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Abstract

Trematodes, or flukes, are parasitic flatworms that cause neglected tropical diseases such as schistosomiasis,
fascioliasis, clonorchiasis, opisthorchiasis, and paragonimiasis, affecting millions worldwide and burdening
public health and livestock industries. Control currently relies on chemotherapy with drugs such as
praziquantel and triclabendazole, but reinfection, emerging resistance, and challenges in sustained
elimination underscore the urgent need for vaccines. Vaccine development, however, remains difficult due
to the parasites’ complex biology, multi-stage life cycles, and immune evasion strategies. Traditional
empirical vaccine approaches have achieved limited success, but bioinformatics now offers transformative
opportunities. Immunoinformatics enables systematic mining of genomic and proteomic data, prediction of
immune-relevant antigens, cost-effective narrowing of candidates, and even cross-species applications. Key
challenges remain, including stage-specific antigen diversity, parasite immune evasion, gaps between in
silico predictions and in vivo validation, host genetic variability, and limited resources in endemic regions.
Future prospects include integrating multi-omics data, applying artificial intelligence for improved
predictions, and advancing novel platforms such as mRNA and nanoparticle vaccines. A One Health
strategy targeting both humans and livestock could further enhance impact. Harnessing these approaches
may finally enable effective trematode vaccines and sustainably reduce their global disease burden.
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Introduction The external surface of trematodes is enclosed by a

multinucleated epithelial layer known as the
Trematodes, commonly known as flukes, are  tegument. The tegument protects the parasite and
parasitic flatworms belonging to the class Trematoda ~ aids in immune evasion, while being associated with
within the phylum Platyhelminthes. They are  nutrient absorption, secretion, osmoregulation and
characterized by dorsoventrally flattened bodies,  sensory functions'. Digenetic trematodes have
bilateral symmetry, and the presence of oral and  complex life cycles involving multiple hosts,
ventral suckers that aid in attachment to host tissues.  typically with mollusks, especially snails, serving as
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the first intermediate host. Their life stages include
eggs, miracidia, sporocysts, rediae, cercariae,
metacercariae, and adult worms. Humans become
infected through ingestion of metacercariae present
in contaminated food or water or through skin
contact with cercariae in the environment. Because
of their high diversity and wide distribution,
digenetic trematodes affect an estimate of 200
million people worldwide. These parasites cause a
variety of neglected tropical diseases that continue to
pose major public health challenges?.

Among human trematodiases, five diseases stand out
for their global health importance: schistosomiasis,
fascioliasis, clonorchiasis, opisthorchiasis, and
paragonimiasis. Schistosomiasis, caused by blood
flukes of the genus Schistosoma, continues to pose a
high health burden with prevalence rates up to 22%
in certain endemic regions like Ethiopia, despite
ongoing control efforts®. Globally, the disease affects
over 251 million people across 78 low and middle-
income countries, resulting in an estimated 2.19
million disability-adjusted life-years (DALYs). The
three main species of Schistosoma that infect
humans are Schistosoma mansoni, Schistosoma
japonicum, and Schistosoma haematobium, with S.
haematobium classified as a Group I carcinogen by
the International Agency for Research on Cancer
(TARC)*>.

Fascioliasis, caused by the liver flukes Fasciola
hepatica and Fasciola gigantica, is an emerging
zoonotic disease with a global prevalence of
approximately 4.5%, disproportionately affecting
regions of South America, Africa, and parts of Asia,
with hotspots in Bolivia, Peru, and Egypt®. Beyond
its public health significance, fascioliasis has a major
economic impact on the livestock industry, with
infection rates of 10-80% reported in cattle, leading
to reduced meat, milk, and wool production. In
humans, the infection can range from asymptomatic
to symptomatic disease, manifesting as abdominal
pain, anorexia, or gastrointestinal disturbances.
Children are particularly vulnerable, with chronic
infection contributing to anemia, malnutrition, and
impaired growth and cognitive development.
Globally, fascioliasis accounts for an estimated
90,000 DALYs, reflecting both acute and chronic
morbidity. Long-term complications include hepatic
fibrosis, biliary obstruction, and liver abscesses,
sometimes necessitating surgical intervention’.

Fish-borne liver flukes represent a critical public
health challenge. Clonorchiasis, caused by
Clonorchis sinensis, remains endemic in East Asia,
affecting 15-20 million people globally and
contributing to an estimated loss 0f 275,370 DALYs.
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The infection is associated with severe hepatobiliary
complications, and in 2009 the International Agency
for Research on Cancer (IARC) classified C. sinensis
as a Group I biological carcinogen linked to
cholangiocarcinoma®’. Opisthorchiasis, caused by
Opisthorchis viverrini and Opisthorchis felineus, is
primarily endemic to Southeast Asia and parts of
Eastern Europe. Both C. sinensis and O. viverrini are
recognized Group 1 carcinogens. Chronic
opisthorchiasis can result in hepatobiliary morbidity,
cirrhosis, gallstone disease, and bile duct cancer!*'2,
Despite decades of control efforts, the disease
remains endemic with frequent exacerbations, long-
term progression, and diagnostic challenges.

Paragonimiasis, the lung fluke infection caused by
species of Paragonimus, is distributed widely across
Africa, Asia, and the Americas'’. Its clinical
manifestations often mimic tuberculosis,
pneumonia, or even lung cancer, complicating
diagnosis and delaying treatment. Severe or ectopic
cases, particularly cerebral paragonimiasis, can be
devastating if untreated'*!>.

Taken together, these diseases exemplify the dual
threat of trematodiases to public health and
economic stability. Schistosome and foodborne
trematode infections affect more than 294 million
people globally, leading to an annual loss of
approximately 3.9 million DALYs. These
trematodiases are prevalent in 78 countries and
predominantly burden impoverished communities’.
Transmission of FBTs occurs primarily through
ingestion of metacercariae in raw or undercooked
freshwater fish, crustaceans, or aquatic vegetation,
while schistosome infections occur via skin
penetration by cercariae in contaminated freshwater.
Trematodes disproportionately affect populations
with poor sanitation and limited public health
awareness. Their diverse species, wide range of
clinical presentations, lack of sensitive diagnostics,
and weak surveillance systems contribute to
underestimation and underreporting of the true
burden. Cultural dietary habits and differences in
host susceptibility further complicate accurate
assessment of prevalence. This pattern makes
reinfection common and complicates elimination
efforts, even in regions with mass drug
administration programs'2.

Current Therapeutic Strategies and Limitations

Despite decades of research and mass drug
administration (MDA), the management of human
trematodiases remains heavily dependent on a small
number of drugs, particularly praziquantel and
triclabendazole (TCBZ). For fascioliasis, TCBZ is
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the only consistently effective treatment for both
acute and chronic stages, but its availability is
limited to a few endemic countries such as Peru,
Egypt, and Ecuador, and treatment failures have
been reported even under recommended regimens.
Other drugs, including praziquantel, nitazoxanide,
albendazole, metronidazole, and artemether, have
shown poor or inconsistent efficacy, while
oxfendazole has demonstrated effectiveness only in
livestock. The extensive use of TCBZ in veterinary
medicine has also driven the emergence of resistant
Fasciola hepatica populations, raising concerns for
zoonotic transmission'®,

Paragonimiasis is managed primarily with
praziquantel, and although community-based
programs that combine case detection, treatment,
and education have shown impact, reinfection
remains frequent due to persistent high-risk dietary
practices, underdosing, and limited clinician
awareness'?. Clonorchiasis and opisthorchiasis are
likewise treated with praziquantel, typically
delivered through MDA alongside health education,
but cultural traditions of raw fish consumption, poor
compliance with multi-dose regimens, and the
presence of untreated animal reservoirs such as dogs,
cats, and pigs sustain high transmission. In
opisthorchiasis, repeated cycles of treatment and
reinfection not only risk drug resistance but may also
exacerbate the long-term risk of
cholangiocarcinoma'’.

Schistosomiasis control also relies almost entirely on
praziquantel, which is effective against adult worms
but not juvenile schistosomula, meaning that
individuals treated early can still develop active
disease and contribute to ongoing transmission.
Standard regimens achieve 63—-85% cure rates and
significant reductions in egg excretion, and while
artemisinin derivatives such as artemether and
artesunate have shown promise against larval stages,
their optimal use in combination with praziquantel
requires further investigation'®,

Current chemotherapy-based control efforts face
major limitations. Reinfection remains a pervasive
challenge, drug availability is uneven, efficacy is
often stage- or species-specific, and environmental
and animal reservoirs sustain transmission cycles.
Over-reliance on a small number of anthelmintics,
particularly praziquantel and triclabendazole, further
heightens the risk of emerging resistance. These
constraints underscore the urgent need for novel,
sustainable interventions. In this review, we
acknowledge the profound severity of trematodiasis
and the lack of effective interventions, and we
highlight the potential of vaccines, especially those
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developed through bioinformatics, focusing on
computational approaches that enable rational
antigen discovery and design, as a promising
solution by targeting multiple parasite stages,
reducing reinfection, and complementing existing
drug-based strategies for long-term control.
Rationale for Bioinformatics in Trematode
Vaccine Design

While early vaccine studies using irradiated parasites
provided valuable insights into protective immunity
and key antigen candidates, translating these
approaches into safe and effective human vaccines
remains challenging. The complexity of trematode
biology, multi-stage life cycles, and immune evasion
strategies make empirical vaccine development slow
and resource intensive'’. In this context,
bioinformatics offers a transformative approach to
trematode vaccine design. Through
immunoinformatics, researchers can rapidly mine
genomic, transcriptomic, and proteomic data to
identify antigens most likely to elicit protective
immunity. Computational tools enable prediction of
surface-exposed and secreted proteins, modeling of
antigen—antibody interactions, and evaluation of
epitope binding across diverse HLA alleles. This in
silico-driven strategy reduces experimental burden,
accelerates candidate selection, and allows cross-
species applicability, opening the possibility for
broad-spectrum vaccines effective against multiple
trematode species.
Bioinformatics Trematode
Vaccine Design

Approaches in

A typical workflow starts with selecting vaccine
targets from transcriptomic and proteomic datasets,
prioritizing proteins highly expressed in infective or
adult parasite stages and involved in essential
processes such as metabolism, host invasion, and
immune evasion. Immunoinformatics tools are used
to predict B-cell, helper T-cell, and cytotoxic T-cell
epitopes, with evaluation of antigenicity,
allergenicity, toxicity, and population coverage to
ensure a safe and focused immune response. Selected
epitopes are assembled into multi-epitope constructs,
incorporating peptide linkers to maintain structural
integrity, adjuvants to enhance immunogenicity, and
expression tags to improve protein production and
stability, all optimized computationally prior to wet-
lab testing. Structural bioinformatics and docking
studies assess tertiary conformation and interactions
with host immune receptors, such as toll-like
receptors, while molecular dynamics simulations
evaluate stability and flexibility. Codon optimization
and in silico immune simulations further predict the
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magnitude and quality of antibody and cellular
responses. This integrative, computational approach
enables  rational vaccine design, reduces
experimental burden, and can be applied across
trematode species to target multiple life stages and
conserved antigens, offering a promising path
toward effective vaccines against neglected tropical
diseases®*?!.

Current Advances
Trematode Vaccines

Using Bioinformatics in

Bioinformatics and immunoinformatics have
significantly accelerated vaccine research for
trematodiases. For  schistosomiasis, reverse

vaccinology and epitope prediction have prioritized
surface and secreted proteins such as tetraspanins
(Sm-TSP-2) and fatty acid-binding proteins (Sm14).
Multi-epitope constructs derived from S. mansoni
transmembrane proteins demonstrated stable
interactions with TLR4 and predicted IFN-y—
mediated responses®>. Proteomic profiling of S.
Jjaponicum schistosomula further revealed over 700
excretory-secretory proteins, including heat shock
proteins, calpain, and tetraspanins, many with high
immunogenic potential®. Translational progress is
highlighted by SchistoShield®, an Sm-p80-based
vaccine that has moved from bioinformatics-driven
antigen selection into Phase 1 clinical trials, showing
both safety and cross-stage efficacy®*.

In fascioliasis, immunoinformatics-guided screening
of Fasciola hepatica proteomes has identified
cathepsins  (FhCL1-FhCLS5), glutathione  S-
transferases, and leucine aminopeptidase as
promising targets®?°. Epitope-based constructs
derived from these proteins demonstrated favorable
antigenicity, stability, and strong predicted immune
activation in docking and molecular dynamics
simulations. Proteomic studies of excretory-
secretory products have broadened the antigen
repertoire, while extracellular vesicles from F.
gigantica have been shown to carry immune-evasive
proteins, suggesting vesicle proteins as innovative
vaccine targets?,

For clonorchiasis, bioinformatics analyses have
prioritized cysteine proteases (CsCP1-3) of
Clonorchis sinensis. These proteins display stage-
specific expression and have been validated in
murine models, where recombinant protein
immunization reduced hepatic pathology and
induced strong mixed Th1/Th2 responses®. Such
findings demonstrate the translational relevance of
bioinformatics-prioritized proteases in guiding
vaccine design against this carcinogenic liver fluke.
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In opisthorchiasis, integration of genomic,
transcriptomic, and proteomic datasets with
immunoinformatics has identified tegumental

proteins, antioxidant enzymes, and excretory-
secretory products of Opisthorchis viverrini as
vaccine candidates. Machine learning—based epitope
prediction and docking studies suggest that these
antigens could stimulate both humoral and cellular
responses, offering a rational and targeted pipeline
for vaccine development against opisthorchiasis®’.

Research on paragonimiasis is less advanced but
increasingly supported by multi-omics resources.
Comparative genomics of four Paragonimus species
identified 256 conserved gene families enriched in
immune evasion functions, providing a foundation
for antigen discovery?®. Proteomic investigations
have highlighted cysteine proteases and heat shock
proteins as immunogenic molecules®. Recent
immunoinformatics studies targeting Paragonimus
westermani cysteine proteases constructed a multi-
epitope vaccine by linking antigenic epitopes with
GPGPG linkers and a [B-defensin adjuvant. The
construct was predicted to be antigenic,
nonallergenic, and water-soluble, with strong
docking affinity to immune receptors and robust
simulated activation of both B- and T-cell
responses®’.

Collectively, bioinformatics and proteomics are
transforming trematode vaccine development.
Genome mining, epitope prediction, structural
modeling, and immune simulations now allow rapid
prioritization of antigens before expensive wet-lab
testing. While most candidates remain at the
computational or preclinical stage, the advance of
SchistoShield® demonstrates real translational
potential. Proteomic insights, including stage-
specific secretory proteins, extracellular vesicle
components, and conserved cross-species antigens,
further support the design of broad and cross-
protective vaccines.

Challenges and Limitations of Bioinformatics in
Trematode Vaccine Design

Although bioinformatics has transformed antigen
discovery, several challenges limit its effective
application in trematode vaccine development. The
first and most fundamental issue lies in the complex
biology and antigenic diversity of trematodes. These
parasites have intricated multi-stage life cycles, with
each developmental stage—cercariae,
schistosomula, and adult worms—expressing
distinct proteomic profiles. Consequently, antigens
predicted to be immunogenic at one stage may not
confer protection at another. Moreover, trematodes
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employ immune evasion strategies such as tegument
shedding and secretion of immunomodulatory
proteins, which  complicates  computational
prediction of consistently protective targets®’.

A second major limitation is the gap between in
silico predictions and in vivo validation. Many
epitopes identified through immunoinformatics
score highly for antigenicity and MHC binding but
fail to elicit protective responses in animal models.
Recent reviews emphasize that multi-epitope
vaccines (MEVs), though rationally designed, often
show inconsistent outcomes, with reported
protection rates ranging from as little as 12.0% to
nearly 100.0% across different trials’®. This
validation gap highlights the difficulty of translating
computational promise into biological efficacy.

In addition, limitations within current bioinformatics
pipelines constrain progress. Many tools were
originally designed for bacterial or viral pathogens
and require adaptation for multicellular parasites.
Homology-based filters can mistakenly exclude
potential antigens that share sequence similarity with
host proteins, even when immunogenic domains are
distinct. Similarly, essentiality predictions are often
based on unicellular knockout models, which do not
capture the functional redundancy and complexity of
trematode biology. As emphasized in proteomics and
vaccinology reviews, more sophisticated network-
based approaches and improved annotation are
necessary to overcome these shortcomings?!.

Another key challenge is genetic and population
variability. Trematode species exhibit substantial
strain-level diversity across endemic regions, and
host populations differ markedly in their HLA allele
frequencies. As a result, epitopes optimized for one
geographic or genetic background may be less
effective in another. This limits the universality of
computationally designed vaccine candidates and
complicates population-wide coverage™.

The problem is compounded by incomplete
functional annotation and database gaps. Although
the number of sequenced trematode genomes and
proteomes is growing, many proteins remain poorly
characterized, and few have confirmed roles in
virulence or host interaction. Without reliable
experimental annotation, subtractive proteomics and
epitope prediction are constrained, often yielding
candidate lists that lack strong biological
justification?!.

Finally,  there @ are  concerns  regarding
immunogenicity, safety, and resource availability.
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Epitope-based constructs, despite careful filtering
for allergenicity and toxicity, may still induce weak
immune responses or unintended cross-reactivity in
vivo®. Moreover, since trematodiases
predominantly affect low- and middle-income
countries, the infrastructure required for high-
throughput sequencing, structural modeling, and
validation studies is often lacking, slowing the
translation of computational predictions into viable
vaccines?’.

These limitations show that while bioinformatics
provides powerful tools for rational vaccine design,
its outputs must be interpreted cautiously and
integrated with experimental immunology. Bridging
the wvalidation gap, improving parasite-specific
pipelines, and expanding functional annotation are
essential next steps to ensure that computational
predictions can reliably translate into effective
trematode vaccines.

Conclusion

Bioinformatics has revolutionized trematode vaccine
design by enabling rapid and rational antigen
discovery through genome mining, reverse
vaccinology, epitope prediction, and structural
modeling. Promising candidates have emerged for

schistosomiasis, fascioliasis, clonorchiasis,
opisthorchiasis, = and  paragonimiasis,  with
SchistoShield® demonstrating translational

potential in clinical trials. However, the complexity
of parasite biology, stage-specific antigen diversity,
immune evasion, and the persistent gap between in
silico predictions and in vivo validation remain
major hurdles. Future progress will rely on
integrating  bioinformatics with  experimental
immunology, multi-omics resources, artificial
intelligence, and innovative platforms such as
mRNA and nanoparticles, guided by a One Health
perspective. Together, these approaches hold
transformative potential to deliver effective vaccines
and sustainably reduce the global burden of
trematodiases.
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