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Recent advancements have significantly transformed the research on cestodes, particularly in the diagnosis, treatment, and management of infections in humans and animals. The present review attracts attention to the recent advances in cestode research related to important areas. Highly precise immunological testing tools for detecting various cestode infections encompass methods such as the enzyme-linked immunosorbent assay (ELISA) and its variants, which are crucial for identifying species of Taenia and Echinococcus. Similarly, improved serological methods help better detection of antigens and antibodies that are crucial for monitoring infection status. For example, for alveolar echinococcosis (AE), for specific antibodies, such as EmII/3-10 serology ELISA, remains a key diagnostic tool. Molecular diagnostic tools that show high precision, lead to rapid detection of cestodes. Polymerase chain reaction (PCR) and its variants, including real-time PCR (RT-PCR), reverse line blotting (RLB), and loop-mediated isothermal amplification (LAMP), are commonly employed methods for the identification and differentiation of helminth DNA. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) is also being employed for fast detection of cestodes recently. Alongside traditional drugs, nanotechnology is developing as a novel field enhancing therapeutic delivery and effectiveness against hydatid cysts. Research is now being conducted to produce novel vaccinations utilizing recombinant antigens. The concerted research effort towards managing cestode parasites is a key to a comprehensive approach globally. Recent developments in diagnostic procedures for cestode infections have significantly improved detection, accuracy, and efficiency beyond conventional time-consuming methods. These advances utilize immunological, molecular, and other cutting-edge tools. This review highlights recent breakthroughs in immunological, molecular, and technological approaches to the diagnosis, treatment, and management of cestode infections. Key findings include improved diagnostic accuracy through ELISA, PCR, and MALDI-TOF MS, along with advances in nanotechnology and vaccine development. Future challenges involve translating these tools into cost-effective, field-applicable solutions and addressing drug resistance to support global control efforts.
Introduction
Cestodes are a class of endoparasites belonging to phylum Platyhelminthes that cause a variety of diseases both in humans and animals, causing economic burden worldwide [1]. These zoonotic diseases in man not only cause gastrointestinal distress in man but also lead to serious conditions impacting vital organs [2]. Traditional methods of diagnosis of cestode infestation were arduous, time-consuming, inaccurate, and nonspecific, where faecal samples were observed microscopically for the presence of eggs or proglottids. These shortcomings led researchers to develop more innovative and trustworthy diagnostic techniques [3]. This article aims to summarize the recent advances in cestode research, basically on the development of new diagnostic tools and techniques from molecular biology, immunology, and other interdisciplinary areas that have greatly added to our knowledge of the detection, identification, and management of these elusive parasites [4].
The principal area of tapeworm research in recent years is the development of ELISA (enzyme-linked immunosorbent assay). This improved immunological test has high sensitivity and specificity for detecting both antigens and antibodies produced by the host immune system as a response to cestode infections [5]. The species Echinococcus, which causes cystic and alveolar echinococcosis (AE) and the species Taenia, that cause cysticercosis and neurocysticercosis (NC), have both been detected with very high efficacy by ELISA [6]. The identification of particular antibodies, such as EmII/3-10 serology for AE, exemplifies how progress in serological tests has given better understanding into individual infection status, facilitating early mediation and improved health outcomes in treated patients [7].
Molecular tools have overshadowed immunological techniques and brought a revolution in cestode diagnosis as they are more sensitive, specific, and quick [8]. The techniques such as polymerase chain reaction (PCR) and its variations such as reverse line blotting (RLB), real-time PCR (RT-PCR), and loop-mediated isothermal amplification (LAMP) have proved to be accurate in the detection and differentiation of helminth DNA [4]. These molecular tools are crucial not only for the identification of cryptic species but also for devising effective control strategies by resolving complex epidemiological patterns and tracking drug resistance. These tests can identify the cestode DNA even from a trace quantity [9] of biological sample, overcoming the limitations related to phenotypic identification [10].
Emerging tools like MALDI-TOF MS (matrix-assisted laser desorption/ionization time-of-flight mass spectrometry) are being used to identify helminths by rapidly and accurately analysing their protein profiles [11]. The development of nanobiosensors has led to improved diagnosis and also the targeted treatment of hydatid cysts [12]. These novel methods will make cestode diagnostics more accurate, rapid, accessible, and less invasive in the future. This ongoing progress is vital for improving global health outcomes, better disease surveillance, and eventually, making way for more effective control and better eradication programs for cestode parasites.
2. Advances in Cestode Diagnostics 
Recent advancements in diagnostic tools for cestode infections, such as immunological, molecular, and other cutting-edge techniques, have significantly improved detection accuracy and efficiency, surpassing traditional, often time-consuming methods [3, 4]. 
2.1 Immunological methods
Immunological methods, particularly ELISA and its modifications, have shown high sensitivity and specificity in diagnosing various helminth infections, including cestodes like Echinococcus and Taenia. Indirect ELISA and Western Blotting (WB) are highly effective in detecting Echinococcus and Fasciola in several animal species [3]. The 50-year review on taeniid cestode parasite infections highlights that advancements in serology, particularly ELISA, have improved the detection of antigens and antibodies, offering valuable insights into infection status. Coproantigen tests using ELISA started in the 1990s and were used to detect Hymenolepis diminuta in rats, T. solium and/or T. saginata in humans, and T. solium and/or T. saginata / Echinococcus in dogs. However, molecular tools are needed for species identification [4]. ELISA for specific antibodies, such as EmII/3-10 serology, remains an important diagnostic tool for alveolar echinococcosis (AE) [7].
2.2 Molecular Techniques
The diagnosis of cestode parasites has been revolutionized by molecular techniques, which are highly sensitive, specific, and give rapid results. PCR and its variations, RT-PCR, RLB, and LAMP, are increasingly utilized for the detection of cestodes [3]. These methods are crucial for accurate detection and differentiation of helminth DNA [3]. 

PCR-based assays were used for genotyping Taenia species [6] and detecting Echinococcus multilocularis DNA in fox faeces [8]. Molecular discrimination of taeniid cestodes through DNA analysis, including mitochondrial DNA, is also well-established [13, 14]. PCR has been successfully used to detect Taenia solium DNA in cerebrospinal fluid, facilitating the diagnosis of neurocysticercosis [9]. Among different variations of PCR, nester PCR is the most sensitive (97%) and specific (100%) [15].

PCR technology gives sensitive (97%) [15] and consistent diagnostic results [16–18]. However, it is not suitable in developing countries and not applicable in the low-resource areas where cysticercosis infections by Taenia solium are prevalent. This is because it requires sophisticated equipment, like a thermal cycler, and has a long detection period of two hours [18].

LAMP, a DNA based isothermal amplification technique, was described by Notomi et al. [19]. It has wide-ranging application as a diagnostic tool for many helminthic and protozoan infections occurring in humans and animals [20–25]. Multiplex LAMP assay in combination with dot ELISA was designed by Nkouawa et al. [10] as a fast field-based test for differentiating human Taenia species. LAMP uses Bst DNA polymerase for strand displacement DNA synthesis along with 4 sets of primers [19]. The Bst DNA polymerase enzyme is tolerant to inhibitors present in biological matrices, making LAMP a gold standard method for taeniasis detection of pathogens in fecal, urine, and blood samples [10]. The LAMP assay is more sensitive (86%) and specific (100%) than the multiplex PCR technique for the differential detection of Taenia species in stool and cysticercus samples [10]. LAMP, however, suffers from drawbacks compared to PCR and RPA, as it needs higher incubation temperatures (55°C to 65°C for 60–75 minutes), and designing suitable primers is more difficult [26]. 
MALDI-TOF MS, a promising tool for rapid identification of helminths, offers a new avenue for diagnostic applications [11]. The integration of nanotechnology (nanobiosensors) in the future will enhance the diagnosis and treatment of hydatid cysts by improving detection sensitivity and speed [5, 12]. Imaging techniques like PET/CT are particularly beneficial in determining treatment duration for alveolar echinococcosis [27–29]. A PET/CT scan brings together two imaging techniques, viz., PET (positron emission tomography) offers a complete view of the body's biological activity and CT (computed tomography) its anatomy in a single scan. PET scans can detect changes at the cellular level, sometimes before they are visible on other imaging tests [30]. 
3. Genomics, transcriptomics and proteomics
Genomics of cestodes provides crucial insights into their evolution, gene family dynamics, and host adaptation strategies and exhibits hallmarks such as expanded genome size and extensive alternative splicing during development, as observed in Taenia hydatigena [31]. This expansion, along with wide integrations of virus-like sequences, suggests complex evolutionary pathways.
Mitochondrial genomes (mtDNA) are valuable for phylogenetic studies and understanding of cestode evolution due to their relatively stable gene arrangement and conservative sequence variation [32]. While most flatworms share similar mitochondrial gene arrangements, taeniids often show shifts in gene positions, for example, between tRNAL1 and tRNAL2 [33]. Characterization of mitogenomes from different cestode orders and their comparison shows their evolutionary relationship [34].
Transcriptome profiles done for different developmental stages in Ligula intestinalis and Spirometra mansoni led to the discovery of genes critical for the progression of their life cycle and their ability to adapt to the host body [35, 36]. These studies point out differential expression of proteins related to genetic information processing and metabolism, which are necessary for passing through different host environments [36].
The genomics of the cestode model organism, Hymenolepis diminuta, continues to provide a basic understanding of their biology, host interactions, and probable targets for novel control strategies [37].
Transcriptomic analyses, the total of RNA transcripts, are important for understanding gene activity across different developmental stages. Studies on Hymenolepis microstoma have shown "enormous transcriptomic changes" across its life cycle, emphasizing key gene families contributing to expression loads at different stages, including eggs, cysticercoids, and adults [38]. Comparative transcriptomic studies, performed on Echinococcus multilocularis larvae and germinative cell cultures, helped identify genes related to important biological functions like parasite stem cell activity [39].
Proteomics supplements transcriptomics by examining the full set of proteins, providing direct proof of gene function and regulation. This field has progressed drastically, with "novel perceptions in helminth proteomics" revealing applications and suggestions for parasitology and the identification of potential vaccine antigens [40]. Comparative phosphoproteomic studies, such as those on Spirometra mansoni, divulge thorough protein phosphorylation profiles across developmental stages. These investigations detect differentially abundant proteins (DAPs) involved in metabolic activity and binding, which are crucial for understanding post-translational regulation linked to parasite growth and reproduction [41]. Transcriptomic and proteomic data, when combined together, become a powerful tool to determine essential pathways and proteins that bring about cestode development and host adaptation [36].
4. Host-Parasite Interaction and Immunology
Cestode parasites are involved in complex host-parasite interactions, engaging in sophisticated tactics to influence host immune responses and safeguard their survival. Understanding these interactions is necessary for developing effective control methods.
4.1 Immune Evasion Mechanisms
Among cestodes, taeniids have developed amazing mechanisms to avoid or modify host immunity. Unlike trematodes, which rely on gene family expansions for immunosuppression, cestodes like Taenia hydatigena attain this through extensive alternative splicing and gene loss [31]. This suggests a divergent evolutionary approach to achieve parasitic capability by fine-tuning their proteome to interact with the host. The influence of parasite load can also impact transcriptional activity in both the cestode and its intermediate host, potentially altering the host's immune response [42].
Extracellular vesicles (EVs), both exosomes and microvesicles, are emerging as key mediators in host-parasite communication and immune modulation. Although not clearly detailed for cestodes, helminth proteomics analysis highlights the secretion of protective antigens by tissue-stage nematode larvae [40]. This principle is transferable to cestodes, where EVs likely transport a cargo of parasite molecules (proteins, RNAs, lipids) that can interact directly with host immune cells, influencing their activation, differentiation, and overall function. These vesicles could deliver immunomodulatory molecules that suppress host immune responses or even promote tolerance, allowing the parasite to establish chronic infections.
4.2 Host Immune Responses: Innate and Adaptive Immunity to Cestode Infections
Host immune responses to cestode infections involve both innate and adaptive arms, though cestodes often manage to subvert them. The initial innate immune response typically involves pattern recognition receptors detecting parasite-associated molecular patterns (PAMPs), leading to the recruitment of immune cells. However, cestodes can use various counter-mechanisms.
4.2.1. Innate and Adaptive Immunity
Adaptive immunity, involving T and B lymphocytes, is crucial but often ineffective in clearing established cestode infections. While the immune system mounts a response, it might be diverted, suppressed, or rendered non-protective. Studies show that, in CE (cystic echinococcosis), the host immune response is usually characterized by a Th2-biased response, which, though it reduces parasitic burden, often fails to eradicate the parasite entirely, causing chronic infection [7]. The identification of cestode infections often depends on finding host antibodies using immunological techniques like ELISA, signifying the incidence of an adaptive immune response [3]. However, the presence of antibodies does not always compare to protective immunity.
4.2.2. Development of Protective Immunity
Developing protective immunity against tapeworms is a challenging task because, though the host immune system identifies parasite antigens, the response is often non-protective or inadequate to remove the parasite. Further research in this area aims to recognize specific parasite antigens that can bring about a strong and protective immune response. Proteomic studies are helpful in this regard as they can identify immune-dominant proteins that might serve as vaccine candidates [40], such as antigen B of Echinococcus antigens [4, 43]. The aim is to bring about such an immune response that can successfully kill or expel the parasite, rather than just endure its presence. Advanced diagnostic tools, such as molecular and immunological assays, continue to increase our ability to detect infections and monitor treatment efficiency, ultimately supporting vaccine development efforts by providing improved tools for assessing immune responses [6, 44].
5. Drug Discovery and Therapeutic Strategies
Cestode infections pose significant health and economic burdens in both human and veterinary medicine. Consequently, research into drug discovery and therapeutic strategies is vital, encompassing repurposing existing drugs, identifying novel drug targets, and developing effective vaccines.
5.1. Repurposing Existing Drugs
Repurposing existing drugs, or finding new uses for approved drugs, offers a low-cost and time-efficient method for developing cestocidal treatments. This strategy leverages drugs with known safety profiles to develop new ones. The benzimidazoles, albendazole and mebendazole, have been known as safe drugs for various cestode infections, including CE and AE, for decades [4]. These drugs basically act by binding to β-tubulin, preventing microtubule polymerization in the cestode parasite. However, their efficacy can differ, especially against larval stages that are encapsulated within the cysts [12]. Therefore, present-day research is exploring ways to improve their delivery and efficacy, such as through nanotechnology. It aims to improve drug solubility, bioavailability, and targeted drug delivery to the parasite, potentially overcoming issues of drug resistance or poor absorption [5, 12]. Beyond benzimidazoles, other compounds are being investigated for their anthelmintic properties, including plant extracts with demonstrated activity against cestodes like Hymenolepis diminuta [37]. The repurposing of anti-cancer drugs or other compounds with broad-spectrum activity against helminths remains an active area, as highlighted by transcriptomic analyses that uncover key pathways responsive to repurposed drugs [39].
5.2 Novel Drug Targets
The limitations of present treatment and drug resistance have prompted novel drug discovery. Genomic and proteomic studies are instrumental in identifying these targets. The necessary genes and proteins that are vital for parasite life can be found by comparing the transcriptomes and proteomes at different life stages of the cestodes that are absent or significantly different in hosts [36, 38]. Extensive alternative splicing in cestodes like Taenia hydatigena suggests unique regulatory mechanisms that could be exploited for drug development, diverging from strategies seen in trematodes [31]. Differentially expressed proteins related to genetic information processing and metabolism as potential targets have been identified in studies on Spirometra mansoni [36]. Furthermore, comparative phosphoproteomic analyses reveal unique phosphorylation profiles in cestodes, indicating that kinases and phosphatases involved in essential regulatory pathways could serve as novel drug targets [41]. Targeted therapeutic strategies are getting advanced due to the identification of helminth species using molecular diagnostics, including PCR-based methods and MALDI-TOF MS [8, 11].
5.3 Vaccine Development
Vaccine development is considered the most sustainable long-term strategy for controlling cestode infections, especially in veterinary settings, to break the life cycle and prevent zoonotic transmission. Significant progress has been made, particularly for cystic echinococcosis. Vaccines targeting larval stages of Echinococcus granulosus in intermediate hosts (e.g., sheep) have shown high efficacy, preventing cyst development and thus reducing transmission to definitive hosts and humans. These vaccines often utilize recombinant antigens, such as EG95, which has demonstrated considerable success in field trials [4]. Proteomic analyses contribute to vaccine development by identifying immunodominant parasite antigens that can elicit a protective immune response [40]. While highly effective veterinary vaccines exist for certain cestodes, developing human vaccines against taeniid infections remains a significant challenge due to the complex host-parasite interactions and the immune evasion strategies of these parasites. However, the identification of stage-specific antigens through transcriptomic and proteomic approaches, such as those identified in Ligula intestinalis and Dibothriocephalus dendriticus [35, 45], offers promising avenues for future vaccine research by targeting critical life cycle stages.
6. Epidemiology and Control: 
6.1. Surveillance and Monitoring
Effective control programs rely on robust surveillance and monitoring systems to track infection prevalence, identify high-risk areas, and assess intervention impact. Recent advances include molecular surveillance, such as PCR-based methods (multiplex PCR and quantitative PCR to detect cestode DNA in faecal samples, soil, and water), enabling species-specific identification and giving more accurate epidemiological data than traditional microscopy.
Improved serological surveys are being used in human and intermediate animal hosts to determine exposure rates and map disease burden, enhancing field surveillance capabilities. Geographic information systems (GIS) is helping in mapping disease distribution, identifying environmental risk factors, and visualizing transmission hotspots. thus allowing for targeted interventions and resource allocation [46].
6.2 One Health Approach
It is an integrated control strategy for zoonotic cestodiases like CE and neurocysticercosis (NCC). This approach recognizes that human health is interconnected with animal health and the environment and needs collaborative efforts for effective control [7, 47]. Integrated strategies for cestodes include mass drug administration (MDA) - praziquantel for dogs in echinococcosis endemic areas and albendazole for human taeniasis [48] - and veterinary vaccination (EG95 for sheep and SP3VAC and TSOL18 for pigs reduce parasite transmission to humans by breaking the life cycle in intermediate hosts) [48, 49]. Improved sanitation and hygiene, such as proper faecal disposal, meat inspection, and public education campaigns; community engagement (adopting sustainable practices that reduce exposure risks); and food safety (safe meat handling and cooking practices) to prevent human consumption of infective larval stages [48].
Multiple control initiatives can be found in the literature with different results. One successful example is Peru, where a large integrated program combining human and porcine mass chemotherapy, pig vaccination, and coproantigen detection-based case confirmation over a one-year period resulted in focal elimination of T. solium transmission in a large area on the northern coast of the country [50]. Recently, the integrated interventions in humans and pigs carried out in a 2-year study in Zambia (Africa) eliminated viable infection in pigs and significantly reduced the prevalence of taeniasis caused by T. solium in the intervened villages [50]. Available data suggests that choosing a single approach to control human Taenia is not sufficient. The three Taenia species cause zoonotic diseases, in which not only humans but also animals are involved. Therefore, to tackle the problem, strategies that target both the human and animal hosts should be adopted [48].

6.3 Environmental Persistence: 
Cestode eggs, predominantly those of Echinococcus and Taenia species, are resilient and are a primary source of environmental contamination. Understanding their survival capacity is crucial for effective decontamination and control [51]. They are resistant to environmental stress (months to years) in favorable conditions and cause contamination of soil, water, and pastures [52, 53]. The spread of eggs extends beyond localized areas.
7. Challenges and Future Directions: 
7.1 Drug Resistance:
The emergence of anthelmintic resistance (AR) is a growing concern, threatening the efficacy of the limited drugs available for cestode infections, primarily praziquantel and albendazole [46, 54]. While AR is more widely documented in nematodes, the continuous use of these drugs, particularly in livestock and companion animals, creates selective pressure for resistance in cestode populations. Challenges in this area include limited surveillance systems to monitor AR in cestodes, making it difficult to detect resistance early; the genetic and molecular mechanisms of AR in cestodes are less understood compared to other helminths, hindering the development of resistance-reversal strategies or new drugs that bypass these mechanisms; and a lack of new drugs, placing immense pressure on the few existing effective treatments.
7.2 Diagnostic Limitations in Resource-Poor Settings: 
Accurate diagnosis is fundamental for effective treatment and control, which is lacking in endemic areas due to a shortage of funds. Advanced molecular and serological diagnostics require sophisticated equipment, trained personnel, and stable electricity, all of which are unattainable in remote or low-income areas [55]. Traditional diagnostic methods like microscopy for eggs in feces have low sensitivity, particularly for light infections, and cannot differentiate between Taenia species eggs. Serological tests can suffer from cross-reactivity or inability to distinguish past from active infections. There is a critical need for rapid, low-cost, point-of-care (POC) tests that can be easily deployed in the field.
7.3 Need for Integrated Research and Control Efforts: 
The complex zoonotic nature of many significant cestodiases (e.g. echinococcosis, neurocysticercosis) demands a highly integrated approach. However, siloed research often remains fragmented, with limited cross-disciplinary collaboration, hindering holistic understanding of transmission dynamics and intervention impacts [53]. Effective control tools like animal vaccines (e.g., TSOL18, EG95) in endemic regions face socio-economic, logistical, and political barriers [56]. Many cestodiases are neglected tropical diseases (NTDs), often suffering from insufficient and inconsistent funding for both research and control programs [47]. Integrating diverse data types (human case data, animal surveillance, environmental contamination, genomic epidemiology) across different sectors to form comprehensive control strategies and evaluate their effectiveness is a major challenge [53].
8. Conclusion
The management and diagnosis of cestode infections have entered a new era, propelled by remarkable immunological and molecular innovations that move far beyond the limitations of traditional methods. Modern strategies are now centered on precision and early detection. The advanced test methods, like ELISA with high sensitivity, have redefined the screening process. The molecular techniques, such as PCR and LAMP, lead to fast and specific DNA detection, which is an important step in the identification of infection-causing species and its confirmation. Early management strategies can be achieved if the fast and specific diagnostic methods such as the above are employed. The detailed genomic and proteomic studies reveal the parasite’s biology that helps in novel drug/vaccine discovery through the potent antigen identification and hence disease prevention. The combination of modern tools, targeted medication, and innovative vaccines within the ‘One Health’ framework is going to be the most encouraging path forward. Ensuring these advanced strategies become affordable and accessible, especially in resource-poor settings, will be the final, critical step toward diminishing the global burden of cestode diseases and protecting both human and animal health. These advancements have substantial potential to reduce the global burden of cestode infections by allowing earlier and accurate diagnosis, targeted treatment, and enhanced investigation. They also support the development of next-generation vaccines and more effective therapeutic strategies. Future research is expected to focus on making these tools more accessible, especially in endemic regions, through cost-effective diagnostics and integrated control programs.
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