (enzymes) are widely distributed in viruses, prokaryotes, and eukary-
otes participate in different events of the parasite’s life cycle. In the process of causing 
infection, parasites serine proteases are thought to be a key factor and exist in the T. 
spiralis excretory-secretory (ES) products [20, 22]. The hydrolyzing enzyme Elastase 
(trypsin-like serine protease) helps the parasites in the penetration of host tissue 
through the hydrolysis of laminin, fibronectin, elastin, and type IV collagen. Elastases 
also participate in the immune evasion process. This enzyme is also involved in the 
digestion and molting of parasites and has an important role in parasitic worm intru-
sion of victimized hosts. It might be a target for a novel vaccine [21]. Recently, many 
anti-T. spiralis vaccines have been developed to interrupt the transmission of parasites 
from animals to humans. Many vaccine candidates which are effective against T. spiralis 
were selected from ES products and recombinant proteins. Serine protease enzymes 
(from T. spiralis) provide partial protection against T. spiralis larvae challenges [20].

T. spiralis exerts an immunomodulatory effect through ES products on the immune 
response of the host [22]. T. spiralis Nudix hydrolase (TsND) is a protein that binds 
to intestinal epithelial cells of normal mice (up-regulated gene). The size of this 
gene is about 1248 bp. A partial protective immunity against Trichinella infection 
was observed when mice were vaccinated with recombinant TsND protein [22, 23]. 
Vehicle (delivery system) and antigen are important elements that are responsible for 
the protection level induced by the candidate vaccine [24].

3. T. spiralis -associated immune mechanism

T. spiralis (Helminth) establishes infection which is long-lasting in the striated 
muscles of the host. Depending on the longevity of the host. It can persist successfully 
until the end of life in rodents and in higher species including humans can persist over 
several months to years following infection. They do not kill the host striated muscles 
cells during their stay, unlike some other intracellular parasites. This characteristic 
makes them one of the most successful symbiotic parasites [25]. Parasitic nematode 
T. spiralis completes its entire life cycle in one host and each stage of its life cycle 
provokes the immune system of the host differently [14, 15]. For the establishment of 
the life cycle successfully, this parasite with the help of its defensive mechanism man-
ages to escape the host immune system responses. The excretory-secretory products of 
T. spiralis play a crucial role in the establishment of parasitism and modulation of host 
immune response to protect both host and the parasite [22]. When the host acquired 
the infection of T. spiralis, at early-stage cellular immunity of the host is inhibited but 
later recovery of host cellular immune function occurs, and humoral immunity starts 
its role in resisting the infection of T. spiralis. During the infection, both the cells Th1 
(T helper cell) and Th2 play a major role in maintaining the immune system function. 
They are involved in the eradication of pathogens. When the maintenance of the host 
immune system disrupts it gets infected [18]. Nitric oxide (NO) is a molecule in the 
immune system which acts as an immunomodulator and immunotoxin. It is a gaseous 
molecule and has appropriate lipid membranes solubility. Without binding to any spe-
cific receptor of viruses and bacteria, it exerts lethal effects on them. NO is involved 
in the selective killing of parasites including infected cells and has a major role in the 
adult worm expulsion during Trichinella spiralis infection in mice (see Figure 2) [12].



Parasitic Helminths and Zoonoses - From Basic to Applied Research

356

Infection of T. spirilis has an immunosuppressive effect on the innate immune 
system of the host. Larvae release secretory antigens that elicit a protective strong 
immune response which is specific to invading parasites [20]. ES products reduce 
inflammation when parasites invade the muscle cells, modulate the host immune 
system response in a way to protective for both the host and the parasites. For survival 
inside the organism, T. spiralis build a unique place for their living and their niche 
contains a cyst or capsule composed of nurse cell (cellular components) and col-
lagenous wall [22, 25, 26]. Both the wall and nurse cell are originated from the host, 
provide protection and maintenance of the parasite’s metabolism respectively [14].

Macrophages play a major role in the immune response of the host against various 
pathogens [22]. In vitro, ES products from different phases of the life cycle of T. spiralis 
can modulate macrophage’s function by inhibiting cytokine production. In chronic 
helminth infections, macrophages are activated by Th2 cytokines such as interleukin-4 
(IL-4) and interleukin-13 (IL-13). Many immune mediator molecules are released 
such as IL-6, IL-12, nitric oxide (NO), and tumor necrosis factor (TNF-α) when in 
macrophages the signaling pathways are triggered by Th2 cytokines [22, 25, 27].

4. Genomic and proteomic profile of T. spiralis

There are 12 species and genotypes of Trichinella which are distributed worldwide 
and cause serious disease Trichinellosis in humans which leads to morbidity and 
mortality [1, 2, 12]. Based on larvae appearance in the muscle cells of the host only 
encapsulated and non-encapsulated clades (morphological distinct) Trichinella is rec-
ognized. Based on molecular studies, nine species and three genotypes of Trichinella 
show a wide biological diversity. Based on genetic data, only Trichinella encapsu-
lated clade infects mammals includes Trichinella spiralis (T1), Trichinella nativa 
(T2), Trichinella britovi (T3), Trichinella murrelli (T5), Trichinella nelson (T7), and 
Trichinella patagoniensis(T12). The three Trichinella genotypes includes T6, T8, and 

Figure 2. 
Immune response against T. spiralis.
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T9. The Trichinella non-encapsulated clade includes Trichinella pseudospiralis (T4), 
which infects birds and mammals only, Trichinella papuae (T10), and Trichinella 
zimbabwensis (T11), they infect reptiles and mammals [1].

Proteomics (because of bioinformatics and mass spectrometry) is an effective 
technique to examine the modifications after the translation of genes such as proteolysis 
or glycosylation. These are powerful techniques to examine the samples obtained from 
pathogens to find the possible proteins involved in the pathogenesis of the disease 
[12]. Trichinella is substantially different in molecular and biological characteristics 
from other crown groups. The assembly of Trichinella is 64 million bp in length and 
about 15,808 proteins are encoded by this genome assembly. In T. spiralis genome, the 
estimation of repeat content is about 18% having low GC content (about 27%) relative 
to the overall genome (34%) and protein-coding region (43%) of Trichinella spiralis 
[14]. Microsatellites are present in the entire genome and many are distributed in the 
non-coding sequence of the genome. It leads to genetic diversity due to mutation [28]. 
During the early stage of Trichinella infection, Trichinella spiralis 14-3-3 protein is a 
strong immunogenic antigen [29]. Ts14-3-3 is an immunodominant antigen and this 
protein is also used to detect the whole period of infection with Trichinella. During the 
early phase of Trichinella infection, HSP70, cysteine protease, and Ts14-3-3 play a cru-
cial role in balancing the host–parasite relationship. Therefore, these proteins are a good 
target for the development of vaccines and early immunodiagnostic measures [15].

4.1 DNA based vaccine

DNA vaccines got a glare in the early 1990s and evoked both humoral and cellular 
responses, when tested and identified, particularly induced cytotoxic T cell response, 
and abolished the safety concerns associated with the live vaccine [17]. Such vaccines 
tend to sustain host immune system stimulation in comparison to the Recombinant 
protein-based vaccines [6]. DNA vaccines emerged as a strong way of eliciting a 
humoral and cellular immune response against many parasitological antigens in small 
animal models. Moreover, DNA vaccines produce a concurrent Th1 and Th2 immune 
response against T. spiralis [30, 31].

The TspE1gene encoding a 31 kDa antigen of T. spiralis has been cloned to an 
expression vector pcDNA3 and administered in a mouse as a DNA vaccine [31]. 
Naturally, T. spiralis challenge suppresses the type 2 immune system response which 
inhibits them [17]. The mice immunized with the TspE1-pcDNA3 presented a signifi-
cant larval reduction rate and an increased serum anti-Trichinella antibody level, hence 
this DNA vaccine proved to be partially protective against T. spiralis challenges [31]. 
Spleen cells after stimulation with the TspE1 recombinant protein exhibited a lympho-
proliferative response, which is an indication of cellular response elicited by the DNA 
vaccine. Sequence of a serine protease (Ts-NBLsp) cDNA from newborn larvae of 
T. spiralis, cDNA sequence of recombinant TsNd (Trichinella spiralis nudix hydrolases) 
has been cloned to the plasmid pcDNA3.1 [17, 31, 32]. The antibody response against 
the serine protease of T. spiralis inhibits the protease activity thus hindering invasion 
of the parasite. The DNA vaccines Ts-NBLsp-pcDNA3.1 and pcDNA3.1-TsNd presented 
a balanced systemic Th1\Th2 immune response. The immunization with recombinant 
TsNd DNA vaccine resulted in an increased intestinal IgA and total IgG response with 
an exalted IgG1 than that of IgG2a [31]. To compare the recombinant nudix hydrolase 
DNA vaccine, the Ts-NBLsp-pcDNA3.1 vaccine showed a dominant IgG2a anti trichi-
nella antibody and a predominantly Th1 immune response [17]. DNA vaccines elevated 
IFN gamma, IL-2, IL-4, and IL-10 levels [31]. Secretory IgA causes a significant 



Parasitic Helminths and Zoonoses - From Basic to Applied Research

358

reduction in the female worm fecundity and this response is enhanced by cytokine 
IL-10 specifically. The intestinal mucosa of the infected animals produces a specific 
antibody response against T. spiralis. Ts-NBLsp-pcDNA3.1 and reduces the muscle 
larvae burden (77.93%) greater than that of the TsNd vaccine (53.9%).

In another study of the TsDNase II, the complementary DNA sequence of T. spira-
lis serine protease 2.1 has been cloned to the eukaryotic expression vector pcDNA3.1 
and administered as a DNA vaccine through an attenuated Salmonella typhimurium to 
avoid degradation [30]. To elicit a persistent systemic and mucosal immune response 
against T. spiralis, attenuated salmonella is an effective live carrier that gives an 
efficient mode of vaccination. T. spiralis DNase II is an excretory-secretory product 
associated with adult worms and IIL which is expressed in the cuticle of IIL. T. spiralis 
serine protease appeared to be present in the spliceosome and cuticle of adult worms 
and intestinal infective larvae. Both of these vaccine candidates against T. spiralis 
resulted in the significant rise of specific IgG responses. IgG1 titer after the first dose 
of vaccination and then an increased level of IgG2a after the second dose of vaccina-
tion, furthermore they produced mixed Th1\Th2 response which can be described 
through elicited cytokines response as Th1(IFN gamma) and Th2 cytokines (IL-4, 
IL10) [30]. TsSP 1.2-pcDNA3.1 vaccine resulted in a 71.84% reduction in the muscle 
larvae in comparison to the TsDNase II DNA vaccine which caused a 59.26% reduction 
in the muscle larvae [30].

T. spiralis adult-specific DNase II-1 (TsDNase II-1) and DNase II-7 recognized in 
the excretory-secretory proteins of the AW [30] has been analyzed for their immune 
response against the worm. Antibody-dependent cell-mediated cytotoxicity assay 
(ADCC) revealed that both recombinant anti-TsDNase II-1 and anti-TsDNase II-7 sera 
mediated the attachment of mouse peritoneal exudate cells (PECs) to NBL and finally 
killing of the NBL. Paramyosin is a thick myofibrillar protein [6, 30, 33], which is an 
immunomodulatory protein that evades host immune response by inhibiting comple-
ment C1q and C8\C9. TsPmy and Ts87 both are efficient vaccine candidates against 
T. spiralis. The DNA encoding TsPmy and Ts87 have been cloned in a eukaryotic vector 
pVAX1 and the recombinant DNA was transformed in the S. typhimurium strain 
SL7207. The resulting DNA vaccines produced protective immunity against T. spiralis 
when administered in mice, both resulted in mucosal sIgA response in the intestine 
and systemic anti TsPmyIgG response. The antibody-secreting cells from the spleen 
and mesenteric lymph nodes of the mice immunized with TsPmy vaccine expressed 
the intestinal homing receptors CCR9 and CCR10. [30] determined that SL7207\ 
pVAX1-TsPmy vaccine came out with a 44.8% reduction in muscle larvae and a 46.6% 
reduction in adult worms. While SL7207\ pVAX1-Ts87 caused a 34.2% reduction in 
muscle larvae and a 29.8% reduction in adult worm burden. By using B and T cell 
epitopes from TsPmy a novel multi-epitope vaccine has been designed which elicits an 
immune response more efficiently as compared to traditional vaccines, TsPmy MEP 
vaccine reduced the muscle larvae up to 55.4% [33].

DNA vaccines have many advantages as they are inexpensive, focused immune 
response against the antigen of interest, heat stable and a broad-spectrum vaccine can 
be developed by mixing plasmids.

4.2 Protein-based vaccine

In recent studies, it is reported that specific protein molecules from numerous 
T. spiralis life cycle stages have been considered and expressed properly, so that their 
immune protection was also estimated, such as paramyosin (Ts-Pmy) obtained from 
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an adult cDNA library [21], TspGST and fructose-1,6-bisphosphate aldolase (Ts-FBPA) 
taken from the T. spiralis draft genome utilizing high expression at the ML stage, Ts31 
from the ML ES proteins, serine protease (TsSP) from IIL (intestinal offensive stage) 
and ML surface proteins and cathepsin B (TsCB) from the T. spiralis draft genome 
[8]. On the other hand, when these recombinant proteins were used for vaccinating 
mice, they showed only 36.2–53.50% ML reduction following the T. spiralis challenge. 
In the current study, we determine the protective immunity persuaded by vaccination 
through a novel TsE protein. TsE is highly expressed and acts as a secretory protein at 
the T. spiralis intestinal offensive stage (IIL), TsE shows potency to be exposed first to 
the host’s intestinal mucosa and then produce the local immune response through its 
working. It is observed that vaccination with rTsE persuaded significantly high levels 
of TsE-specific sIgA, which can simplify adult worm removal from the intestine. TE 
immune protection having 64.06% ML reduction, with this novel TsE vaccination was 
considered superior to those of the above-mentioned other T. spiralis proteins act as 
candidate vaccine target molecules. This study also recognized a foundation to develop 
polyvalent anti-T. spiralis vaccines in the upcoming period.

The immune response stimulated by a vaccine based on an exclusive antigen and 
multi-epitope (that work more efficiently than the large protein molecules) vaccines 
against T. spiralis has now been proposed. Therefore, the amalgamation of three 
selected epitopes from Ts-Pmy and Ts87 from T. spiralis adult produced in immunized 
mice IgG and IgG1 production and higher protection of about 35% in contrast to the 
parasite challenge in comparison to that encouraged by individual epitope peptides 
[8]. To achieve higher shielding immune responses counter to T. spiralis, it will be 
essential to propose a vaccine with multi-epitopes from different parasite stages 
focusing on NBL and adult stages (Table 1).

Antigen Database ID Strain Developmental 
stage

Function Reference

Cathepsin B 
[T. spiralis]

XP_003373289 ISS 195 Muscle 
larvae(ML) 
and adult worm 
(AW)

Has important 
function in 
worm invading, 
migrating, molting 
and immune escape

[5]

Cysteine 
protease 
ATG4C 
[T. spiralis]

XP_003367319 ISS 195 Intestinal 
infective L1 
larvae (IIL1)

Participates in IIL1 
intrusion of the 
enteral epithelium

[5]

Putative 
serine 
protease 
[T. spiralis]

XP_003369429 ISS 195 AW Involved in the 
processes of 
immune evasion

[17]

Paramyosin 
[T. spiralis]

XP_003371652 ISS 195 AW Plays an important 
role in the evasion 
of the host 
complement attack

[10]

Conserved 
hypothetical 
protein, 
partial 
[T. spiralis]

XP_003369591 ISS 195 AW [10]
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5. Role of progesterone receptor in trichinella spiralis

Progesterone (P4) is a sex steroid hormone that plays roles in the physiology of 
the reproductive system such as corpus luteum of the ovary and placenta in females, 
while testes and adrenal cortex in males also participate in many other functions 
such as brain activity, immune modulation, metabolism of bones heart and lungs 
physiology. P4 is also responsible for the maintenance of pregnancy and shows an 
immunosuppressive effect [35]. when a high level of progesterone is present during 
the luteal phase of the estrus/menstrual cycle in females. Recent studies showed that 
these hormones also influence the course of parasites infections and also restrict the 
invasion of parasites when a high level of P4 in female animals is produced. Restricts 
the invasion of parasites [11]. P4 has an immunomodulatory effect on fetal antigens 
during pregnancy by suppressing the maternal immune response. However, pro-
gesterone can be either an inhibitory or stimulatory effect on the immune response 
mechanism depending upon cell type, concentration, and exposure time to steroids. 
It has nematotoxicity against newborn larvae of T. spiralis. Progesterone is responsible 
for decreased parasite load during pregnancy [11].

Sex steroids are known as immune response modulators and play a major role in 
T. spiralis susceptibility at two levels viz. (1) protective immune response and (2) 
direct effect on the development of worms. Besides, P4 up-regulates many molecules 
expressions from major histocompatibility complex class I and it also participates in 

Antigen Database ID Strain Developmental 
stage

Function Reference

Serpin B4 
[T. spiralis]

XP_003375999 ISS 195 AW, NBL, ML Initiates acute 
inflammatory 
response

[7]

Putative 
nudix 
hydrolase 6 
[T. spiralis]

XP_003378071 ISS 195 IIL Catalyzes the 
hydrolysis of 
nucleoside 
diphosphate

[23]

Cystatin-B 
[T. spiralis]

XP_003379766 ISS 195 AW Has 
immunomodulatory 
functions and 
helps the parasites 
to evade the host 
immune responses

[34]

Antigen 
targeted by 
protective 
antibodies 
[T. spiralis]

AAA20539 Library 
lambda 
ZAP

ML Regulates host 
immune response

[31]

Membrane-
associated 
progesterone 
receptor 
component 2 
[T. spiralis]

XP_003375934 ISS 195 AW, ML Play a role in 
adipocyte function 
and systemic 
glucose homeostasis

[11]

Table 1. 
Immunoregulatory kinetics of different T. spiralis based protein after binding with host immune cells.
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the down-regulation of genes that are responsible for the fecundity and oviposition 
of the worms and inhibits the nuclear factor kappa B (NFƙB) activation in innate 
immunity [11].

6. Role of progesterone and mifepristone against T. spiralis

Progesterone is a gonadal hormone primarily involved in the preparation of the 
endometrium for implantation of an embryo and necessary for the maintenance of 
pregnancy, while mifepristone is a drug that works as an antagonist of progesterone 
and glucocorticoid. It has an abortifacient effect and terminates early pregnancy by 
binding to intracellular progesterone receptors. Mifepristone has an antagonistic 
effect on the T. spiralis (Ts) membrane-associated progesterone receptor compo-
nent-2 (Ts-MAPRC2). It also down-regulates the expression of the Ts-MAPRC2 gene 
and results in the abortion of the pregnant adult female worms [11].

Mifepristone (RU486) can be taken as an example that works as an antagonist in 
contrast to the progesterone receptor (PR) and glucocorticoid receptor (GR) with 
some lethal properties such as aborting agent and anticancer activities in the body. In 
the case of helminths, several research studies are concentrated on PGRMC receptors. 
Similarly, RU486 was one of the first medications accepted for surgical abortion and 
is frequently used to terminate an early or midterm pregnancy. Hereafter, PR and 
binding of P4 molecules (agonist) and RU486 (antagonist) can be helpful to elaborate 
T. spiralis species regarding differentiation and reproductive development as well 
as creating potential pharmacological targets that might be used as a drug therapy 
against Trichinellosis.

Progesterone is known for its immune-modulatory effects, which happen during 
pregnancy that is done by suppressing the response from the mother toward paternal 
antigens expressed in the fetus [11]. Taking into the description, we can conclude 
that progesterone is an adequate inducing activation of the effector cell populations 
responsible for cell death in an antibody-independent cytotoxic mechanism. This 
cytotoxicity should also be activated by soluble antigens released by the parasite 
because at constant self-aggression of tissues by these activated cells 0% NBL mortal-
ity 10 10 100 Progesterone (ng/ml) cells [35] .

7. Challenges to developing an efficient vaccine against T. spiralis

The control of helminths in animals is usually through anthelmintics. Vaccine 
development against T. spiralis infection in pigs is an alternate method for the pre-
vention of parasite T. spiralis from zoonosis. Effective vaccine development against 
Trichinellosis is conducted in mice instead of pigs. Effective development of a vaccine, 
is not only due to high price of experimental pigs but also due to poorly satisfied anti-
gens detected from the mice. Moreover, the immune response induced by the same 
antigen in swine and mice is extremely different. So, [2]. concluded that in mice, 
poor immunogenic vaccine candidates are not capable to induce a strong protective 
immune response against T. spiralis infection in pigs.

TsT was a T. spiralis somatic antigen and at adult-stage with specific surface anti-
gen it had a good antigenicity. If vaccination of mice is done with TsT, it will induce 
a systemic mixed Th1/Th2 response and an intestinal local sIgA response, which 
can produce partial protection against T. spiralis larval challenge. Then these results 
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suggested that TsT plays a role in T. spiralis growth and survival in the host, and it 
might be deliberated as a potential target antigen for anti-T. spiralis vaccines. However 
[9], revealed that oral anti-Trichinella vaccines comprised of multiple antigenic 
epitopes of various T. spiralis life cycle phases should be recognized.

7.1 Diversity within T. spiralis parasites

T. spiralis is a nematode parasite that is prevalent throughout the world and 
translocated by humans and their animals. They occupy well-defined geographic 
ranges [36]. There is a big diversity among the T. spiralis parasites present in different 
geographic locations [24]. T. spiralis nematode belongs to the clade that diverged early 
in the phylum Nematoda evolution [14]. T. britovi parasitizes many sylvatic mammals 
such as Felidae, Canidae, Ursidae, Mustelidae, Suidae, Viverridae and is endemic to 
Northern-western Africa and Eurasia while T. murrelli is the only present in wild ani-
mals in North America. Millions of years ago, Trichinella could infect human beings 
evidenced by the ingestion of other parasites in meat [36].

The nematode T. spiralis is involved in the most common cause of human trichinel-
losis, which is considered a zoonotic disease worldwide. The heredity of T. spiralis 
giving rise to the genus Trichinella and reported that the last shared common ances-
tor was approximately 275 million years ago (Lower Permian Period) identified, 
however the modification of extant Trichinella species happened about 16–20 million 
years ago [14].

We compare the molecular physiognomies of nematodes and former metazoans 
by using the T. spiralis genome as standard. This comparative approach by using the 
T. spiralis permitted us to categorize conserved protein and gene sequences through 
the superficial model, particularly for the phylum Nematoda. We bring an approach 
that intrachromosomal modifications were common all over the phylum. However, 
this was in divergence to other features such as births and deaths of a protein family, 
which exhibited clear discrimination among the parasitic and non-parasitic nema-
todes. The identification of well-maintained physiognomies predicated based on this 
work will advance the more accurate research on pathogens from a phylum embracing 
thousands of pathogens that are mainly to infect humans, animals, and plants and 
behaves like infectious agent. The advances possibly will one day be responsible for 
complete strategies to prevent and control diseases that are caused by pathogens from 
across the Nematoda family around the globe [14, 36, 37].

Commencing from the time of the discovery of Trichinella which is in 1835 in 
anticipation of the middle of the next century. During the last decade, the use of 
molecular and biochemical methods in combination with experimental studies on 
biology, have resulted in the identification of seven Trichinella species that have 
different epidemiological and topographical distributions. Even though these species 
are very difficult to differentiate morphologically, this can be done with the molecular 
and positive biological characters for further identification [16].

7.2 Genetic diversity related to multiple hosts

A total of 30 species of T. spiralis having mtDNA genomes has 20 unique hap-
lotypes that were observed containing 86 isolating sites. So, with four out of five 
shared haplotypes taking place in European and North American samples. Samples 
from North America had one haplotype, which is present in each geographic 
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sampling site [38]. Out of the total, mostly the variations were limited to the Asian 
T. spiralis samples. There are about 7 Asian samples, and from these 8 haplotypes 
were identified; these differed on an ordinary by 24.9 nucleotides. In comparison 
to this, western samples are averaged with only 3.2 nucleotide differences per 
haplotype with only 13 haplotypes in 23 samples; the most different pair of western 
haplotypes differed by only 6 nucleotide differences between any two isolates. 
Similarly, nucleotide diversity (pi) was 0.00016 in western samples while Asian 
nucleotide diversity was 10-fold greater (0.00179). As a result, we can say that all 
Asian samples are different from the western samples by at least 45 bp and averaged 
49 bp differences [24].

The most noticeable properties of this parasite’s epidemiology are its requisite 
transmission by mode of meat ingestion in consumers. There is another important 
feature, which is present in two normally isolated ecological systems, which are 
sylvatic and domestic. In certain situations, the two biotopes are connected from end 
to end man’s activities, which results in the revelation of humans to Trichinella species 
[38]. Usually, it is restricted to sylvatic animals. The species furthermost often associ-
ated with human infection is T spiralis, which is the reported species that is usually 
found in the meat of domestic pigs. The life cycle of T spiralis includes a multipart 
set of possible routes. Farm transmission can be the result of predation on or hunting 
other animals for food purposes (rodents), hog anthropophagy, and the feeding of 
uncooked meat leftovers [16].

Most outbreaks resulting from ingesting of T spiralis infected pigs can lead to its 
outbreak through local single-source but, progressively, the mass marketing of meat 
can distribute the disease-causing parasite in the entire population. There has been a 
great increase in the reported cases due to Trichinella species, just because of having 
so many species that are involved in the food chain. The reason for having genetic 
diversity is also stated that we are lacking in vaccines to eradicate it. The main source 
is considered as the meat from the game and domestic animals. From recent reports, 
we can conclude that it also specifies that infected herbivores including horses, sheep, 
goats, and cattle have been the source of the outbreak [14, 16].

7.3 Multiple stage complexity of T. spiralis

T. spiralisalso has several stages of the complex life cycle that completes in two 
niches viz. intra-multicellular niche occurs in the intestine epithelium of host where 
adult male and female worms are involved with the help of (proteolytic digestive 
enzymes and become mature adult worms). Whereas intracellular niche occurs in 
the striated muscles of the organism where muscle larvae participate in the develop-
ment of nurse cells [16], T. spiralis life cycle represents different antigens specific for 
a particular stage, where these antigens elicit immune responses and facilitate the 
developmental cycle of the parasites by modifying the host immune responses. To 
complete their life cycle, they skip the defensive mechanism of the host against invad-
ing the foreign body.

Once newborn larvae invade the lymphatic or circulatory system, they can drive 
anywhere in the organism and survive only in the skeletal muscles of the host. 
Humans can acquire T. spiralis infection only if they consume undercooked or raw 
meat containing muscle larvae [36]. Several genes are differentially expressed among 
the life cycle stages and up-regulated genes in the newborn larvae. The genome of 
T. spiralis is regulated in the developmental stages [34].
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8. Future perspective

Trichinella infection is an emerging zoonosis in many countries and where it 
become the reason for trichinellosis disease. Due to its widespread prevalence and high 
amount of pork meat consumption more clinical awareness is required. The acute 
infection is characterized by two phases viz. enteral which disrupt intestinal functions 
and parenteral phases are associated with the inflammatory and allergic reaction. The 
diagnosis of this disease contains new specific serological tests such as immunoblot 
or ELISA. Anthelmintics and anti-inflammatory drugs are the drug of choice for 
Trichinella infection [16]. Vaccines formulated for veterinary purposes have made a 
great impact not only on animal welfare, production, and health but also on human 
health. Vaccines are considered reliable, efficient, and sustainable for the control and 
prevention of parasitic infection.

In Thrichinellosis, induction of protective and therapeutic responses should evoke 
both innate and adaptive immune systems to prevent the establishment of parasites in 
the organism. The life cycle of T. spiralis is complex, and the immune response is not 
strong that induced by a vaccine containing specific antigen to overcome the chal-
lenging infection. Therefore, a vaccine containing multiple epitopes against T. spiralis 
induces higher immunity [24]. Probiotics such as Lactobacillus keep the environment 
of the intestine healthy and prevent enteric infections. Probiotic Lactobacillus casei is 
most commonly used for protection against Trichinellosis. L. casei is involved in the 
production of IL-4, IgA, and IgG (anti-T. spiralis antibodies) and has a preventive 
role against high infection of T. spiralis. Some strains of L. casei include L. casei ATCC 
469, L. casei ATCC 7469, and L. casei Shirota have proven efficacy against T. spiralis 
infection. For the control of Trichinellosis, Probiotics and plants-based veterinary vac-
cines are a new approach and can be used as treatment and edible vaccines for various 
parasitic diseases in animals. Due to the low cost of plants production, sterile delivery, 
and transportation at a suitable temperature, plants are considered as a suitable 
vehicle for veterinary vaccines [1].

Antigens in the vaccines administered orally are subject to proteolysis by the 
proteolytic enzymes present in the digestive tract of the organism. It will decrease 
the bioavailability of the vaccines and will induce a low immune response [1]. On 
the other hand, in plant-based vaccines antigens are protected from proteolytic 
enzymes by the cell wall of the plant cells and enable antigens to reach their desired 
destination (gut-associated lymphoid tissue). Various plants and vegetable species 
such as potato, tomato, tobacco, alfalfa, rice, spinach, beans, maize, strawberries, and 
carrots can be used in the biotechnology of plants for the expression and production 
of recombinant proteins.

For the prevention and control of diseases in animals and their transmission from 
animals to humans, plant-based vaccines seem to be an excellent tool. More research is 
required to thoroughly understand the applications of medical plant extracts, probi-
otics, and other biological agents [24].

9. Conclusion

At least twelve species and genotypes of Trichinella genus can cause veterinary 
or medical health hazards in a wide geographical range throughout the world. The 
main etiological agent of Trichinellosis in humans is only T. spiralis parasite and can 
result in mild to severe clinical signs and symptoms. Numerous antigens are used as 
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candidate vaccines from different stages of T. spiralis and can be used as DNA vaccines 
or recombinant protein vaccines. The role of progesterone and mifepristone against 
T. spiralis is also very helpful as they penetrate the vaccine into the target of T. spiralis. 
Altogether, we can get different strains for specific vaccines with molecular physiog-
nomies of different Trichinella species.
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Abstract

Though the past three decades have led to a renaissance in vaccine design, the 
development of vaccines that protect against helminth diseases remains elusive. 
The need for protective vaccines for humans and livestock remains urgent because 
of the side-effect profiles of anti-helminthic drugs and the growing incidence of 
antimicrobial resistance and declining efficacy. The “-omics” era has led to renewed 
interest in vaccine development against helminth diseases, as candidate vaccines 
can now be designed, evaluated, and refined in a fraction of the time previously 
required. In this chapter, we describe and review genomic, transcriptomic, and 
proteomic approaches to the design of vaccines against helminth diseases.

Keywords: omics, vaccine, proteomics, parasitic helminth, onchocerciasis,  
lymphatic Filariasis, soil-transmitted helminths, schistosomiasis

1. Introduction

Parasitic helminths that cause human and veterinary diseases can be found in two 
phyla: Nematoda and Platyhelminthes. Helminth diseases carry a significant global 
burden and collectively infect over 1 billion people [1], and cause a disproportion-
ate number of neglected tropical diseases (NTDs). They are a significant cause of 
morbidity, and often result in permanent disabilities, impaired responses to other 
infections leading to worse outcomes, and significant social and economical burden 
upon patients [2–5]. Helminth diseases of livestock further threaten human health and 
economic development by adversely affecting food security. Antimicrobial treatments 
are available for helminth infections; however, they come with significant challenges. 
The number of available drug classes is small, and the ones that are available cause 
significant side effects and do not protect against reinfection [6]. As drug resistance has 
been observed in animal nematode models, the catastrophic potential for treatment-
refractory infections exists [7, 8]. These challenges indicate that the ideal strategy for 
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helminth disease control is prevention rather than treatment. Despite this, there are no 
known effective vaccines to protect humans against diseases, such as filariasis which 
carry a high morbidity rate [9, 10]. While practical measures, such as skin coverings 
(i.e., shoes, waders) and vector control, aid in prevention; these strategies would opti-
mally be coupled with vaccination to ultimately meet the goals of reducing or eliminat-
ing disease burden. Continuity of care, treatment side effects, and the potential for 
drug resistance underscore the urgent need for anti-helminth vaccine development.

Vaccine development against helminth diseases has historically been challenging 
for a variety of reasons. Helminths are diploid organisms with multiple life stages 
that are notoriously immunomodulatory. They are able to migrate to multiple tissues 
and possess numerous immune evasion strategies. The combination of the transient 
antigen profiles and complex Type 2 immune responses have rendered efforts to 
immunize patients with killed organisms, attenuated organisms, or single immu-
nogens unsuccessful [11–13]. Many experimental vaccines for ruminant helminth 
diseases, such as echinococcosis and fascioliasis, have been described, and a vaccine 
that protects sheep and goats from Barber’s pole worm (Barbervax®, developed by 
the Moredun Foundation) has been licensed in the United Kingdom, Australia, and 
South Africa. The development of Barbervax® was a lengthy process because of the 
technology available at the time. Additionally, Barbervax® and other experimental 
vaccines suffer from modest efficacy and at times complicated dosing regimens. 
Vaccines for human helminth diseases have yet to be licensed due to failures of tradi-
tional vaccine design approaches.

The advent of the “-omics” era has led to renewed enthusiasm for vaccine develop-
ment against helminth diseases and other NTDs. Vaccines similar to Barbervax® can now 
be designed and modified in a fraction of the time required. Research efforts utilizing 
genomics, transcriptomics, and proteomics have been undertaken to identify potential 
antigens and evaluate their expression kinetics during infection and chronic disease as 
well as their potential to evolve in response to vaccinated populations. Ultimately, multi-
omics approaches to vaccine design for helminth infections have the potential to address a 
multitude of complex factors that are involved in the host–parasite interaction, the intri-
cacies of vaccine design, and the evolutionary implications that follow the introduction of 
any and all selective pressures. In this chapter, we explore genomic, transcriptomic, and 
proteomic approaches to the design of vaccines against helminth diseases.

2. “Omic” technologies and reverse vaccinology

Vaccine design was historically approached by manipulating whole infectious 
agents or their toxins, either by inactivating them or attenuating them. Next-
generation vaccines (i.e., those deriving from molecular and synthetic biology) are 
rooted in reverse vaccinology, wherein design begins by examining the complete 
genomes, transcriptomes, or proteomes of pathogens. Advances made toward anti-hel-
minth vaccines will undoubtedly rely on reverse vaccinology via multi-omic analysis.

The field of genetic and genomic studies has significantly progressed in the last 
few decades. Scientists have progressed from analyzing single genes and their func-
tions to studying the entire genetic complements—genomes—of organisms. The field 
of pathogen genomics has facilitated the development of numerous precise diagnos-
tics and vaccines. These vaccines almost exclusively target viral or bacterial patho-
gens, however [14]. While it is possible to identify potential antigens based on gene 
sequences, actual transcribed and translated epitopes may look vastly different, and 
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may not elicit the expected immune response. As such, genomics alone may not be the 
most reliable informant of a potential vaccine target, due to variations in transcrip-
tion and protein processing that take place. Section 3 of this chapter aims to review 
genomic approaches to vaccine development against helminth diseases and elucidate 
critical concepts and issues related to this approach.

As opposed to a genome, a transcriptome is a collection of all non-ribosomal RNA 
within a cell type, tissue, or organism under a specific set of circumstances or at a 
specific stage of the life cycle. The study of transcriptomics allows for the focus to be 
placed on gene expression throughout various steps of the life cycle and under dif-
ferent conditions [15]. Recently, the availability of sequencing technologies has made 
both genomics and transcriptomics relatively low-cost analyses that can be routinely 
performed in many laboratories. Transcriptomic analysis of helminths suffered 
from a bottleneck due to a lack of publicly available genomic databases for parasitic 
helminths until recently. Some of these challenges still persist, however, because 
helminths contain many unique sequences that have not previously been annotated 
with correlation to an associated protein in other organisms [16]. Additionally, 
transcriptomics can be used to provide insight into immunomodulation and thus 
vaccine interference mechanisms by being used as profiling tools to screen infected 
hosts. While transcriptomic analysis provides greater sensitivity in predicting poten-
tial antigens that will be expressed during infection, it cannot account for post-tran-
scriptional regulation of protein expression or any non-canonical post-translational 
modifications. Section 4 of this chapter aims to review transcriptomic approaches to 
vaccine development against helminth diseases and elucidate critical concepts and 
issues related to this approach.

Thematically similar to a transcriptome, a proteome is the full complement of 
mature, modified proteins present under specific conditions within specific cells or tis-
sues [17]. The proteomic analysis allows target-based approaches to parasite interven-
tions, including the development of anti-helminth vaccines. Previously, transcriptomes 
of pathogens have been used to identify vaccine targets; however, proteomics allows for 
a greater likelihood of true representation of potential antigens present during infec-
tion. This is especially important for helminths and other parasites because protein 
expression varies greatly based on the life-cycle stage [18, 19]. By describing a parasitic 
helminth’s proteome, we can gain a better insight into antigenic targets that are present 
at each life stage of the parasite. Similar to transcriptomic analysis, proteomic studies 
of infected hosts can also aid in understanding and circumventing helminth immuno-
modulatory mechanisms that could adversely affect vaccine efficacy. These studies can 
be critical in aiding complex vaccine designs such that poor or adverse responses can 
be avoided. Section 5 of this chapter aims to review proteomic approaches to vaccine 
development against helminth diseases and elucidate critical concepts and issues 
related to this approach.

3. Genomic approaches to vaccine development for helminth diseases

The advent of high-throughput genome sequencing has fundamentally changed 
the approach to vaccine design, enabling the evaluation and fine-scale targeting of 
potential vaccine antigens throughout the parasite life cycle. Structural genomic, 
functional genomic, and epigenomic approaches allow for the identification of an 
estimated 10- to 100-fold more new antigens for vaccine design and drug target 
candidates as compared to conventional methods in the same time frame [20]. 
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Furthermore, the completion of the Human Genome Project allows for the evaluation 
of potential antigens for molecular mimicry by parasites that could cause pathological 
responses to vaccines, and for a thorough understanding of host-pathogen interac-
tions during active infection that could impact vaccine-derived protection [21].

The use of genome-wide applications for human vaccine development has already 
been observed for bacterial and viral pathogens. The complete genome sequence of 
Neisseria meningitidis Group B, the agent of meningococcal meningitis, was used to 
identify several candidate vaccine antigens [22]. Potential antigens were later success-
fully narrowed down using reverse vaccinology approaches [23]. More recently, the 
development of both mRNA and Adenovirus-vectored vaccines for the viral pathogen 
SARS-CoV-2 relied exclusively on viral genomics [24].

The first parasitic nematode, whose genome was sequenced, was Brugia malayi 
[25], and technological advances have allowed for the sequencing of several more 
human and animal parasites over the past two decades [26–31]. The continually 
expanding amount of genomic data is available in numerous public databases, 
including generalized repositories, such as GenBank and EBI, and specialized 
resources, such as WormBase and HelmDB [16, 32–34]. Additionally, veterinary 
parasites, such as Haemonchus contortus, serve as a model for genomically-based 
vaccine development due to its status as the only helminth with a commercially 
available vaccine and its phylogenetic position that makes it an excellent candidate to 
be compared to Caenorhabditis elegans, a model organism closely related to numerous 
human parasites [35, 36].

Despite their numerous advantages, genomic analyses have several drawbacks. 
Genomic analyses allow for the identification of numerous potential vaccine anti-
gens; however, antigen target selection for vaccine development can be clouded by 
the immense number of options, many of which may be nonfunctional or promote 
regulatory responses in helminths and should be eliminated from vaccine formula-
tions [37]. This was previously observed in the development of candidate vaccines 
against Schistosoma mansoni, where genomic analyses and reverse vaccinology yielded 
multiple antigen sites and peptides for vaccine development, none of which were pro-
tective [38, 39]. Genome sequences also include noncoding intron sections that have 
to be eliminated during the development process leading to more time-consuming 
than necessary. Similarly, genomic technology may recommend the creation of mon-
ovalent vaccines for helminths that may prove ineffective, as the vaccines may only 
confer partial immunity [12], or may prove ineffective in human candidates [40].

4.  Transcriptomic approaches to vaccine development for helminth 
diseases

Transcriptomic analysis with a view toward vaccine design circumvents some of 
the challenges posed by relying on genomic analysis alone. Traditionally, to annotate 
a transcriptome, the transcriptome of interest is run using a pairwise homology-
based analysis with other known curated and annotated genome sequence data sets 
from other organisms. Initially, the transcripts and genes of parasitic helminths were 
not able to be annotated in this manner as they did not correlate with data that were 
publicly available [16]. Analysis of transcriptomic data for various parasites identified 
several categories of genes that encode proteins without similarity to other organ-
isms. It is likely that these genes are exclusive to the parasite they are found in and 
likely play a role in parasite survival and adaptation. The uniqueness of these genes 
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found in the transcriptome at various life stages may also provide targets for vaccine 
development [41]. Mangiola et. al sought to centralize these unique genes in anno-
tated parasite transcriptomes through the creation of HelmDB [16]. This database 
was initially created by annotating the transcriptomes of 11 parasitic helminths with 
socioeconomic importance. Though HelmDB is no longer functional, transcriptomes 
for numerous species can be freely accessed via WormBase [35].

The creation of annotated transcriptome databases and the relative availability of 
transcriptome sequencing has created an opportunity for researchers to explore the 
difference in gene expression across the life cycle of various helminths. Vaccine devel-
opment targeting multiple life stages of many parasitic helminths can be pursued 
by understanding the changes in gene expression throughout the life cycle [41–45]. 
These analyses have been carried out with different species of parasitic helminths 
and have been able to identify differentially expressed genes throughout the life cycle 
related to parasite infection, survival, and immune evasion. Genes that are differ-
entially expressed in transcriptome analysis between life-cycle stages in relation to 
their role in the host infection process may be relevant to the survival of the parasite 
and can serve as targets for vaccine development that will prevent against infec-
tious stages, or therapeutics that will protect against pathologic life stages [42]. The 
importance of this is apparent with the success of Barbervax®. The complex life cycle 
of H. contortus lasts 3 weeks. The first larval stage (L1) develops within an egg and 
hatches to molt to the second larval stage (L2) followed by a third larval stage (L3). 
It is the L3 stage that is ingested by the host and develops into the fourth larval stage 
(L4) to become adults [44]. Barbervax® consists of two adult-stage proteins present 
in the worm gut and is effective because worms ingest antibodies with each blood 
meal. The antibodies bind the proteins and disrupt gut function, leading to starva-
tion and detachment (Figure 1) [46, 47]. While effective at reducing worm burden, 

Figure 1. 
Mechanistic view of worm burden reduction in BarberVax®-immunized hosts. Vaccinated individuals raise IgG 
antibodies against the H. contortus intestinal proteins H11 and H-gal-GP. Upon infection and taking a blood 
meal, antibodies in the blood of vaccinated hosts disrupt the intestinal surface of the worm (lower inset) and 
interfere with normal nutrient uptake (upper inset). Adult worms in vaccinated animals produce fewer ova, 
eventually, succumb to starvation, and detach.
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vaccine-derived immunity does not protect immunized animals from infection with 
L3 parasites. The worms must mature through the L4 stage and into adulthood for 
protection to manifest. Schwartz et al. found that once ingested, the transition from 
L3 to L4 and adult is accompanied by a massive alteration of differentially transcribed 
genes [44]. These changes in gene expression notably did not inform the design of 
Barbervax®. It is plausible that subunit vaccines targeting L3 stage antigens could 
prevent the establishment of infection. A polyvalent vaccine consisting of L3 antigens, 
L4 antigens, and adult phase gut proteins would be maximally effective at both 
preventing infection and reducing worm burden should it occur (Figure 2A).

Transcriptomic analysis can also be used to examine the host–parasite interactions. 
On the helminth side, transcriptomic analysis can identify specific gene expression 
patterns in locations of interest in the parasite body. For example, Foth et al described 
transcripts found in the anterior region of Trichuris muris, which likely facilitate 
host–parasite interactions, nutrient uptake, and digestion [48]. An understanding of 
the relationship between the host and the parasite can identify vaccine candidates that 

Figure 2. 
Potential omics-guided vaccine design. The current vaccination strategy against H. contortus (A) can be 
expanded to include antigens expressed in the L3 and/or L4 life stages, potentially preventing infection in 
addition to reducing worm burden should it occur. A proteomics-guided approach to vaccination against a 
hypothetical cestode (B) could target antigens present in the infectious stage (the cysticercus) and the adult worms, 
immunizing hosts against the infection or persistence of parasitic helminths. This approach could also include 
immunomodulatory effector proteins as antigens, maximizing the potential of a robust response to vaccination.
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target transcription products that play a role in immunomodulation or metabolism 
[49]. Transcriptomic analysis can also illuminate host responses by examining gene 
expression changes in host tissue during infection. Most notably, these analyses can 
aid in the understanding of the immunomodulation that allows for chronic parasite 
infections to occur. Parasitic effects on the host immune system have made vaccine 
development difficult, and it is, therefore, critical to understand mechanisms of immu-
nomodulation exhibited by each parasitic helminth. For example, Fasicola hepatica 
infection was shown to inhibit natural killer cells and IgE production at the transcrip-
tomic level, likely aiding Fasciola hepatica in evading cytotoxicity [50]. Vaccines target-
ing F. hepatica must, therefore, be designed and suitably adjuvanted in anticipation of 
the parasite’s ability to strongly downregulate these protective activities post-challenge. 
Taken together, an ideal vaccine formulation would include not only protective  
F. hepatica antigens but antigens from the immunosuppressive effector proteins as well 
so that they are neutralized immediately upon infection of a vaccinated host.

A newer area of interest in vaccine development for parasitic helminths is the 
analysis of excretory/secretory products. These are various molecules released at the 
host–parasite interface and likely play a role in the manipulation of the host response. 
These products can be proteins, lipids, nucleic acids, metabolites, and extracellular 
vessels [51]. The microRNA (miRNA) present in extracellular vessels appears to 
play a role in the regulation of gene expression and immunomodulation of the host 
response. Understanding this miRNA will aid in identifying the ways that helminth 
infections are able to induce differing expressions within the host [52]. The ability 
of concentrated, purified versions of this miRNA may be able to be used to augment 
responses to subunit antigen vaccines.

Transcriptomic analysis from parasite life cycles and infected hosts is a useful tool 
in the development of anti-helminth vaccines. These analyses can contribute to all 
aspects of vaccine design, from identification of antigens to identifying (and thus 
circumventing) mechanisms with which parasitic helminths are able to evade  
adaptive immunity.

5. Proteomic approaches to vaccine development for helminth diseases

Proteomic analysis is among the most powerful tools for the identification of 
potential protective antigens against helminth diseases. The advent of proteomic 
technologies provided the opportunity not only to identify potential antigens but to 
detect any post-translational modifications as well. In addition, proteomic analyses 
identify all potential antigens, not simply those targeted by patient immune responses 
during infection. To ensure long-term survival, helminths tend to modulate and 
subdue immune responses, and the ability of these organisms to undergo host immune 
evasion poses a challenge for vaccine development [53]. Evaluating the adaptive 
immune responses of infected patients to identify potential antigens may be mislead-
ing, because these responses may be directed at non-neutralizing or variable antigens. 
Proteomic analyses can identify secreted proteins (i.e., the secretome) expressed by 
helminths that modulate host immune responses and promote parasite survival  
[18, 54]. Anti-helminthic vaccine design guided by proteomics holds the promise 
to target both protective helminth body antigens and to neutralize immune evasion 
proteins generated by the parasite (Figure 2B).

A small number of vaccines designed following proteomics, immunomics, and 
reverse vaccinology analyses have been described; however, few have moved into 
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animal trials to evaluate their efficacy. Potential antigens have been identified for 
Schistosoma spp. [19, 55], Ascaris lumbricoides [56, 57], Trichuris trichiura, Necator 
americanus, Ancylostoma duodenale [57], Strongyloides stercoralis [58], Taenia solium 
[59], Toxocara canis [60], Onchocerca volvulus, Brugia malayi [61], and Echinococcus 
granulosus [62, 63]. The number of experimental vaccines developed and tested for 
both immunogenicity and protection against challenge following in vivo proteomic 
analyses is vanishingly small. A recombinant protein vaccine targeting two surface 
glycoproteins of adult Fasciola hepatica lead to robust production of IgG antibodies, 
but failure to protect vaccinated cattle against infectious challenge [64]. A similarly 
designed recombinant protein vaccine targeting T. canis also resulted in seroconver-
sion of immunized mice, and in this instance, worm burdens were significantly 
reduced compared to sham-vaccinated controls [60]. An experimental vaccine target-
ing secreted effector molecules of Cooperia oncophora initially seemed to provide 
some protection to vaccinated cattle, though subsequent studies found protection to 
be minimal [65]. However, another vaccine targeting secreted proteins of Ostertagia 
ostertagi resulted in a significant reduction of egg shedding by experimentally 
infected cattle [66]. These variable approaches across vaccine design strategies 
indicate that ideal formulations may require combining approaches and/or tailor-
ing strategies as well as antigens to each parasitic helminth species. Consistent with 
this notion is the experimental vaccine against Teladorsagia circumcincta, which is a 
cocktail of larval stage antigens identified by reverse vaccinology, secreted immu-
nomodulatory effector proteins, and adult-stage antigen identified by multi-omic 
analysis [65]. Vaccinated sheep showed significant reductions in both egg shedding 
and worm burden [67]. Though proteomic-guided development of immunizations 
against helminth diseases is a field in its infancy, it holds outstanding promise to craft 
vaccines that feature precise alignment with parasite life stages and the potential to 
raise immune responses that can neutralize immunomodulatory effector molecules.

6. Conclusions

Vaccines that protect against helminth diseases remain largely elusive in human 
and veterinary medicine. The successful licensure and deployment of the subunit vac-
cine Barbervax® provide evidence that the development of next-generation vaccines 
against parasitic helminths is an attainable goal. Multi-omic approaches allow for the 
design and evaluation of rationally designed subunit vaccines. The development of 
successful candidate vaccines has enormous potential to provide protection for the 
billions of people impacted by helminth diseases.
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