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ABSTRACT 

	The human host exists as a dynamic biological system shaped by continuous interactions with resident microbial communities and parasitic organisms. While traditional models of infectious disease have focused on binary host–pathogen relationships, emerging evidence supports a more integrated triangular framework in which host, microbiome, and parasites engage in complex ecological and immunometabolic crosstalk. Within this triadic network, the microbiome establishes foundational immune and metabolic homeostasis through immune education, epithelial barrier maintenance, and colonization resistance. Parasites, in turn, deploy sophisticated immune evasion and immunomodulatory strategies that enable persistence, reshape microbial ecosystems, and recalibrate host immune responses. Concurrently, microbial communities can either restrict or facilitate parasitic colonization through niche competition, metabolite production, and immune priming. Disruption at any vertex of this triangle whether through dysbiosis, infection, or immune imbalance can propagate systemic effects that influence susceptibility to infectious, inflammatory, and metabolic diseases. Chronic parasitic infections may promote immune tolerance and plasticity, potentially mitigate autoimmune pathology while increasing vulnerability to secondary infections. Conversely, microbiome instability can predispose hosts to parasitic invasion and exacerbate immunopathology. These bidirectional and context-dependent interactions highlight the inadequacy of reductionist models and underscore the need for system-level approaches to disease biology. This review synthesizes current evidence on host–microbiome, host–parasite, and microbiome–parasite interactions, emphasizing mechanistic pathways, ecological dynamics, and translational implications.
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1. INTRODUCTION 

The human host is not a biologically autonomous entity, but a dynamic, composite system shaped by continuous interactions with resident microbial communities and parasitic organisms (Reynoso-García et al., 2022). At mucosal and epithelial surfaces, the immune, metabolic, and structural integrity of the host is constantly influenced by trillions of microorganisms collectively referred to as the microbiome (Valencia et al., 2025). Simultaneously, parasitic organisms ranging from unicellular protozoa to multicellular helminths interact with both host tissues and resident microbial communities, altering immune responses, metabolic signaling, and ecological balance (Zakeri et al., 2018). Health and disease therefore emerge not from isolated host–pathogen encounters, but from complex, multidirectional interactions among host, microbiota, and parasites.
Historically, infectious disease biology was conceptualized largely within a binary framework, focusing on host–parasite or host–pathogen dyads. Early immunological paradigms emphasized pathogen recognition, immune activation, and pathogen clearance as central determinants of disease outcome (Donald and Finlay, 2023). While this model advanced understanding of microbial pathogenesis and immune defense, it overlooked the profound influence of resident microbial ecosystems in shaping immune development, barrier integrity, and metabolic homeostasis (Tan et al., 2025). The advent of high-throughput sequencing technologies and systems biology approaches revealed that the microbiome is not a passive bystander but an active regulator of host physiology (Campbell et al., 2023). 
Concurrently, parasitology research demonstrated that many parasites exert long-term immunomodulatory and ecological effects that extend beyond direct tissue damage (Elsawey et al., 2022). These converging insights have prompted a shift from dyadic to triadic models of interaction. In this triangular framework, the host, microbiome, and parasites form an interconnected network characterized by competition, cooperation, and regulatory feedback loops. The microbiome can influence parasite colonization, immune polarization, and disease severity, while parasites can reshape microbial composition and immune tone (Shealy et al., 2021). Disruption at any vertex of this triangle through dysbiosis, infection, or immune dysfunction reverberates across the system, influencing susceptibility to infectious, inflammatory, and metabolic disorders (Xiao et al., 2025).
Adopting a triangular perspective provides a more integrative understanding of disease pathogenesis and therapeutic opportunity (Elsawey et al., 2022). It moves beyond reductionist models toward ecological and systems-level interpretations of host biology. Such a framework is particularly relevant in an era marked by rising autoimmune and metabolic diseases, increasing antimicrobial resistance, and persistent parasitic infections in many regions of the world.
This review therefore aims to: 
(i) Examine the foundational interactions between host and microbiome in maintaining immune and metabolic homeostasis.
(ii) Analyze mechanisms of host–parasite immune modulation and pathophysiological outcomes
(iii) Explore microbiome–parasite ecological and molecular cross-talk.  
(iv) Discuss the broader implications of these triadic interactions for health, disease susceptibility, and therapeutic innovation.
2. Host–Microbiome Interactions: Foundations of Immune and Metabolic Homeostasis
2.1 Composition, Diversity, and Functional Roles of the Human Microbiome
The human microbiome comprises a complex and dynamic consortium of microorganisms; including bacteria, archaea, fungi, protozoa, helminths, and viruses, that colonize distinct anatomical niches such as the gut, skin, oral cavity, respiratory tract, and urogenital system (Ogunrinola et al., 2020; Reynoso-García et al., 2022). Collectively, these microbial communities and their genomes form a functional extension of the host, often conceptualized as a holobiont. Among these niches, the gut microbiome is the most densely populated and functionally diverse, containing trillions of microbial cells that contribute substantially to host physiology (Rosenberg, 2024). Microbiome composition varies markedly between individuals and body sites, shaped by host genetics, diet, age, lifestyle, environmental exposures, and immune status (Gupta et al., 2017). Despite this interindividual variability, functional redundancy is a defining feature of healthy microbial ecosystems: different microbial taxa can perform overlapping metabolic and immunological roles, thereby conferring resilience to ecological perturbations. Key functions of the microbiome include nutrient metabolism, vitamin synthesis (e.g., vitamin K and B-group vitamins), xenobiotic processing, and protection against pathogenic invasion (Valencia et al., 2025). Through these activities, the microbiome acts not merely as a passive colonizer but as an active regulator of host homeostasis.
2.2 Microbiome-Driven Immune Maturation, Tolerance, and Immune Education
The microbiome plays a fundamental role in shaping the development and calibration of the host immune system from early life onward. Microbial exposure during critical developmental windows particularly at birth and in early infancy is essential for proper immune maturation (Tepekule et al., 2025). Evidence from germ-free animal models demonstrates that the absence of microbial colonization leads to profound defects in immune architecture, including underdeveloped lymphoid tissues, reduced immunoglobulin production, and imbalanced T-helper cell responses (Jans and Vereecke, 2024). Microbial-derived signals drive immune education through continuous interaction with host pattern recognition receptors, such as Toll-like receptors and NOD-like receptors, promoting immune tolerance toward commensals while maintaining vigilance against pathogens. Commensal microbes also induce regulatory T cells and anti-inflammatory cytokine production, thereby limiting excessive immune activation (Yang et al., 2025). This tolerogenic programming is critical in preventing immune-mediated pathologies, including allergies, inflammatory bowel disease, and autoimmune disorders. Importantly, immune education by the microbiome is not static (Arifuzzaman et al., 2024; Yang et al., 2025). Throughout life, changes in microbial composition due to diet, antibiotics, stress, or infection can recalibrate immune responses, influencing susceptibility to infectious and inflammatory diseases (Hagan et al., 2019). Thus, immune homeostasis emerges from a dynamic equilibrium between host immunity and microbial signaling.
2.3 Metabolic Signaling, Epithelial Barrier Integrity, and Colonization Resistance
Beyond immune modulation, the microbiome exerts profound metabolic effects on the host through the production of bioactive metabolites. Short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate, are among the most well-characterized microbial metabolites (Gasaly et al., 2021). Generated through the fermentation of dietary fibers, SCFAs serve as energy sources for colonocytes, regulate glucose and lipid metabolism, and exert anti-inflammatory effects by modulating immune cell function (He et al., 2020). Microbiome-derived metabolites also play a critical role in maintaining epithelial barrier integrity (Mann et al., 2024). By strengthening tight junctions and stimulating mucus production, commensal microbes help preserve the physical barrier that separates host tissues from luminal antigens and pathogens (Seekatz et al., 2022). Disruption of this barrier, often referred to as “leaky gut” permits microbial translocation and systemic inflammation, linking microbiome dysfunction to metabolic and inflammatory disorders (Ghosh et al., 2021). Additionally, the microbiome provides colonization resistance against invading pathogens and parasites (Caballero-Flores et al., 2022). This resistance operates through multiple mechanisms, including competition for nutrients and ecological niches, production of antimicrobial compounds, and stimulation of host immune defenses. A diverse and functionally intact microbiome therefore acts as a first line of defense against parasitic colonization and secondary infections (Lacob et al., 2019).
2.4 Dysbiosis as a Predisposing Factor for Parasitic Infections and Inflammatory Disorders
Dysbiosis, defined as a disruption in microbial composition, diversity, or function, is increasingly recognized as a critical determinant of disease susceptibility (Santana et al., 2022). Perturbations caused by antibiotics, dietary shifts, urbanization, or chronic stress can destabilize host–microbiome interactions, reducing ecosystem resilience and impairing immune regulation (Kou et al., 2025). In the context of parasitic infections, dysbiosis may lower colonization resistance, alter mucosal immunity, and create ecological niches favorable to parasite establishment and persistence (Mooney et al., 2015). Conversely, parasitic infections themselves can induce dysbiosis, leading to feedback loops that exacerbate inflammation and tissue damage. Such interactions are particularly evident in the gut, where parasite-induced shifts in microbial communities are associated with altered immune polarization and disease severity (Zhao et al., 2023).
Moreover, dysbiosis is strongly linked to chronic inflammatory disorders, including inflammatory bowel disease, metabolic syndrome, and allergic diseases (Santana et al., 2022). These conditions often reflect a breakdown in immune tolerance and metabolic signaling pathways normally regulated by the microbiome. Consequently, dysbiosis represents not merely a consequence of disease but a mechanistic contributor to pathogenesis, reinforcing the importance of maintaining microbial homeostasis (Caballero-Flores et al., 2022).
3. Host–Parasite Interactions: Immune Modulation and Pathophysiological Outcomes
3.1 Mechanisms of Parasite Recognition by the Host Immune System
Host recognition of parasites relies on a multilayered immune surveillance system that integrates innate and adaptive immune sensing mechanisms. Parasitic organisms, including helminths, protozoa, and ectoparasites present a wide array of pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) that are detected by host pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs), C-type lectin receptors (CLRs), NOD-like receptors (NLRs), and inflammasomes (Li et al., 2021; Sousa et al., 2024). These receptors are expressed by epithelial cells, macrophages, dendritic cells, and innate lymphoid cells at barrier surfaces where parasitic encounters most commonly occur.
Protozoan parasites, such as Plasmodium, Leishmania, and Trypanosoma species, are often recognized through nucleic acid–sensing pathways and glycosylphosphatidylinositol (GPI) anchors, triggering pro-inflammatory cytokine production and type I interferon responses. In contrast, helminths owing to their large size and complex multicellular structure are less efficiently eliminated by classical phagocytic mechanisms (Zakeri et al., 2018). Instead, they induce tissue-derived alarmins such as IL-25, IL-33, and thymic stromal lymphopoietin (TSLP), which initiate type 2 immune responses dominated by eosinophils, mast cells, basophils, and group 2 innate lymphoid cells (ILC2s) (Karaś et al., 2019). Importantly, parasite recognition does not occur in isolation but is profoundly influenced by the surrounding microbial environment. Signals derived from the microbiome can modulate PRR expression, antigen presentation, and cytokine polarization, shaping the host’s initial immune response to parasitic invasion (Sousa et al., 2024). Thus, parasite recognition reflects a convergence of parasite-derived cues, host immune architecture, and microbiome-mediated immune conditioning.
3.2	Parasite-Induced Immune Evasion, Suppression, and Immunomodulation
A defining feature of parasitic infections is their capacity to evade, suppress, or actively reprogram host immune responses to ensure survival and transmission. Parasites have evolved highly sophisticated immunomodulatory strategies that target both innate and adaptive immunity. These include antigenic variation, molecular mimicry, secretion of immunomodulatory molecules, and direct interference with antigen presentation and cytokine signaling pathways (Chulanetra and Chaicumpa, 2021). Many protozoan parasites evade immune clearance through rapid antigenic variation, as seen in Trypanosoma brucei, which continually alters its surface glycoproteins to escape antibody-mediated recognition (Faria et al., 2022). Others, such as Leishmania species, survive within host macrophages by inhibiting phagolysosomal maturation and suppressing microbicidal pathways. These strategies not only promote parasite persistence but also disrupt normal immune surveillance.
Helminths are particularly adept at immune modulation. Rather than inducing strong inflammatory responses, they skew host immunity toward regulatory and anti-inflammatory phenotypes (White et al., 2020). Helminth-derived excretory–secretory products can induce regulatory T cells, alternatively activated macrophages (M2), and anti-inflammatory cytokines such as IL-10 and TGF-β (Ayala et al., 2023). This immunoregulatory environment dampens tissue-damaging inflammation but simultaneously allows long-term parasite persistence. Crucially, parasite-induced immunomodulation often extends beyond parasite-specific responses, broadly suppressing host immunity and altering responses to unrelated pathogens, vaccines, and inflammatory stimuli. These effects are frequently amplified or stabilized by interactions with the microbiome, further embedding parasites within the host immune regulatory network (Hambrook and Hanington, 2021).
3.3	Acute versus Chronic Parasitic Infections and Systemic Effects
The temporal dynamics of parasitic infections—acute versus chronic—have profound implications for host immune function and disease outcomes. Acute parasitic infections are typically characterized by robust immune activation, inflammation, and tissue damage aimed at rapid parasite elimination (Boccardo et al., 2025). While such responses may be effective in controlling parasite burden, they often come at the cost of collateral tissue injury and systemic inflammatory effects. In contrast, many parasitic infections transition into chronic states marked by immune tolerance rather than clearance. Chronic infections are sustained by parasite-mediated immune modulation and regulatory immune circuits that limit inflammation but permit long-term survival of the parasite. This state of controlled infection is particularly evident in helminthiasis, where parasites may persist for years or decades with relatively mild overt pathology (Saftawy et al., 2025).
However, chronic parasitic infections exert systemic effects that extend far beyond the site of infection. Persistent immune activation or suppression can alter hematopoiesis, metabolic regulation, and neuroimmune communication. Chronic infections have been associated with anemia, growth retardation, altered glucose and lipid metabolism, and increased susceptibility to secondary infections. In some cases, prolonged immune dysregulation contributes to fibrotic disease, cancer risk, or immune exhaustion. The balance between protective immunity and pathological inflammation is therefore not static but dynamically shaped by infection duration, parasite burden, host genetics, and environmental context—including microbiome composition and nutritional status (Singla et al., 2024).
3.4	Parasites as Drivers of Immune Plasticity and Disease Susceptibility
Rather than being viewed solely as pathogens, parasites are increasingly recognized as powerful drivers of immune plasticity. By persistently engaging and reshaping host immune pathways, parasites influence the development, flexibility, and long-term calibration of immune responses (Elsawey et al., 2022). This plasticity can have both protective and pathological consequences. On one hand, parasite-induced immune regulation may protect against excessive inflammation, contributing to lower prevalence of autoimmune and allergic diseases in parasite-endemic regions (Douglas et al., 2021). This observation underpins the “old friends” or hygiene hypothesis, which proposes that co-evolution with parasites and microbes has shaped immune systems that require regular regulatory input to function optimally (Maizels, 2020).
On the other hand, parasite-driven immune modulation can increase susceptibility to unrelated infections, impair vaccine efficacy, and exacerbate certain inflammatory or metabolic disorders under specific conditions (Elsawey et al., 2022; Santana et al., 2022). The same regulatory pathways that suppress parasite-directed immunity may blunt effective responses to viral or bacterial pathogens, particularly in individuals with dysbiosis or compromised immune systems. Thus, parasites act as ecological and immunological forces that reshape host disease susceptibility across the lifespan (Chen et al., 2021). 
4. Competitive, Synergistic, and Regulatory Dynamics of Microbiome–Parasite Interactions
Microbiome–parasite interactions represent a dynamic ecological interface in which microbial communities and parasitic organisms compete, cooperate, and co-regulate host immunity and metabolism. Rather than existing as independent entities, parasites encounter a pre-established microbial ecosystem that can either constrain or facilitate their survival. Conversely, parasites act as ecological engineers capable of reshaping microbial composition, metabolic outputs, and immune signaling landscapes. These bidirectional interactions generate outcomes that reverberate across host physiology and disease susceptibility.
4.1	Microbiome-Mediated Resistance or Facilitation of Parasitic Colonization
The resident microbiota constitutes the first ecological barrier encountered by parasites, particularly within mucosal surfaces such as the gastrointestinal tract. Microbiome-mediated colonization resistance operates through multiple, overlapping mechanisms: In niche competition and resource limitation, commensal bacteria occupy attachment sites on epithelial surfaces and consume essential nutrients required for parasite establishment (Shealy et al., 2021). A diverse microbial community limits ecological space, reducing opportunities for parasite adherence and replication (Caballero-Flores et al., 2022). Reduced microbial diversity, as seen in dysbiosis, often creates vacant niches that parasites can exploit. production of antimicrobial and antiparasitic factors are carried out by certain bacterial taxa that produces metabolites, bacteriocins, reactive oxygen species, and secondary metabolites that inhibit parasite viability or impair encystation and excystation processes. Short-chain fatty acids (SCFAs), particularly butyrate, modulate epithelial defenses and local immune tone, indirectly influencing parasite survival (Yoo et al., 2020). Also, during immune priming and barrier reinforcement, microbiome primes mucosal immunity through tonic signaling via pattern recognition receptors (Caballero-Flores et al., 2022). This baseline immune activation enhances mucus production, IgA secretion, and antimicrobial peptide expression. Such immune conditioning strengthens resistance to protozoan and helminth invasion.
However, microbiome effects are not uniformly protective. In some contexts, microbial communities may facilitate parasite colonization. Certain bacterial species provide metabolic substrates, alter oxygen gradients, or modulate local immune responses in ways that favor parasite persistence (Yoo et al., 2020; Shealy et al., 2021). For example, bacteria-induced inflammation can increase epithelial permeability, inadvertently enhancing parasite access to host tissues. Thus, the microbiome functions as both a defensive barrier and a potential ecological ally, depending on its composition and functional state (Xiao et al., 2025).
4.2	Parasite-Driven Alterations in Microbiome Composition and Function
Parasites are not passive recipients of microbial influence; they actively reshape microbial ecosystems through direct and indirect mechanisms. Parasite-induced immune polarization, particularly type 2 immune responses during helminth infections can alter antimicrobial peptide production, mucus secretion, and epithelial turnover. These changes modify microbial habitat structure and nutrient availability, leading to shifts in bacterial community composition (Chulanetra et al., 2021). Physical and structural disruption occurs when parasites disrupt epithelial integrity or alter gut motility, changing luminal flow dynamics and oxygen tension. These physical perturbations are selected for microbial taxa adapted to altered environmental conditions (Abbasi, 2025). Parasites perform metabolic reprogramming by consuming host-derived nutrients and alter bile acid metabolism, carbohydrate availability, and amino acid flux. These metabolic shifts can restructure microbial functional pathways, favoring specific fermentative or oxidative bacterial populations. Helminth infections have been associated with increased microbial diversity and enrichment of taxa linked to regulatory immune states (Sharma et al., 2025). In contrast, certain protozoan infections may reduce diversity and promote inflammatory microbial signatures.
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Figure 1: Mechanistic pathways of microbiome–parasite crosstalk shaping host immunity and disease outcomes (Chulanetra et al., 2021).
4.3	Molecular and Metabolic Comparison Between Parasites and Microbial Communities
Beyond ecological competition, microbiome–parasite interactions involve intricate molecular and metabolic communication networks. Metabolite exchange takes place when microbial metabolites such as SCFAs, secondary bile acids, and tryptophan derivatives influence parasite growth, differentiation, and encystation (Karpe et al., 2023). Conversely, parasite excretory–secretory products may modulate bacterial gene expression, quorum sensing, or biofilm formation. Microbiome-derived signals modulate cytokine networks that parasites exploit to maintain chronicity. For example, microbial induction of regulatory T cells may enhance helminth persistence, while dysbiotic inflammatory signals may promote protozoan pathogenicity. Emerging evidence suggests that parasites respond to microbial density cues and environmental metabolites to regulate their life cycle transitions. This indicates that parasites can sense microbial community states and adjusting developmental programs accordingly (Koellsch et al., 2024).
Empirical studies across parasite classes highlight distinct but overlapping interaction patterns from helminths, protozoa, and gut-resident parasites (Karpe et al., 2023). Helminth infections often induce type 2 immune responses and regulatory circuits that reshape microbial composition. Experimental models demonstrate that helminth colonization can increase microbial diversity and promote expansion of bacteria associated with anti-inflammatory phenotypes (Lacob et al., 2019). In some contexts, helminths enhance colonization resistance against unrelated pathogens by modulating microbial ecology and mucosal immunity (Fredensborg et al., 2020).
Protozoan parasites such as Giardia, Entamoeba, and Plasmodium interact differently with the microbiome. Some protozoa depend on specific bacterial taxa for optimal colonization, while others induce dysbiosis characterized by reduced diversity and increased inflammatory taxa (Feng et al., 2024). In malaria, systemic immune activation and metabolic alterations can indirectly influence gut microbial composition, linking extraintestinal parasites to distal microbiome effects (Carey et al., 2019).
Commensal-like protozoa, including certain Blastocystis subtypes, have been associated with increased microbial diversity and may represent transitional forms between pathogenic and symbiotic lifestyles (Beyhan and Yildiz, 2023). These observations challenge the binary classification of parasites as strictly harmful and emphasize the ecological continuum within host-associated communities (Drew et al., 2021).
Microbiome–parasite interactions operate along a spectrum of competition, facilitation, and regulatory co-adaptation. The microbiome can restrict parasite colonization through niche occupation and immune priming, yet under specific conditions, it can facilitate parasite persistence (Aboulhoda et al., 2024). Parasites, in turn, restructure microbial ecosystems via immune modulation, metabolic reprogramming, and habitat alteration. These bidirectional interactions generate emergent properties that influence host immunity, metabolic balance, and disease trajectories (Beyhan and Yildiz, 2023; Li et al., 2024).
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 Figure 2: Conceptual framework of host–microbiome–parasite interactions.
The host, resident microbiome, and parasitic organisms form an interconnected ecological network that regulates immune responses, metabolic homeostasis, and disease susceptibility. The microbiome contributes to immune maturation, metabolite signaling, and colonization resistance, while parasites employ immune modulation and ecological restructuring to establish persistence. Host immune and metabolic pathways integrate signals from both communities, generating systemic outcomes that influence infectious, inflammatory, and metabolic diseases. Environmental and lifestyle factors further shape these interactions.
5. Implications for Health, Disease, and Therapeutic Strategies
The recognition that host–microbiome–parasite interactions operate as an interconnected triadic system has profound implications for understanding disease pathogenesis and designing therapeutic interventions. Rather than viewing parasitic infections as isolated pathogenic events, this framework emphasizes systemic immune–metabolic recalibration driven by dynamic ecological interactions. Disruption at any vertex of the triangle reverberates across the entire network, influencing infectious susceptibility, inflammatory tone, and metabolic homeostasis.
5.1	Impact of Triadic Interactions on Infectious, Inflammatory, and Metabolic Diseases
Triadic interactions significantly shape susceptibility to and outcomes of infectious diseases. A microbiome primed toward regulatory or anti-inflammatory states may attenuate immunopathology during parasitic infection but could also impair effective pathogen clearance (Yang et al., 2022). Conversely, dysbiotic inflammatory microbiomes may enhance resistance against certain parasites while increasing tissue damage.
Chronic parasitic infections can also modulate host responses to unrelated pathogens. For example, helminth-induced regulatory immune responses may dampen antiviral immunity or alter vaccine efficacy. Protozoan-induced inflammation may predispose individuals to bacterial translocation and systemic infections (Akoola et al., 2022). Thus, infection risk and severity emerge from ecological interactions rather than single-agent exposure.
Parasite-driven immune modulation intersects strongly with inflammatory disease risk. Epidemiological patterns suggest that reduced exposure to helminths and environmental microbes in industrialized settings correlates with increased prevalence of allergic and autoimmune diseases (Campbell et al., 2023). Parasite-induced expansion of regulatory T cells and alternatively activated macrophages can suppress excessive Th1- or Th17-mediated inflammation (Sharma, 2025). However, this protective effect is context dependent. In individuals with pre-existing dysbiosis or genetic predisposition, parasite infection may exacerbate mucosal inflammation or barrier dysfunction (Mooney et al., 2015; Zhao et al., 2023)
Microbiome-derived metabolites such as short-chain fatty acids influence insulin sensitivity, lipid metabolism, and systemic inflammation (Zhao et al., 2023). Parasites that alter microbial composition or nutrient flux can therefore indirectly impact metabolic outcomes. Helminth infections, for instance, have been associated in some experimental models with improved glucose tolerance and reduced adipose inflammation, potentially via immune-mediated metabolic reprogramming (Ogunrinola et al., 2020; Reynoso-García et al., 2022). Conversely, parasite-induced dysbiosis may promote systemic inflammation that contributes to metabolic syndrome. 
5.2	Microbiome-Based Interventions in Parasitic Disease Control
Recognition of microbiome–parasite interplay has opened avenues for microbiome-targeted therapies aimed at modifying infection outcomes.
Probiotics and Prebiotics
Probiotic supplementation may enhance colonization resistance, strengthen epithelial barriers, and modulate immune responses to reduce parasite burden. Certain bacterial strains have demonstrated the capacity to inhibit protozoan adhesion or enhance mucosal immunity in experimental systems (Guarner et al., 2024). Prebiotics, by promoting beneficial microbial taxa and SCFA production, may further reinforce these protective mechanisms (Guarner et al., 2024). However, probiotic efficacy is context-specific and influenced by baseline microbiome composition, parasite species, and host immune status (You et al., 2022; Ji et al., 2023). Rational strain selection and ecological compatibility remain critical challenges.
Fecal Microbiota Transplantation (FMT)
Fecal microbiota transplantation represents a more comprehensive strategy to restore microbial diversity and functional capacity. While primarily established in the treatment of recurrent Clostridioides difficile infection, FMT has potential implications for parasitic diseases characterized by dysbiosis (Karimi et al., 2024; Yadegar et al., 2024). Restoration of microbial diversity may improve colonization resistance and recalibrate immune tone, potentially limiting parasite persistence or pathology. Nonetheless, safety, donor screening, and long-term ecological consequences must be carefully evaluated, particularly in parasite-endemic regions (Cha and Sonu, 2025). Advances in synthetic biology and microbial consortia design raise the possibility of engineering microbial communities that resist parasite colonization or deliver antiparasitic molecules (Hou et al., 2025). Such approaches require detailed mechanistic understanding of metabolic cross-talk and ecological dynamics within the host environment.
Parasite-Derived Immunomodulators as Therapeutic Candidates
While microbiome-based strategies aim to manipulate microbial ecology, parasite-derived molecules themselves have emerged as potential therapeutics (Chakraborty et al., 2023). Helminths secrete bioactive compounds capable of suppressing excessive inflammation and promoting tissue repair. Isolated parasite-derived proteins, glycans, and extracellular vesicles have shown immunoregulatory effects in experimental models of inflammatory bowel disease, asthma, and autoimmune disorders (Smallwood et al., 2017). These molecules may offer targeted immunomodulation without the risks associated with live parasite therapy. The therapeutic potential of parasite-derived immunomodulators lies in their evolutionary refinement: parasites have co-evolved with host immune systems to achieve durable immune regulation without catastrophic pathology (Maizels et al., 2018). Harnessing these mechanisms could enable development of biologics that recalibrate immune responses in chronic inflammatory disease.
CONCLUSION
The host–microbiome–parasite relationship represents a dynamic and interconnected biological network in which immune regulation, metabolic signaling, and ecological balance are continuously negotiated. Rather than functioning as isolated entities, hosts, microbial communities, and parasites engage in multidirectional interactions that shape disease susceptibility, infection outcomes, and long-term physiological adaptation. The traditional binary model of host–pathogen interaction, while foundational, is insufficient to explain the complexity of modern infectious and inflammatory diseases. This review highlighted interactions that operate along a spectrum ranging from competitive antagonism to regulatory cooperation, generating context-dependent outcomes that vary across environments, genetic backgrounds, and life stages. Importantly, the triangular framework carries significant translational implications. Microbiome-targeted therapies, precision modulation of immune pathways, and parasite-derived immunoregulatory molecules represent emerging strategies that leverage ecological and evolutionary principles of host–microbe–parasite coadaptation. However, translating these insights into clinical practice requires deeper mechanistic understanding, multi-omics integration, and careful consideration of safety and ethical constraints.
Future research must move beyond descriptive associations to mechanistic, longitudinal, and systems-level investigations capable of disentangling causality within this complex network. By embracing an integrated ecological perspective, researchers and clinicians can better understand the determinants of health and disease and develop interventions that restore balance within the host–microbiome–parasite axis.
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