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Abstract

:

Helminths have developed intricate mechanisms to survive and evade the host’s immune responses. Hence, understanding the excretory-secretory products (ESPs) by helminths is crucial for developing control tools, including drug targets, vaccines, and potential therapies for inflammatory and metabolic disorders caused by them. Proteomics, the large-scale analysis of proteins, offers a powerful approach to unravel the complex proteomes of helminths and gain insights into their biology. Proteomics, as a science that delves into the functions of proteins, has the potential to revolutionize clinical therapies against parasitic infections that have developed anthelminthic resistance. Proteomic technologies lay a framework for accompanying genomic, reverse genetics, and pharmacokinetic approaches to provide more profound or broader coverage of the cellular mechanisms that underlie the response to anthelmintics. With the development of vaccines against helminth infections, proteomics has brought a major change to parasitology. The proteome of helminths can be analyzed comprehensively, revealing the complex network of proteins that enable parasite survival and pathogenicity. Furthermore, it reveals how parasites interact with hosts’ immune systems. The current article reviews the latest advancements in helminth proteomics and highlights their valuable contributions to the search for anthelminthic vaccines.
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1. Introduction


Proteins are vital parts of living organisms and are the main components of physiological metabolic pathways in cells [1]. They have diverse functions, including catalyzing biochemical reactions, providing structural support, regulating cellular processes, and participating in signaling networks [2,3]. The field of proteomics aims to characterize the entire protein complement of a cell line, tissue, or organism on a large scale [4]. This comprehensive approach provides a deeper understanding of cellular biology and has far-reaching implications in medicine, agriculture, and environmental science [5,6,7].



The term “proteomics” initially referred to the large-scale analysis of gene products, specifically proteins [8]. However, as technology has advanced and the research has progressed, the definition of proteomics has expanded to encompass a more inclusive approach [9]. Today, proteomics integrates protein studies with other genetic readouts, such as mRNA analysis, genomics, and yeast two-hybrid analysis [10]. This multidimensional approach allows for a complete and systems-level understanding of biological processes, unraveling complex interactions and networks within cells and organisms [11]. Like in several fields, within parasitology, proteomics has emerged as a powerful tool for investigating the intricate biology of helminths [12].



Helminths are multicellular parasitic organisms that infect many hosts, including humans, and may cause zoonotic diseases [13]. They are typically classified into three classes, i.e., nematodes (roundworms), trematodes (flukes), and cestodes (tapeworms). They have adapted to live in diverse niches within the human body, including organs with a filter function such as the liver, lungs, gastrointestinal tract, and blood vessels [14]. To facilitate their penetration, migration, and establishment within the host, helminths secrete a wide range of molecules [15]. These molecules play crucial roles in various aspects of the parasite life cycle, including host invasion, nutrient acquisition, immune evasion, and modulation of host immune responses [16,17]. Some helminths have been implicated in influencing the evolution of an entire arm of T helper (Th) cell immunity, known as the Th2 pathway [18]. The host induces this response as an immune defense to repair the damage caused by these large parasites. These adaptations and interactions between helminths and their hosts contribute to the long-term survival of helminths within the hostile environment of the host, often persisting for years or even decades [19].



Each developmental stage of a helminth species secretes hundreds or even thousands of proteins, often with limited conservation between stages [20]. This diversity in protein secretion reflects the different niches that each stage must navigate and adapt to during its life cycle. Parasitic helminth proteins have become a focal point of research efforts to develop control tools, including drug targets and vaccines [21]. Additionally, the unique protein repertoire of helminths has recently emerged as a potential source of drugs for treating inflammatory and metabolic disorders prevalent in populations free of helminth infections [22].



An important factor in the host–parasite interaction is the excretory-secretory products (ESPs) of helminths [23,24]. ESPs play a significant role in persistence and pathogenicity. The parasite secretes various proteins, enzymes, and other molecules that stimulate the host’s immune response [25,26,27]. These molecules facilitate tissue invasion and create favorable conditions for the parasite to survive [28,29]. An ESP may suppress or manipulate the host’s immune system to allow the parasite to evade detection and continue to exist in the body [30,31]. They also contribute to the host tissues’ degradation and assimilation of nutrients, which are essential for the parasite’s growth, reproduction, and nutrient uptake [32,33]. It is crucial to study ESPs not only to unravel the complex biology of helminths but also to develop new strategies for preventing and treating parasitic diseases [34,35]. These products could be of value in disrupting parasites’ life cycle and reducing the burden of parasitic infections, which remain a significant public health concern in many parts of the world due to targeting them [36,37,38,39].



This article reviews the latest advancements in proteomics related to helminths and how proteomics has provided invaluable tools and data for addressing the urgent need for anthelminthic vaccines. Moreover, it delves into the cutting-edge techniques and methodologies employed in helminth proteomics, highlighting their contributions to understanding the biology and pathogenicity of helminths. Finally, the current review discusses how helminth proteomics has advanced our understanding of host–parasite interactions, shedding light on the mechanisms employed by helminths to modulate and evade the host immune response.




2. Methods


Several international databases, namely PubMed, Scopus, Google Scholar, and Web of Science, were used to retrieve articles relevant to helminth proteomics, published between 2000 and 2023 in peer-reviewed international journals. Some of the keywords used for our comprehensive and systematic literature search were “Proteomics”, “Nematodes”, “Heligmosomoides”, “Ascaris”, “Toxocara”, “Nippostrongylus”, “Ancylostoma”, “Haemonchus”, “Trichostrongylus”, “Trichinella”, “Trematodes”, “Fasciola”, Dicrocoelium”, “Schistosoma”, “Echinostoma”, “Cestodes”, “Echinococcus”, “Taenia”, and “Hymenolepis”, alone and in combination with each other. Following an initial search, duplicates were removed, and the remaining articles were screened based on their titles and abstracts. A thorough review of full-text articles that met the inclusion criteria was conducted. In addition, (1) reference lists of the selected articles and (2) publications that cited retrieved articles were examined for any additional relevant studies missed during the initial search. The selected studies were analyzed for information regarding helminth proteomics, advancements, applications, and implications for parasitology.




3. Proteomics in Nematodes


Several researchers have conducted the proteomic analysis of nematodes using mass spectrometry in the last decade [40]. Investigations of these parasites are usually based on studies of their effects on humans and economies. Anthelmintics is the most common parasite control method [41,42,43]. Because anthelmintics have a short duration of action and hosts can release parasite eggs that contaminate the environment, reinfection is likely to happen soon. Proteomic exploration of nine distinct nematode species is described in the text and illustrated in Figure 1 (Figure 1).



This Figure illustrates the proteomic exploration of nine distinct nematode species—Trichinella spiralis, Trichostrongylus colubriformis, Ascaris suum, Haemonchus contortus, Heligmosomoides polygyrus, Ancylostoma caninum, Nippostrongylus brasiliensis, Toxocara cati, and Toxocara canis. Advanced mass spectrometry techniques have been employed to reveal the intricate protein landscapes of these nematodes. The names of the identified antigens associated with each nematode species are listed below, providing insight into the specific proteins added during the proteomic analysis.



3.1. Heligmosomoides polygyrus


The nematode Heligmosomoides polygyrus (Figure 1) belongs to the family Trychostrongylidaeand, and males and females can be distinguished by their morphology. In rodents, H. polygyrus (Figure 1), previously called Nematospiroides dubius, resides naturally in the intestinal tract [26]. Likewise, it is practical to study pathology and immune reactions to gastrointestinal parasite infections using the murine nematode H. polygyrus [44]. ESPs identified 209 proteins, including allergen V5/Tpx-1-related proteins, retinol- and fatty acid-binding proteins, homologs of vitellogenins, and globins [45]. These findings also point to the possibility that multiple immunomodulators may exist. These include galectins, peroxiredoxins, macrophage migration inhibitory factors, C-type lectins, glutathione S-transferases, and cysteine protease inhibitors. When cultured together or separately, a comparison was also made between the ESP compositions of male and female nematodes at the L4 stage [46]. A mass spectrometric method was used to detect proteins. Mixed larval cultures containing sexual pheromones generated 258 proteins, while pure male cultures produced 172 proteins and pure female cultures had 160 proteins. Nematodes exposed to sex pheromones produce many proteins with immune-modulating effects, including TGF-β mimic 9, Val proteins, HpARI, and acetyl-cholinesterases. In the ESP derived from mixed cultures, TGF mimics 6 and 7 were also detected, along with galectin.




3.2. Ascaris suum


Human and pig ascariasis occurs due to the helminths of the genus Ascaris [47]. In humans (especially in children), Ascaris lumbricoides is the most prevalent internal macro-parasite, while for pigs, A. suum (Figure 1) is the most prevalent [48]. It is estimated that 1.2 billion people worldwide are infected, with children living in tropical and subtropical regions having the highest occurrence rates [49]. Affected children often exhibit growth impairment, nutrient deficiencies, intellectual disabilities, and poor academic performance [50]. In pigs affected by Ascaris, the infection causes increased feed conversion efficiency and lower growth rates [51]. Moreover, liver lesions caused by larval migration called “milk spots” result in substantial economic losses due to the necessity of eliminating these livers in abattoirs [52].



A slaughterhouse collection of naturally infected pigs concluded that A. suum worms were found in adult form in both sexes. After dissection, male and female worms’ intestines, reproductive components, and cuticles were collected, stored, and thawed at −80 °C. For 28 to 30 days, A. suum eggs were cultured in 0.1% potassium dichromate (K2Cr2O7) at 25 °C from female worms’ uteruses. Following the embryonation of 90% of the eggs, the infectious L3s were hatched, as described by Urban and Douvres [53]. A Baermannization process was then applied to separate the larvae from fragments of eggshell and other debris. Gavage experimentation with the larvated eggs of A. suum was performed on two groups of two pigs. Five hundred thousand eggs were inoculated into the pigs of group one, and they were euthanized seven days post-infection (PI) for lung larvae sampling (L3-lung). In comparison, 30,000 eggs were inoculated into pigs in group two, which were euthanized 14 days PI to collect intestinal larvae (L4). Using a Baermannization process, the L4 and L3 lungs were isolated from the contents of the small intestine and the lung tissue of the host. Using gel digestion, LC-MS/MS, and tryptic digestion of ESPs, a total of 106 proteins were discovered, of which 20 were found during the L3 stage of the egg, 45 during the L3 stage of the lung, and 58 during the L4 stage [54]. There were 15 proteins discovered in at least two sets of ESPs, though most were stage-specific. ESPs from three distinct larval stages contain a serpin-like protein and a 14-3-3-like protein. Interestingly, ESPs from L4 appear rich in metabolic enzymes, especially glycosyl hydrolases. Furthermore, enzymatic assays showed that extracts from the gut of adult nematodes had the most glycosidase activities.




3.3. Toxocara canis


Toxocara canis (Figure 1) is a nematode that infects the Canidae family [55]. When accidentally consuming eggs from contaminated soil, humans become infected with T. canis [56]. The transmission of infections can also occur via ingestion of larvae present in raw meat from paratenic hosts and from embrocated eggs on vegetables that have not been washed [57]. Ocular and visceral larva migrants, neuro-toxocariasis, and covert parasitic infection are clinical manifestations distinguished by the organs the parasite infects [58]. By administering pyrantel pamoate at a dose of 15 mg/kg to naturally infected four- to eight-week-old dogs, female T. canis adults were collected from their small intestines. A culture of T. canis larvae was then conducted. A total of 582 somatic proteins were found in the larval extract of T. canis larvae, along with 64 ESPs. A complex pattern of bands was observed in T. canis extract proteins. Larval extracts contained mostly proteins ranging from 10 to 97 kDa, while those in ESPs ranged between 12 and 175 kDa [59]. SDS-PAGE analysis of ESP antigens revealed a variety of band patterns, including a single 35 kDa band, 32, 55, 70, 120, and 400 kDa bands, and bands comprising 29 to 125 kDa and 28 to 280 kDa. The carbohydrate composition of ESPs, one-dimensional and two-dimensional SDS-PAGEs, protease sensitivity analyses, and immunoblotting demonstrated at least 20 proteins.



A total of 870 ESPs were predicted to be present in the T. canis secretome after the nematode genome was sequenced [60]. There are, however, 732 proteins whose functions are unclear. Several proteins have known functions, including lectins of the C-type and glycoprotein complexes. Among the seven identified secreted proteins (extracellular category), mucin TES–120 (T.can15190) and C-type lectin TES–32 (T.can00022) are the two most dominant and abundant [61,62]. Signal P analysis contributed complementary information for specific extracellular proteins without a signal peptide.




3.4. Toxocara cati


One of the most prevalent felid intestinal helminths, Toxocara cati (Figure 1) has profound epidemiological implications worldwide [63,64]. An accidental human infection can occur by consuming embrocated eggs from a paratenic host [65]. During human development, larvae cannot fully develop into adults and can survive in the tissues for several months to years [66]. A sedimentation technique was used to examine stray cats’ fecal samples to determine whether they were infected with T. cati [67]. In a recent study, 363 proteins were identified in crude somatic extracts of adult T. cati [68]. Most of these proteins are involved in metabolic and energy processes; some are involved in motor activity, some are engaged in cytoskeletons, some are implicated in ATP binding, and others are interested in nuclear and mitochondrial function. In contrast, 158 of the proteins are unknown. The study focuses on 34 proteins, most of which have already been confirmed to be present in helminth parasites [69]. This extract contains diverse metabolic and glycolytic enzymes, including triose-phosphate isomerases and enolases, and other protein groups such as (1) proteins that bind to ATP, such as heat shock proteins, myosin, and actin; (2) some proteins that involve the action of transaminases, particularly the enzymes aspartate aminotransferase and alanine aminotransferase; (3) motor proteins that contain calcium-transporting ATPase and acetyl-coenzyme A; (4) other proteins that contribute to phosphor pyruvate hydratase action, including paramyosin; (5) proteins such as the antigens OV-17 and OV-16, with unknown functions; and (6) a 28 kDa Trypsin that comes from the host.




3.5. Nippostrongylus brasiliensis


The nematode Nippostrongylus brasiliensis (Figure 1) infects rodents, especially rats, through their gastrointestinal tract [70]. The parasite’s simple life cycle and capability to be used in animal models make it one of the most frequently studied parasites [71]. This parasite has a life cycle similar to human hookworms, particularly Ancylostoma duodenale and Necator americanus, which mature sexually after five molting stages [72]. N. brasiliensis larvae and adults exhibit 52 and 261 proteins, respectively, in their ESPs [73]. The proteins detected in the ESPs are also different from those found in the Nippostrongylus brasiliansis somatic extract (NEx). Consequently, they are more likely to be caused by accurate secretory production than by leakage of intracellular and structural proteins from damaged or deceased parasites. L3 and mature worm ESPs were analyzed by LC-MS/MS, and 313 proteins were found. Most adult and L3 ESPs were stage-specific, and only 13 proteins shared CAP domains. Atacin metalloprotease and CAP domain protein family’s SCP (Sperm-Coating Protein)/TAPS (Tpx-1/Ag5/PR-1/Sc7) (SCP/TAPS) were notably abundant. Several of these protein families are found in nematodes, some of which are found to facilitate larval migration and immune evasion, both of which are crucial to nematode survival. As assessed by phylogenetics and overall gene similarity analyses, N. brasiliensis is the most conserved model nematode concerning human hookworms. Based on these findings, human hookworm infestations can be investigated using N. brasiliensis in a feasible animal model.




3.6. Ancylostoma caninum


Ancylostoma caninum (Figure 1) is a parasitic nematode worm that primarily infects dogs, causing a condition known as canine hookworm disease [74]. These small, thread-like worms inhabit the small intestine of their hosts, where they feed on blood, leading to symptoms such as anemia and gastrointestinal disturbances. A. caninum is a significant concern in veterinary medicine, and effective prevention and treatment strategies are crucial to protect the health of infected dogs [75]. Adult A. caninum was obtained from euthanized stray dogs for ESP preparation and then cultured and extracted. Proteins with MWs ranging from 250 kDa to less than 5 kDa were discovered by conducting LC-MS/MS analysis on ESPs. Most ESPs were found to have a size of 5 to 15 kDa based on staining intensity. Nevertheless, groups of proteins were apparent between 25 and 37 kDa and 75 to 100 kDa. The ESPs of A. caninum contained 105 proteins [76]. These proteases include cysteine, aspartic, and metalloproteases, which are the three major categories of proteases found in nematodes. One of the C-type lectins identified in this study uniquely targets galactoside. A noteworthy 28% of the detected proteins showed similarities with activation-associated secreted proteins, a group of proteins with a cysteine-rich structure found in the sterol carrier protein/Tpx-1/Ag5/PR-1/Sc-7 (TAPS) family [77]. Thirty-four of these proteins were detected, suggesting that they play a significant role in the relationship between the host and the parasite. There are also proteins related to hyaluronidases, transthyretins, and lysozyme-like proteins. A comprehensive understanding of hookworm infection biology has been gained by identifying a set of proteins deemed crucial for the parasitic lifestyle.




3.7. Haemonchus contortus


Haemonchus contortus (Figure 1) is a parasitic nematode commonly called the barber’s pole worm due to its distinctive red and white spiral appearance [78]. This blood-feeding parasite primarily infects ruminant animals, including sheep and goats, causing significant economic losses in the livestock industry [79]. H. contortus infestations can lead to symptoms such as anemia, weight loss, and decreased productivity in affected animals [80]. Effective management and control measures are essential for preventing the detrimental impact of this parasitic worm on livestock health and productivity.



The excretory-secretory products of H. contortus have been identified as containing seven cysteine proteases (CBLs) with similar characteristics to cathepsin B [81,82,83]. The localization of active CBLs was observed using 2D gel electrophoresis zymography and biotinylated inhibitors. The clustered expressed sequence tags also encoded three novel CBLs encoding GCP7, AC-4, HMCP1, and HMCP2 [84].




3.8. Trichostrongylus colubriformis


Trichostrongylus colubriformis (Figure 1) is a parasitic nematode commonly found in the digestive tracts of small ruminant animals, particularly sheep and goats [85]. This gastrointestinal parasite can cause significant damage to the mucosal lining of the host’s intestines, leading to symptoms such as weight loss, diarrhea, and reduced growth rates [86]. Controlling and managing T. colubriformis infestations are crucial for maintaining the health and productivity of these livestock animals in the agricultural industry [87]. An analysis of immunoreactive proteins was conducted with sheep IgG from T. colubriformis L3s. The separation of proteins using two-dimensional electrophoresis identified immunoreactive protein spots following mass spectrometry-based proteomic analysis of plasma from sheep resistant to T. colubriformis [88]. A total of 28 immune targets were pinpointed, including enolase, a kinase, an aspartyl protease inhibitor, a galectin, glycolytic enzymes, a chaperone protein, and a phosphatase. Moreover, structural muscle proteins such as myosin, paramyosin, DIM-1, and calponin can also be found within. The cytoplasmically expressed proteins of T. colubriformis suggest that a wide range of antigens are involved in immune responses against this parasite.




3.9. Trichinella spiralis


It has been shown that Trichinella spiralis (Figure 1) nematode infections correlate with profound yet stereotypical pathological transformations of the epithelium [89]. Researchers discovered proteins involved in stress response, metabolic adaptation, and development [90,91,92]. Essential proteins that contribute to parasite survival and immune evasion were identified in a proteomic analysis of ESPs from adult T. spiralis worms [93]. The parasite can interfere with host proteolytic processes to evade immune responses with protease inhibitors. Protease inhibitors are essential in establishing successful infections, as this study shows. An analysis of the proteomics profile of T. spiralis muscle larvae under host-induced conditions revealed the parasite’s adaptation strategies within the host [94,95,96]. The proteins related to stress response, metabolic adaptation, and development have been identified [97]. As a result of the detection of anaerobic metabolism-related proteins, T. spiralis has adapted to the hypoxic conditions of the host’s muscle tissue [98]. A parasite with immunomodulatory proteins and antigens can manipulate the host immune system, facilitating its survival and growth. Proteins involved in tissue invasion and immune modulation were discovered from excretory-secretory products of T. spiralis intestinal larvae (L3) [99,100]. The parasite penetrated and migrated through host tissues via enzymes associated with tissue degradation [101]. Additionally, T. spiralis’ sophisticated mechanisms to evade host immune responses and construct a favorable environment within its host are evident from identifying immunomodulatory proteins such as galectins. References [102,103,104,105,106] are cited in the Supplementary Materials Table S1.





4. Proteomics in Trematodes


Millions of people worldwide are infected with trematodes, but monotherapies are used to treat the infections because commercial vaccines are unavailable [107]. Due to the emergence of drug-resistant fluke populations, identifying immunogenic vaccine candidates and new drug targets requires a comprehensive understanding of host interactions and parasite biology [108,109]. Molecular information about host–parasite interactions is limited at present. Therefore, proteomic studies could identify diagnostic biomarkers that could be used for early disease detection, as well as new vaccine targets. A vital tool for this is mass spectrometry-based proteomics. In food-borne trematodiasis, proteins involved in parasite pathogenesis can be identified using proteomic techniques [110,111]. In addition to being diagnostic biomarkers, these proteins may be used in vaccine development. Figure 2 describes the proteins related to eight different helminth species (Figure 2).



This Figure reports the proteins related to eight different helminth species of the class Cestodes, comprising Taenia solium, Taenia hydatigena, Echinococcus granulosus, and Hymenolepis diminuta, along with the class of Trematodes, encompassing Fasciola hepatica, Dicrocoelium dendriticum, Schistosoma japonicum, and Echinostoma caproni. The visual compilation signifies the distinct proteomic landscapes of each helminth, providing a foundational understanding of these parasitic organisms. Below each entity, the names of identified antigens are presented, indicating the proteins added during the proteomic analysis. This Figure is a concise reference, offering a snapshot of the varied protein compositions within trematodes and cestodes, thereby facilitating further research and comprehension of the intricate host–parasite relationships.



4.1. Fasciola hepatica


Larvae of Fasciola hepatica (Figure 2) infect mammalian hosts by passing through the intestinal walls of the duodenum, moving across the peritoneum, and penetrating the liver [112,113]. The parasites migrate through and feed on liver tissue, causing intensive damage to the tissue before moving to the bile ducts for maturation and egg production [114]. Using proteomics to examine proteins secreted by different phases of F. hepatica, including infective larvae, immature flukes, and adult F. hepatica, a recent study discovered that proteases are regulated as F. hepatica develops [115,116]. Parasites encounter host macromolecules and tissues while passing through host tissues [117]. Several proteases play an important role in activating larvae and allowing their penetration into the intestinal wall, including FhCL3 and cathepsin B. FhCL1, FhCL5, and FhCL2 are required for liver feeding and penetration [118,119,120]. In particular, FhCL2 can self-cleave substrates containing proline residues and facilitate the degradation of interstitial collagen when parasites migrate through tissues. Another protein named FhSAP-2 is involved in the lysis of red blood cells and penetration by Fasciola and other helminths. Cathepsin L enzymes are also believed to be involved in blood digestion, especially hemoglobin [121,122,123,124]. Aside from proteases, parasites secrete a variety of antioxidants, which are also tightly regulated as they migrate through host tissues. The F. hepatica proteases are secreted through the classical endoplasmic reticulum/Golgi pathway, whereas antioxidants are thought to be secreted through non-classical trans-tegumental pathways.




4.2. Dicrocoelium dendriticum


In ruminants, dicrocoeliosis is caused by Dicrocoelium dendriticum (Figure 2), which remains an uncontrollable hepatic parasite whose immunological diagnosis and treatment are unsatisfactory [125,126]. In the life cycle of this Digenea, different species of mollusks and ants act as primary and secondary intermediate hosts [127]. Two methods were used to treat the samples before isoelectric focusing to concentrate proteins and remove contaminants that may inhibit two-dimensional electrophoresis. Among the proteins, metabolic enzymes constituted the largest group. These proteins are the glycolytic enzymes: aldehyde dehydrogenase, enolase, triose phosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 3-retinal dehydrogenase, fructose-bisphosphate aldolase, a putative aldehyde dehydrogenase family member, transketolase, and malate dehydrogenase, all of which are essential for parasite energy production [128]. Other important functions of these proteins include modulating the interaction between parasites and hosts, making them attractive targets for vaccines or therapies. There has also been an identification of motor and structure proteins in D. dendriticum, such as actin, which exists in two forms in both extracts, and paramyosin, which appears in ES. Exosomes from D. dendriticum have a distinct proteomic profile compared to those from F. hepatica and E. caproni [129]. This suggests that exosomes may represent the mechanism by which these proteins are present in their respective ESPs. D. dendriticum and F. hepatica parasites commonly inhabit the same parasitized animals and share the same location in the liver [130,131]. A protein identified in D. dendriticum exosomes, MF6p (also called MF6p/FhHDM-1), has recently been described as a potential diagnostic candidate. It has been demonstrated that this protein is a heme-binding protein, suggesting a role in detoxification and heme uptake in the liver of F. hepatica, a protein involved in immunomodulation [132].




4.3. Schistosoma japonicum


Mortality and morbidity rates associated with Schistosomiasis are among the highest of all human helminthiases [133]. With 779 million at risk and 200 million infected, Schistosomiasis remains a serious public health issue [134]. An early stage in Schistosoma japonicum’s (Figure 2) complex life cycle in vertebrates is the schistosomulum [135,136]. Vaccines are primarily used to provide immunity at this stage [137,138]. ESPs play a major role in parasite–host interactions, and so far, the ESP composition of Schistosomula of S. japonicum has not been characterized [139]. Using mass spectrometry, 20 protein spots were identified, belonging to five categories: energy metabolism-associated enzymes (glyceraldehydes-3-phosphate dehydrogenase), structural and motor proteins (actin), signaling transduction pathway-associated molecules (14-3-3 protein), the 70 kDa heat shock protein (HSP70) family, and other functional proteins (20S proteasome) [140].



Using tandem mass spectrometry/tandem mass spectrometry liquid chromatography, 713 unique ESPs were identified from the 14-day schistosomula of S. japonicum [141]. Pathway analysis and gene ontology revealed that the identified proteins have roles in degradation, oxidation–reduction, response to stimulus, carbohydrate metabolism, biological regulation, and binding. Based on flow cytometry analysis, LPS-activated macrophages were inhibited from expressing MHCII and CD86 by thioredoxin peroxidase. Fibrin, paramyosin, prosaposin, and 89 eggshell proteins such as antigen SM22.6 (A12), the alpha subunit of the G protein, calcium-binding protein Sj66, and flavoprotein (Fp) also seem to exhibit antigenic polymorphisms due to candidate single-nucleotide polymorphisms (SNPs). SNPs may represent schistosome populations’ capability to modify, parry, or attenuate host immune responses during mammalian infection. Transcriptomic and proteomic approaches have identified a wide range of mammalian-like receptors, such as the vasopressin-activated calcium-mobilizing receptor, the dioxin receptor, receptor tyrosine phosphatase (gamma and delta), insulin receptor protein kinase RTK-2, the feline leukemia virus receptor (subtype-B), and purinergic receptor P2X (ligand-gated ion channel, 4). Thus, the parasite can receive various cytokine signals and hormones from its mammalian host and endogenous signals from the parasite. In addition to motor-associated and cytoskeleton proteins, chaperones, extracellular matrix molecules, and enzymes involved in redox homeostasis, antigenic mimicry may be used to evade immune responses. This strategy has long been predicted (along with others, including the masking of host antigens) to explain the chronic nature of schistosome infections. Several immune-associated molecules, such as cyclophilin B, immunophilin, the HLA-B associated transcript 1, and endoplasmin (gp96), may also play a part in parasite growth and immunity by modulating the mammalian adaptive and innate immune systems [142].




4.4. Echinostoma caproni


A trematode of the Echinostomatidae family called Echinostoma caproni (Figure 2) infects the definitive host without presenting tissue phases. After infection, the metacercariae exocyst in the duodenum and the juvenile worms migrate to the posterior third of the intestine, attaching to the mucosa. E. caproni can cause infection in various hosts, although its compatibility for worm survival and development varies greatly among rodent species [143,144]. These characteristics make the E. caproni rodent system particularly suitable for revealing aspects of host-specific factors that regulate the course of intestinal helminth infections [145]. The ESPs of adult E. caproni worms remain poorly understood, although these host–parasite models are widely used [146]. E. caproni adult worm ESPs were initially characterized by Toledo et al. (2004) [147]. As a result of proteomic studies, we have identified proteins in the ESPs of E. caproni, including enolase and heat shock protein 70, which appear to play an important role in the host–parasite interaction [148,149].



Furthermore, a recent study showed that post-translational modifications, such as glycosylation, may contribute to the antigenicity of several molecules in the ESPs of E. caproni [150]. There are six proteins identified that participate in glucose metabolism, of which five (aldolase, enolase, GAPDH, phosphoglycerate kinase, and triose phosphate isomerase) are glycolytic and one (phosphoenolpyruvate carboxykinase) can contribute to glucose synthesis. Several studies are reporting their existence in the helminth tegument and extracellular matrix. Aldolase, enolase, and GAPDH, among other glycolytic enzymes, can bind plasminogen, facilitating host invasion and migration [151]. As a result, E. caproni infections significantly erode and destroy the host villi. Additionally, it has been shown that Glycolytic enzymes identified in E. caproni’s secretome (GAPDH and triose phosphate isomerase) may participate in the glutathione redox cycle and anti-oxidative processes. In the absence of enzymes normally involved in hydrogen peroxide detoxification, pyruvate can perform this function. A further benefit of NADH produced during glycolysis is its ability to reduce oxidized glutathione. Additionally, enolase and aldolase are immunodominant antigens in E. caproni infections. This suggests that they are secreted or exposed on the surface during host–parasite interactions. In contrast, aldolase evokes IgA responses, although different subclasses of Ig recognize enolase. As part of gluconeogenesis, phosphoenolpyruvate carboxykinase may play a role in parasite adaptations to host energy environments (Figure 2) (Table S2).





5. Proteomics in Cestodes


5.1. Echinococcus granulosus


Cystic Echinococcosis (CE) is an infection caused by the larval stage or metacestode of the tapeworm Echinococcus granulosus (Figure 2) that can affect both humans and animals [152]. This infection can cause cysts in the liver, lung, and other organs [153]. If untreated, the disease can result in serious and even fatal complications. Several reports describe E. granulosus spreading worldwide with great medical and economic impacts [154]. The disease is more prevalent in areas where livestock are reared and dogs are owned [155]. Several regions worldwide are particularly endemic to this disease, including Central Asia, South America, Africa, and the Mediterranean [156,157]. During the life cycle of E. granulosus, there are two main hosts: definitive and intermediate [158]. As definitive hosts, canids, such as dogs, serve as carriers, while intermediate hosts include sheep, cattle, and goats [159,160]. As the tapeworm eggs are transmitted from the definitive host into the environment, humans can become infected when they accidentally ingest these eggs from contaminated food or water sources or during close contact with infected animals [161]. The cyst is unilocular and filled with fluid as a fully developed hydatid cyst of E. granulosus [162]. Externally, no cellular laminated layer is supported by a germinal layer, which is then surrounded by fibrous adventitial tissue produced by the host [163]. The protoscoleces (PSC) are produced by asexual reproduction by the germinal layer and are subsequently ingested by the definitive host and develop into adult worms [164].



5.1.1. Protoscolex Proteins


Several proteins were identified in the metacestode expressed by the PSC during infection. The list includes chaperones, detoxification enzymes, immunomodulatory proteins, and protease inhibitors [165]. These proteins may play an important role in the parasite’s life cycle, allowing it to survive in its host and evade its immune system. Furthermore, they may interfere with the host’s response to the parasite when the cyst ruptures and PSCs reveal themselves within the host cavity, promoting their survival and development into secondary cysts [166,167]. Through two-dimensional electrophoresis (2-DE) immunoblotting, 14 PSC proteins were identified in the serum of CE patients [168]. Several proteins, such as EgcMDH, HSP70, P-29, grp78, and EgTPx, have been previously identified as antigens from E. granulosus infections in humans [169].




5.1.2. Germinal Layer and Hydatid Cyst Fluid Proteins


Some of the proteins discovered, such as paramyosin and tetraspanin, could be used in vaccine development as they are involved in immunoregulatory events between the host and the parasite during infection [170,171]. An important role played by helminth paramyosins in the host immune response is their ability to bind complement components and immunoglobulins and secrete components of the cellular immune response [172,173]. In addition to interacting with a variety of cell surface molecules, such as the major histocompatibility complex (MHC) and Fragment Crystallizable receptor (Fcr), tetraspanins may also function or modulate their signaling, thereby acting as ligand receptors for host ligands to modulate immunity [174]. It appears that tetraspanins play a significant role in helminth biology. Their roles in invasion, immune evasion, and modulation make them attractive targets for novel intervention strategies to combat these parasitic worms. As a result of AgB and EgTeg, a Th2-polarized microenvironment is elicited and maintained, resulting in chronic E. granulosus infection [175]. Nevertheless, the biological significance of Ag5 is still unclear. It contains a highly conserved glycosaminoglycan-binding motif that focuses Ag5 to host–parasite interactions.





5.2. Taenia solium


Around the world, Taenia solium (Figure 2) cysticerci are a major cause of epilepsy and seizures [176]. Taeniid eggs are released into the ecospheres of infected individuals’ gastrointestinal tracts. Cysticercosis is caused by the metacestode larvae of T. solium [177]. There is a greater risk of taeniasis caused by T. solium in areas with poor sanitation facilities and low socioeconomic privilege [178]. It is widespread across Latin America, Africa, Southeast Asia, and some Pacific islands [179,180]. ESPs are specifically important for T. solium because they enable the parasite to penetrate the host, establish and maintain an infection while being attacked by the host’s immune system, and incorporate metabolites from the host to obtain nutrition [181,182]. Its most important function is to evade the immune system of the host. ESPs can also be used for therapeutic purposes such as vaccination and immunomodulation [183]. Several oncospheric proteins were identified to participate in adhesion, detoxification, protein folding, and proteolysis [184]. There are many strategies developed by T. solium metacestodes to deal with its host’s innate and adaptive immune systems, many of which are similar to those developed by other helminths, including protease production and protease inhibitors, preventing complement formation, and steering the host immune response in a non-inflammatory manner [185,186]. ESPs are responsible not only for evading the immune system but also for acquiring nutrients. In parasite ESPs, for example, many hydrophobic ligand-binding proteins indicate this fact [187]. In addition to the functions listed above, ESPs also participate in signaling, defense against oxygen-mediated killing mechanisms, various binding processes, and multiple other functions [188,189]. Furthermore, many ESPs are capable of having multiple functions as well. Extensive research has been conducted on ESPs since these cells play such a significant role in parasite survival. They have been extensively studied to diagnose, vaccinate, and develop antiparasitic drugs [190]. It has also been shown that ESP levels are a good indicator of parasite viability since they decrease relatively rapidly when the metacestodes enter a stage of degeneration/calcification, in contrast to antibody levels [191]. Proteins from activated oncospheres and immunogenic proteins have also been reported as part of the proteome of T. solium. The role of these proteins in the complex immuno-pathogenesis of the disease is not completely understood. Further research is needed to determine these proteins’ exact mechanism of action and their role in the disease. Apart from the fact that these are still early efforts, proteomic changes associated with the tissue localization of cysts remain uncharacterized. These changes may be essential to understanding the cysts’ tissue preference.




5.3. Taenia hydatigena


The canine tapeworm Taenia hydatigena (Figure 2), a global parasite spreading worldwide, causes great economic loss to the food industry [192]. To complete its entire life cycle, T. hydatigena requires two different hosts. Adults reside in the intestines of dogs, wolves, and foxes, while larvae mostly parasitize intermediate hosts such as pigs and sheep [193]. The intermediate hosts are generally infected upon digestion of food or water contaminated with eggs expelled by infected dogs as feces [194]. As soon as the eggs enter the host’s digestive tract, the oncospheres become activated and then move through the liver to the intestine, where they are further developed. As a result of dogs consuming infected offal or organs, the larvae will develop into adult worms in their intestines, thus completing their life cycle [195].



In analyzing the proteomes of T. hydatigena cysts with scolex, referred to as CS, and cysts without scolex, referred to as CWS, 764 proteins were detected, of which 664 were identified in CS, 412 in CWS, and 312 in both [196]. Based on comparative analysis, it was found that CS had greater levels of proteins associated with growth and development. In comparison, CWS had higher levels of proteins constituting scaffolds and protective extracellular matrix proteins. Western blotting confirmed that the five selected proteins are more abundant in CWS than in CS, which agrees with the sequencing data. Western blotting is a technique used to detect the presence of proteins in a sample by separating them according to their size and shape and then transferring them onto a membrane. The membrane is then probed with antibodies specific to the protein of interest, and the proteins are visualized with an appropriate detection reagent. By analyzing a particular protein’s localization, we can better understand how it contributes to the organism’s development, metabolism, or response to its environment [197]. One of the proteins identified in the study, 14-3-3, regulates parasite growth and development by binding to signaling proteins. Additionally, 14-3-3 has been utilized as a vaccine antigen in the fight against parasitic diseases due to its promising properties [198]. As a result, 14-3-3 is expressed in both CS and CWS, which makes it a promising vaccine candidate or drug target for preventing T. hydatigena infections. Paramyosin is highly expressed throughout the body and may be a good drug target for T. hydatigena or even a vaccine antigen [199].




5.4. Hymenolepis diminuta


The zoonotic cestode Hymenolepis diminuta (Figure 2) parasitizes the small intestines of rodents [200]. The human body can become infected with hymenolepiasis by ingesting insects (intermediate hosts) infected with cestode cysticercoids, accidentally entering the tapeworm’s life cycle [201]. Humans are considered accidental hosts, as the disease is not directly transmissible from person to person. The symptoms of hymenolepiasis depend on the number and location of parasites in the body [202]. Symptoms include abdominal discomfort, nausea, diarrhea, and itching in the perianal region [203]. Treatment typically consists of anti-parasitic drugs and supportive therapy. Hymenolepiasis is a neglected tropical disease mostly associated with poverty and poor hygiene. Recent findings indicate that H. diminuta ESPs are replete with immunogenic proteins, including crucial molecules involved in host–parasite interactions. A recent study conducted by Zawistowska-Deniziak et al. (2017), which analyzed the polarization of human macrophages in H. diminuta, confirmed both the immune modulatory properties and the complexity of host–parasite interactions [204].



In vertebrate hosts, cysticercoids are the first proteins to cause an immunological reaction, which makes them highly useful for diagnostics. As long as these proteins are present at the adult stage, antibodies will be present throughout the infection cycle. Data derived from these studies provide insight into which proteins offer the best chances for diagnosis or drug development and which proteins may be key to host–parasite interactions [205]. Other proteins have been identified that participate in a wide range of biological activities [206,207]. In both consecutive developmental stages of H. diminuta, thioredoxin was found, suggesting a common means of evading host immunity. In both developmental stages, there is an abundance of a protein called 14-3-3, considered a good candidate for vaccines and commonly observed as a strong immunogen [202].



There have been several proteins identified in the cysticercoid of H. diminuta and adult samples that are considered vaccine candidates, including tegumental membrane proteins such as enolase, calpain, GAPDH, and heat shock protein [208,209]. The protein oncospheres were found to be characteristic of the adult stage of H. diminuta, resulting in the identification of the oncosphere protein Tso22a (troponin) and the oncosphere antigen, both of which are present in the gravid proglottids of H. diminuta. LC-MS/MS was used to identify 36 cross-reacting protein spots in rat serum. References [210,211] are cited in the Supplementary Materials Tables S3 and S4.





6. Anthelmintic Resistance


Anthelmintic use is widespread, which has led to the development of resistance in parasites, thus rendering drugs ineffective [212]. Developing better strategies for controlling helminths is imperative, along with obtaining more knowledge about how anthelmintics function, which might instigate new therapeutic approaches [213]. The lack of comprehensive and properly annotated genomic and proteomic databases has been a major hurdle in studying host–hookworm interactions over the past few decades [214]. Mass spectrometers with increased sensitivity and developments in sequencing platforms have offered useful information [215].



Proteomics, as a science that delves into the functions of proteins, has the potential to revolutionize clinical therapies against parasitic infections that have developed anthelminthic resistance [216]. The emergence of drug-resistant strains threatens the availability of anthelmintics for treating parasitic infections [217]. However, integrating proteomics into various fields shows novel findings and potential improvements, offering a beacon of hope in the battle against drug resistance [218].



Proteomic technologies lay a framework for accompanying genomic, reverse genetics, and pharmacokinetic approaches to provide a more profound or broader coverage of the cellular mechanisms that underlie the response to anthelmintics [219]. This is coupled with identifying biomarker panels associated with the emergence of anthelmintic resistance [220].



By comparing the expression and modification levels of proteins in drug-sensitive versus resistant parasite strains, proteomics offers a means to examine such complex molecular mechanisms [221]. The alteration in transport proteins could change drug uptake or efflux, eventually decreasing its efficacy [222]. Moreover, metabolic enzymes might undergo a modification to generate an inactive drug metabolite or stress response proteins could be upregulated, which would allow the cell to better cope with the drug’s effects [223]. These proteins can provide insight into the mechanisms of resistance and influence efforts to treat patients by targeting these mechanisms directly [224].



The ability of proteomics to elucidate the molecular interactions and pathways that are affected in resistant strains is beneficial for creating novel anthelmintic drugs [220]. Knowing how resistance changes the biology of a parasite enables scientists to identify vulnerabilities that can be blocked or circumvented by new medicines [225]. This information is also critical to the design of combinatorial therapies, which are often essential for fully circumventing resistance on a system-level basis rather than single-agent treatments [226]. The development of anthelmintic resistance is mainly through inheritance due to the existence of resistance genes [41]. Due to this collective functioning of multiple genes, resistance can be polymorphic and cannot be ascribed to one single gene [227]. Hence, it is very important to study drug resistance to monitor and control its evolution and delay the accumulation of genes conferring drug resistance [41].



Based on a study, Ivermectin significantly modulated the expression levels of 4528 genes in susceptible strains and 3038 genes in resistant strains, demonstrating that it was not just capable of modulating gene (or protein) expression but also exerts a more significant regulatory effect on susceptible H. contortus strains [228]. Studies also provided evidence that reducing or inhibiting the expression of a proteolytic exoenzyme in the muscle larvae stage may be beneficial to the survival and growth of T. spiralis parasites under albendazole stress, which is involved in parasite adjustment against drug stresses. It has serine-type endopeptidase activity and plays a role in several processes, such as cellular responses to salt and collagen, as well as cuticulin-based cuticle development or the positive regulation of synaptic growth at the neuromuscular junction [229]. This marks a major step forward in clinical therapeutics by using proteomics to assess anthelmintic-resistant infections [230].



Proteomic techniques provide a proactive means to monitor resistance emergence and spread in the parasite population [231]. This surveillance through proteomics is critical, empowering us to monitor emergent resistance changes and adapt treatment recommendations as needed [232]. By monitoring trends in resistance, we can ensure that treatment guidelines remain efficacious overall, facilitating better disease management and helping to reduce resistance [233]. Resistance strain proteins essential for survival or virulence can be potential targets for specific drug development [234]. For example, an inhibitor could escape resistance if a protein required for the parasite to survive is found in resistant parasites because it has been overexpressed or mutated [235]. This intervention could enable the discovery of better therapies to hit parasite resistance pathways more directly [236].



Additionally, systems-level proteomics analysis establishes key mechanistic links to pathways associated with resistance and enables the discovery of biomarkers involved in response [237]. A collection of biomarkers could be used to develop diagnostic tests that rapidly and accurately find resistant strains [238]. The identification of such biomarkers of resistance at an early stage would enable us to change treatments, and patients could be given the best-known treatment as soon as possible [239,240]. Such proactive steps facilitate better disease management and thus help to reduce resistance [229].



Proteomics offers a universal platform by elucidating resistance mechanisms and identifying novel therapeutic targets and biomarkers for diagnostics and personalized treatment [241]. Furthermore, this integrated approach will not only increase our ability to design successful antiparasitic drugs but also boost current programs aimed at controlling and eventually eliminating the scourge of drug-resistant parasitosis [242] (Figure 3).




7. Vaccine Production


With the development of vaccines against helminth infections, proteomics has brought about a major change in parasitology. The proteome of helminths can be analyzed comprehensively, revealing the complex network of proteins that enables parasite survival and pathogenicity. Furthermore, it reveals how parasites interact with hosts’ immune systems. Identifying novel vaccine targets may better explain how these preparations can neutralize these parasites. Several potential vaccine and diagnostic targets have been identified through helminth biology. For instance, a proteomic analysis of S. mansoni schistosomula has identified several proteins that could serve as vaccine antigens, including glucose transport protein-1 (SGTP1), tetraspanin 2 (TSP-2), and calpain [243].



The ability of proteomics to identify antigens that are both highly immunogenic and essential to the parasite’s life cycle has been one of the most significant contributions of proteomics to vaccine development. In several studies on E. granulosus, the causative agent of cystic echinococcosis, proteomics has been utilized to identify key proteins such as Eg14-3-3, EgTPx, and EgEF-1β. Infecting and surviving within its definitive host, dogs require these proteins, which are critical to disease transmission. These recombinant proteins have been demonstrated to stimulate significant immune responses in dogs, resulting in partial protection against infection with E. granulosus when vaccinated. This partial protection may mean that these proteins, when combined, could enhance the overall efficacy of a vaccine, providing a strategy for breaking the cycle of parasite transmission [244].



Additionally, proteomic analyses have been instrumental in characterizing the extracellular vesicles (EVs) secreted by helminths, which have emerged as the potential vaccine targets of the future. As a result of the proteins contained in these vesicles, helminths can manipulate the host’s immune response, thereby enabling their survival [174].



In Sheng and colleagues’ study, exosome-like vesicles (ELVs) from the liver fluke Fasciola gigantica, responsible for fascioliasis, were analyzed using proteomics [245]. Within these vesicles, they identified several proteins involved in immunoevasion and pathogenicity, among other characteristics. Vaccines targeting these proteins could disrupt the parasite’s ability to modulate the host’s immune system, inducing protective immunity and preventing infection.



In addition to identifying vaccine targets for single species, proteomics supports the development of cross-reactive vaccines that could target several helminth species, especially in areas where multiple helminths co-infect hosts and control efforts are complicated. Researchers have identified antigens with significant cross-reactivity in intestinal protein extracts of Mecistocirrus digitatus and Haemonchus contortus, two gastrointestinal nematodes. As a result of these findings, vaccines developed for one species may provide partial protection against other species, thereby simplifying and reducing vaccination costs in endemic regions [246].



Furthermore, proteomics has facilitated the development of multi-epitope vaccines by combining conserved antigens identified across various helminth species to develop vaccines. In Taenia species research, proteomic data have been integrated with bioinformatics and immunoinformatics, resulting in the identification of conserved proteins that can be combined into a single vaccine. With a single immunization strategy, these multi-epitope vaccines may induce a broad and robust immune response that protects a range of helminth infections [247].



Through techniques such as enzymatic shaving, proteomics can be innovatively applied to vaccine development to identify surface-exposed proteins. By using this method, previously unknown proteins have been discovered on Schistosoma species’ outer surface and tegument, which interacts directly with the host’s immune system. Some of these proteins play crucial roles in immune evasion, allowing the parasite to avoid detection and destruction by the host’s immune system. Vaccines designed to target these surface-exposed proteins enhance the host immune response, increasing the likelihood that the host will recognize and eliminate parasites. This approach allows helminths to survive within their hosts using mechanisms specifically targeted in vaccine development [248].



Using proteomics, Sotillo et al. have gained an understanding of Schistosoma species, the source of schistosomiasis, which highlights the potential of this approach for vaccine development [249]. This research aims to identify new proteins essential to parasite survival, development, and immune evasion, particularly those present on parasite surfaces or secreted during infection. The researchers have identified key antigens that could serve as vaccine candidates by profiling proteins expressed during different stages of life. Developing targeted and effective vaccines against schistosomiasis and other helminth infections is expected to be advanced by combining proteomic analysis with immunological studies.



Miles et al. have identified E. granulosus, the parasite responsible for cystic echinococcosis, as a potential vaccine candidate [250]. They have studied tegumental proteins, which play a crucial role in host–parasite interactions and are important targets for vaccine development. Researchers identified nine novel tegumental proteins as potential vaccine targets by analyzing protoscolex-stage (PSEx) protein composition using mass spectrometry, including proteins involved in immune modulation and parasite survival. Gene Ontology analysis was also used to predict these proteins’ biological processes, molecular functions, and cellular locations. As a result of this approach, 14 peptide sequences were identified, and their antigenicity predictions, epitope mapping, and structural analysis were used to verify that the peptides would be immunogenic, nontoxic, and non-allergenic. As a result of the discovery of these peptides and proteins as potential vaccine candidates, proteomics has demonstrated its role in advancing the development of targeted vaccines against Echinococcus granulosus and other helminth infections.



Significant advances have been made in developing vaccines against helminth infections through proteomics analysis of H. polygyrus [251]. According to a study, immunomodulatory ESPs, particularly those produced during L4, are significant in triggering sterile immunity. The researchers identified specific proteins, such as those with Sushi and ShK/SXC domains, which are highly expressed in L4 ES and are associated with immune modulation by comparing the proteomes of adult, L4, and egg stages. Additionally, antigens such as VAL-1 and ACE-1 were identified as major vaccine targets, demonstrating their importance for protective immunity against these intestinal nematodes. As a result of this study, new vaccine candidates are likely to be identified by elucidating proteins involved in host–parasite interactions and immune responses.



Using proteomics and bioinformatics, Sharma et al. developed a targeted vaccine against Taenia species, which cause significant health burdens in developing countries [247]. Taenia spp. cysts contain 451 conserved proteins essential for survival and pathogenicity. The proteins were then meticulously screened for antigenic epitopes, leading to the construction of a multi-epitope chimera vaccine. Immuno-informatics is crucial in developing resource-efficient and cost-effective vaccines for neglected tropical diseases caused by soil- and water-transmitted helminths. Taenia infections upregulate TLR4 receptors, which the product interacts with effectively. PSIPRED, I-TASSER, and molecular docking simulations assessed the vaccine’s structural integrity and immune response. The immune simulation results were promising, showing an increase in immunoglobulins (IgM, IgG1, and IgG2) and cytokines (TGF-b, IL-2, and IFN-g), along with increased populations of B- and T-cells, indicating a strong humoral and cellular immune response. Based on these findings, the vaccine will likely offer a broad level of protection against multiple strains of Taenia spp., addressing a critical need for effective vaccines in regions with these infections. Despite immuno-informatics’ shortcomings, the study emphasizes that animal models for validation can be difficult to select and that predicted epitopes may not be accessible in vivo. However, the research offers significant advancements in proteomics to identify and develop helminth vaccine candidates. Vaccines against Taenia species and other helminth species may be developed due to this study, which will contribute to tackling these prevalent and debilitating worldwide diseases. Despite the need for experimental validation, the findings provide a solid basis for further research.



As stated by Newton et al., vaccine development against helminth infections relies heavily on proteomics [252]. Proteomics has demonstrated that several promising antigens can induce protective immunity in sheep by identifying key proteins involved in parasite life cycles and host–pathogen interactions. Based on these findings, vaccine candidates have been selected for further testing. Proteomic data should be combined with genomic and transcriptomic data for enhanced antigen discovery precision. In addition to improving vaccine efficacy, this integrated approach addresses the challenges associated with replicating native antigens with recombinant versions. Even though this study emphasizes proteomics’ potential to develop effective and durable vaccines for livestock and humans, it also emphasizes improving knowledge of natural immunity mechanisms.



Rehman et al. investigated a potential multi-epitope vaccine for Schistosomiasis using core proteomics, subtractive proteomics, and immuno-informatics [253]. This study used advanced proteomics and bioinformatics to identify vaccine candidates for schistosomiasis. This study identified essential proteins conserved across schistosome species by combining core proteomics with subtractive proteomics and immuno-informatics. These proteins were screened as vaccine targets based on antigenicity, non-homology to human proteins, and localization. In this study, epitopes, regions that trigger immune responses, were predicted using immuno-informatics tools to successfully construct a multi-epitope vaccine. This integrated approach will likely induce a broad immune response, potentially targeting multiple schistosome species. Combining proteomics with computational tools to accelerate vaccine development offers a promising strategy for schistosomiasis and other helminth infections.



As discussed in Mutapi’s study, proteomics has been applied to research on helminth infection and vaccination [254]. Several key proteins were discovered to participate in parasite life cycles, immune evasion, and host interactions. As a result of their ability to elicit an immune response in the host, proteins were identified as potential vaccine candidates using experimental models and proteomic analysis. As a result of these findings, vaccines targeting specific stages of helminth life cycles can be developed, thus increasing vaccination efficacy. However, proteomics can help identify novel antigens that can lead to developing more effective and targeted vaccines against helminth infections in different species despite the challenges of translating these findings into human infections. Additionally, this study emphasizes the significance of vaccines in combating parasites.



As a result of the application of proteomics to helminth vaccine research, novel vaccination targets have been identified, allowing a deeper understanding of the proteins critical to parasite survival and immunity. Proteomics has enhanced human biology understanding and enabled researchers to develop vaccines that could significantly reduce their prevalence [255]. As proteomics technologies advance, their role in developing effective and targeted vaccines is expected to become even more central, offering renewed hope for controlling and potentially eradicating helminthiases in humans and animals (Figure 4).




8. Challenges and Future Prospects


The host’s tissues may harbor helminths, making obtaining sufficient quantities of pure helminth proteins for analysis challenging. The isolation and purification of helminth proteins from the host’s complex milieu require meticulous techniques to ensure accurate results. Helminth proteomes are vast and highly complex, comprising various proteins with varying abundance levels. Identifying and quantifying low-abundance proteins become particularly difficult due to the presence of highly abundant host proteins in the samples.



Helminth proteins often undergo Post-Translational Modifications (PTMs), such as glycosylation and phosphorylation, significantly affecting their function and interaction with the host. Analyzing and characterizing PTMs in helminth proteins requires specialized methodologies and expertise. Many helminths have large and complex genomes, leading to difficulty assembling and annotating their proteomes accurately. Bioinformatics tools must be optimized to handle the vast data generated during proteomic analysis. Even with careful sample preparation, host contamination remains a concern in helminth proteomics. Host-derived proteins can mask or interfere with the identification of low-abundance helminth proteins. Limited genomic data are available for some helminth species, hindering the comprehensive analysis of their proteomes. More effort is needed to expand genomic resources for a wider range of helminths.



Helminth proteomics offers an invaluable resource for identifying potential vaccine candidates. Unraveling the proteins involved in host–parasite interactions and immune evasion can aid in developing anthelminthic vaccines. Understanding the proteomes of helminths may reveal essential drug targets that can disrupt their survival and reproduction. Proteomics can contribute to developing novel therapeutic strategies to combat helminth infections effectively. Helminth proteomics sheds light on the complex interplay between these parasites and their hosts. A deeper understanding of these interactions may lead to innovative strategies to modulate the host’s immune response, potentially preventing or ameliorating inflammatory and autoimmune diseases. Advancements in mass spectrometry and other proteomic technologies will enhance the sensitivity and accuracy of helminth proteomic analysis, enabling the identification of low-abundance and PTM-modified proteins.



Integrating proteomic data with genomic, transcriptomic, and metabolomic information can provide a more comprehensive view of helminth biology. Such multi-omics approaches will facilitate the identification of key regulatory pathways and virulence factors. The application of helminth proteomics may lead to the development of cost-effective diagnostics, vaccines, and therapeutics that can significantly improve public health, particularly in regions burdened by helminth infections (Figure 5).




9. Discussion


Three types of proteins related to helminths are identified: enzymes, cytoskeletal proteins, and proteins that bind to other proteins. Several major proteins were recognized, such as glycolytic and metabolic enzymes such as fructose-bisphosphate aldolase and aldehyde dehydrogenase. Glycolytic enzymes provide energy to parasites and modulate the interaction between the parasite and host, making them good candidates for vaccines and diagnostics. They inhibit parasite survival, migration, and evasion by acting on fructose-bisphosphate aldolase. In parasite infection, this enzyme may be responsible for pathogenicity and evasion. Enolase is found on the surface of nematodes as pathogens invade tissues. Inflammatory processes are prevented by glycosylated proteins, which encourage parasite invasion. Furthermore, glycosylated proteins can be involved in immune response, evasion, migration, pathology, and host survival.



It has been suggested that glycosylated proteins play a key role in initiating the immune system of parasites, which may elaborate on the pathogenicity of parasites. Proteins secreted by nematodes play a significant role in the host–parasite interaction. It was found that phosphoenolpyruvate carboxy kinase (GTP), Glyceraldehyde-3-phosphate dehydrogenase, and enolase were immunodominant proteins that regulate oxidative damage. Several important protein groups were identified as heat shock proteins, such as HSP60, HSP beta-1, HSP70, HSP varienr2, and HSP10. They function as protein chaperones and immune modulatory molecules found in helminths and play a vital role in parasite survival. Somatic extract proteins include HSP70, mitochondrial HSP60, and chitinases, which play an important role in the immune system. Parasite survival depends on evasion and modulation. Platyhelminthes also have HSP70, which plays an essential role in parasite survival and is a stress defense mechanism. Several studies have demonstrated that HSPs can stimulate IgG and IgM responses; therefore, they can be used as therapeutic agents for allergic and autoimmune diseases. Vaccines or anthelminthic therapies could be developed using HSPs because they are immunogenic.



Trematodes and Cestodes also contain ATP synthase subunit beta, another protein that may have been identified in nematodes. Galectins are soluble proteins that bind exclusively to sugars and exhibit the essential property of slowing down under decreasing conditions to maintain their activity when unable to bind to their targets. Galectins can enhance cell-to-cell adhesion. At the same time, some of them have robust biological properties, including the ability to induce apoptosis (scheduled cell death) and metabolic reactions, which can result in cellular activation and mitosis. In addition, Galectins modulate the cellular immune response and immune regulation and are associated with parasite–host interactions. In the immune response, galectins regulate immune cell functions.



The lectins can interact with glycoconjugates on the cell surface and in the extracellular matrix via carbohydrate interactions. Their action increases cell growth, promotes cell survival, modulates adhesions, and induces migration. Cells and tissues in helminths have 14-3-3 proteins within the cytoplasm, intracellular organelles, and the plasma membrane. The 14-3-3 proteins play a role in several processes essential to the survival of eukaryotic cells. These proteins play a role in metabolism as well as stress tolerance. Several studies have focused on the role of 14-3-3 proteins in parasite biology and immunology, making them an attractive target for further exploration of host–parasite relationships. In cell cycle regulation, cell survival, and differentiation, 14-3-3 proteins play an important role. Many other proteins have been identified as having metabolic functions, such as trans aldolase, sodium/potassium ATPase, calcium-transporting ATPase, aspartate aminotransferase, aspartate aminotransferase, glucose-6-phosphate-isomerase, glutathione peroxidase, ribonuclease, NADH dehydrogenase, malate dehydrogenase, the pyruvate dehydrogenase complex, glycogen synthase, pyruvate dehydrogenase, succinate dehydrogenase, acetyl-CoA, acetyltransferase A, phosphatidylinositol phosphatase, and nucleoside diphosphate kinase.



The structure and motor protein is one of the most essential molecules in helminths. The actin cytoskeleton plays a crucial role in the transfer of cells. The surface of several parasites contains actin. Moreover, paramyosin, a protein found in the muscles of many invertebrate animals, is also found in many helminths and is a core component of thick myosin filaments. It has been shown that paramyosin plays a critical role in various helminths and, therefore, can be considered a vaccine candidate or a target for anthelmintic therapies. Translated genomic and RNAseq data are unavailable for helminth proteins. Additionally, the characterization of proteins is vital to understanding host–parasite interactions, discovering drug targets, generating subunit vaccines against them, and creating immunodiagnostic kits in animals and humans, as well as the identification of new immunomodulatory methods for treating inflammatory diseases and new therapeutics for these diseases. More molecular investigations are needed to understand parasite–host relationships.




10. Conclusions


In conclusion, helminth proteomics represents a powerful and indispensable tool in unraveling the complex biology of parasitic organisms, their intricate interactions with the human host, and their pathogenicity. The future of helminth proteomics holds immense potential, particularly in developing vaccines and novel drug targets. The ability of proteomics to elucidate the molecular interactions and pathways that are affected in resistant strains is beneficial for creating novel anthelmintic drugs. Furthermore, proteomics has facilitated the development of multi-epitope vaccines by combining conserved antigens identified across various helminth species to develop vaccines.
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Figure 1. Most important proteomics of nematodes. 
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Figure 2. Most important proteomics of trematodes and cestodes. 






Figure 2. Most important proteomics of trematodes and cestodes.



[image: Biologics 04 00020 g002]







[image: Biologics 04 00020 g003] 





Figure 3. Critical roles of proteomics in combating anthelmintic resistance. It compares resistant and non-resistant parasites, highlighting the identification of specific proteins and pathways altered in resistance. Biomarkers for early detection are discovered and represented by a diagnostic tool that identifies resistance markers and new drug targets through proteomics, with a drug molecule aimed at a key protein essential for the parasite’s survival. The comparative chart shows the enhanced efficacy of a newly developed drug over an older one, emphasizing the potential of proteomics-driven therapies in overcoming resistance. 
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Figure 4. Role of proteomics in vaccine development against helminth infections through various key processes. It highlights a helminth with specific proteins, such as glucose transport protein-1 (SGTP1), tetraspanin 2 (TSP-2), and calpain, identified as potential vaccine targets on the surface of Schistosoma mansoni. Additionally, the Figure shows an immune response triggered by immunogenic proteins such as Eg14-3-3 and EgEF-1β, emphasizing their critical role in vaccine efficacy. The design of multi-epitope vaccines using proteomics and bioinformatics is also depicted, with a focus on selecting antigenic epitopes for broad immune protection against multiple helminth species. Furthermore, the Figure illustrates the surface of a helminth with proteins exposed through enzymatic shaving, highlighting their importance as targets for vaccines that enhance immune recognition and response. 
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Figure 5. Navigating challenges and envisioning futures: a visual exploration of helminth proteomics. This comprehensive Figure encapsulates the challenges and prospects in helminth proteomics. The challenges, depicted through vivid illustrations, include the intricacies of sample collection symbolized by a hand attempting to collect a sample from host tissues, the complexity of helminth proteomes illustrated by a diverse array of proteins, icons representing post-translational modifications (glycosylation and phosphorylation processes), and the limited genomic resources visualized by a genome symbol with a magnifying glass. On the flip side, the prospects are artfully represented: a vaccine syringe injecting helminth proteins signifies the potential of helminth proteomics in vaccine development; a crosshair targeting helminth proteins illustrates the identification of drug targets and therapies; a handshake symbolizing interactions between host and helminth proteins signifies the insights gained into host–parasite interactions; and an advanced microscope or mass spectrometer depicts the improved analytical techniques that may revolutionize helminth proteomic analysis. 
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