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Abstract
The fecal microbiota transplantation (FMT), an alternative transplant therapy for recurrent Clostridioides difficile infection (rCDI), successfully placed the gut microbiome as a therapeutic target and is setting the stage for the emergence of microbiome-based medicine. But even with its remarkable efficacy, FMT faces issues regarding donor variability, safety, absence of standardization, and regulatory uncertainty. These limitations have facilitated the development of live biotherapeutic products (LBPs), a class of microbiome therapeutics comprising live microorganisms manufactured under controlled conditions to prevent, treat, or cure disease. Recent approvals of microbiota-derived therapies have validated the clinical potential of LBPs and made a transition from donor-dependent interventions to standardized microbial medicines. However, some important questions remain whether defined microbial formulations can reproduce the therapeutic complexity that is transferred by whole-community ecosystems obtained in FMT. These editorial reports the transition from FMT to LBPs, discusses potential scientific opportunities and limitations for next-generation microbiome therapeutics, and focuses on possibilities of precision microbiome medicine.
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Introduction
The human gut microbiome has emerged as one of the most important determinants of human health and disease, fundamentally reshaping contemporary understanding of physiology, immunity, and therapeutic intervention (1,2). Composed of trillions of bacteria, archaea, fungi, viruses, and other microorganisms, the gut microbiome functions as a highly complex and dynamic ecosystem that coexists symbiotically with the host. Collectively, these microorganisms contribute to a wide range of biological processes, including digestion and nutrient absorption, vitamin synthesis, metabolism of dietary compounds, maintenance of intestinal barrier integrity, regulation of immune responses, and protection against pathogen colonization (3,4). Advances in high-throughput sequencing technologies, metagenomics, transcriptomics, metabolomics, and systems biology have significantly expanded our understanding of these host–microbe interactions, revealing that the microbiome acts not merely as a passive collection of microorganisms but as an active participant in human physiology. The concept of humans as “superorganisms,” whose health is influenced by both human and microbial genomes, has therefore gained increasing acceptance within biomedical research.
As knowledge of the gut microbiome has expanded, disturbances in microbial composition and function, commonly referred to as dysbiosis, have been increasingly linked to numerous disease processes (5,6). Dysbiosis is characterized by reduced microbial diversity, loss of beneficial microorganisms, expansion of potentially harmful species, and alterations in microbial metabolic activity. Such disruptions have been implicated in a wide spectrum of gastrointestinal disorders, including inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), colorectal cancer, and recurrent Clostridioides difficile infection (rCDI). Beyond the gastrointestinal tract, accumulating evidence suggests that microbiome alterations contribute to metabolic disorders such as obesity, type 2 diabetes mellitus, and metabolic dysfunction-associated steatotic liver disease (MASLD), as well as cardiovascular diseases, autoimmune conditions, allergic disorders, and neuropsychiatric illnesses through the gut–brain axis (7,8). These findings have highlighted the central role of microbial ecology in disease pathogenesis and have challenged traditional biomedical models that primarily focus on host genetics and environmental risk factors.
The growing recognition that dysbiosis contributes directly to disease development has transformed therapeutic thinking over the past decade (9,10). Historically, medical interventions focused on eliminating pathogens, suppressing inflammation, or modifying host biochemical pathways. However, the realization that disease may arise from disturbances in entire microbial ecosystems has prompted the development of therapies aimed at restoring microbial balance rather than simply targeting individual disease mechanisms(11). This paradigm shift has given rise to the field of microbiome medicine, which seeks to manipulate microbial communities as therapeutic targets. Strategies such as dietary modification, prebiotics, probiotics, synbiotics, postbiotics, engineered microbial therapeutics, and microbiota transplantation have emerged as promising approaches for correcting dysbiosis and restoring ecosystem functionality(5,6). Among these interventions, fecal microbiota transplantation (FMT) has become the most influential and clinically successful example of microbiome-based therapy.
FMT involves the transfer of processed stool from a healthy donor into the gastrointestinal tract of a recipient with microbial dysbiosis, thereby introducing a diverse microbial community capable of restoring ecological balance (7,8). The remarkable success of FMT in treating recurrent Clostridioides difficile infection has represented one of the most compelling demonstrations of microbiome-based medicine. Clinical trials and real-world studies have consistently reported cure rates exceeding those achieved with conventional antibiotic therapies, establishing FMT as one of the most effective treatments for rCDI. Importantly, the success of FMT provided proof-of-concept that entire microbial communities could function as therapeutic agents(12). Rather than directly eradicating pathogens, FMT restores ecosystem resilience and microbial diversity, enabling beneficial microorganisms to suppress pathogenic growth, re-establish colonization resistance, and promote host health. This ecological approach fundamentally changed perceptions regarding disease treatment and introduced a novel therapeutic framework centered on microbial community restoration.
The impact of FMT extends far beyond its effectiveness in rCDI. Its success stimulated widespread investigation into microbiome-based therapies for numerous conditions associated with dysbiosis, including inflammatory bowel disease, irritable bowel syndrome, hepatic encephalopathy, metabolic disorders, autoimmune diseases, cancer, and neurological disorders (5,6). Although outcomes in these conditions have been variable, these studies have reinforced the concept that microbial ecosystems influence diverse physiological processes and may serve as viable therapeutic targets across multiple disease states. Consequently, FMT has played a pivotal role in establishing the microbiome as a legitimate therapeutic platform and has catalyzed the rapid expansion of microbiome research worldwide.
Despite its transformative clinical success, FMT faces substantial scientific, clinical, and regulatory challenges that limit its broader implementation. One of the most significant concerns is donor variability. Each donor possesses a unique microbial composition shaped by genetics, diet, lifestyle, medication exposure, environmental influences, and other factors(13). Consequently, therapeutic outcomes may vary considerably depending on donor characteristics, giving rise to the phenomenon of the “super-donor,” whereby certain donors consistently achieve superior clinical outcomes. Safety concerns also remain important, particularly regarding the transmission of infectious agents, multidrug-resistant organisms, and unknown biological factors despite rigorous donor screening procedures(9,10). Furthermore, substantial heterogeneity exists in donor selection criteria, stool processing techniques, storage conditions, routes of administration, and dosing protocols. This lack of standardization complicates reproducibility, quality control, and interpretation of clinical outcomes. Regulatory uncertainty presents an additional challenge, as FMT is variably classified across jurisdictions as a biological product, tissue transplant, drug, or unique therapeutic entity, creating obstacles for commercialization and widespread clinical adoption.
These limitations have accelerated the search for next-generation microbiome therapeutics capable of retaining the therapeutic benefits of microbial restoration while overcoming the drawbacks associated with donor-dependent interventions. In response, Live Biotherapeutic Products (LBPs) have emerged as a promising evolution in microbiome medicine. Defined as biological products containing live microorganisms intended for the prevention, treatment, or cure of disease, LBPs are developed under rigorous pharmaceutical standards, including controlled manufacturing, quality assurance testing, and comprehensive clinical evaluation. Unlike traditional FMT, LBPs offer standardized microbial compositions, improved reproducibility, enhanced safety profiles, scalable manufacturing processes, and clearer regulatory pathways. Recent regulatory approvals of microbiota-derived products such as REBYOTA® and VOWST® have provided compelling evidence that microbiome-based therapies can successfully navigate modern pharmaceutical development frameworks and be integrated into conventional healthcare systems(5,6).
The emergence of LBPs reflects a broader transition from donor-dependent ecosystem transfer toward precision microbiome medicine. Advances in metagenomics, computational biology, artificial intelligence, synthetic biology, and systems medicine are enabling researchers to identify disease-specific microbial signatures, understand mechanisms of microbial engraftment, and design targeted microbial consortia with defined therapeutic functions. These innovations raise the possibility of developing personalized microbiome therapeutics tailored to individual patient characteristics and disease phenotypes(3,4). Nevertheless, important scientific questions remain regarding whether defined microbial formulations can fully replicate the complexity, ecological interactions, and therapeutic benefits provided by whole-community microbiota transfers. Understanding these challenges will be critical in determining the future role of LBPs within microbiome medicine.
Against this backdrop, the present review examines the evolution of microbiome therapeutics from fecal microbiota transplantation to live biotherapeutic products, highlighting the scientific rationale, clinical achievements, therapeutic opportunities, and remaining challenges associated with this transition. Particular attention is given to issues of standardization, microbial engraftment, ecosystem complexity, regulatory considerations, and the growing movement toward precision microbiome medicine(7,8). As microbiome science continues to mature, the transition from FMT to LBPs may ultimately redefine the therapeutic landscape and establish microbiome-based interventions as a cornerstone of personalized healthcare in the coming decades (Figure 1).
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Figure 1. Evolution of microbiome therapeutics from fecal microbiota transplantation (FMT) to live biotherapeutic products (LBPs).
Figure 1 illustrates the evolution of microbiome therapeutics from traditional fecal microbiota transplantation (FMT) to Live Biotherapeutic Products (LBPs). FMT established the gut microbiome as a therapeutic target through its success in treating recurrent Clostridioides difficile infection; however, its widespread implementation is limited by donor variability, safety concerns, and regulatory uncertainty. In contrast, LBPs represent a more advanced and standardized approach, consisting of defined microbial formulations manufactured under controlled conditions to ensure consistency, reproducibility, and quality. The figure highlights the transition toward precision microbiome medicine, emphasizing key differences between FMT and LBPs in terms of composition, source, and manufacturing standardization. While LBPs offer significant advantages for scalability, regulatory compliance, and clinical integration, ongoing research is needed to determine whether defined microbial consortia can fully replicate the therapeutic benefits of complex whole-community microbiota transfers.

FMT: The First Generation of Microbiome Therapy
FMT is one of the most promising examples of translational microbiome research. FMT achieves such restoration of microbial diversity and ecological balance in the gut by transferring stool from a healthy donor into a recipient with dysbiosis(14,15). For recurrent C. difficile infection, therefore, this strategy achieves cure rates often higher than those with standard antibiotic therapy. The success of FMT was to upend longstanding models of disease treatment(16,17). Instead of eliminating the pathogen in its entirety, FMT restores ecosystem function, which enables beneficial microorganisms to suppress pathogenic development and return to microbial homeostasis. Such an ecological perspective also pioneered a new therapeutic paradigm that stressed the contribution of microbial community dynamics to health and disease. Outside of rCDI, FMT attracted interest in its modulation of the microbiome in other disease states(3,18). It has been studied in its use in inflammatory bowel disease, irritable bowel syndrome, metabolic disease, hepatic encephalopathy and neurology in clinical settings(19,20). Despite the conflicting results and potential therapeutic impact with other treatments, these studies have confirmed widespread involvement of dysbiosis and its potential as a mechanism of pathogenesis in many pathological processes, and that restoration of microorganisms may be a target avenue to develop therapies beyond infection(21,22). Arguably, the most important achievement of FMT has been to show that microbial communities can be therapeutic entities. In this way, FMT provided a platform to pursue microbiome therapeutics and to pioneer more sophisticated microbial interventions(23,24).

Why FMT Has Reached a Crossroads
Although FMT has been clinically efficacious, it has notable limitations limiting its use for clinical use. The variability of donors is a chief challenge (12,25,26). Each donor has his or her own microbial habitat influenced by genetics, dietary history, activity, dose of medication and environment. Therapeutic outcomes therefore, may vary greatly according to donor characteristics(27,28). This has resulted in the phenomenon of the “super-donor” where certain donors obtain better clinical outcomes. Safety remains another significant obstacle(11,29). While screening protocols of donors of any sort have been tightened, such movement of highly complex biological material is fraught with danger. Multidrug-resistant transmission of organisms reporting has brought about stricter regulation and increased safety needs. Additionally, since the microbiome affects many biological systems, the implications of transplanting entire microbial populations long-term are still incompletely understood(30–32). The absence of a standardization of FMT in the clinical application complicates the clinical use of FMT. donor choice, stool processing practices, storage, route of administration, and dosage schedule all suffer from considerable variability. This heterogeneity restricts reproducibility, and it has been found that it is challenging to obtain the universally accepted therapy protocols. Regulatory uncertainty is another difficulty(33,34). FMT is categorized differently in local jurisdictions, with FMT considered as either a tissue transplant, biologic product, drug or unique therapeutic entity(35). This absence of consensus makes clinical implementation and commercialization more difficult. Together, these limitations have prompted the quest for safer, more reproducible, and more scalable microbiome-based therapies(36).

The Rise of Live Biotherapeutic Products
Development of live biotherapeutic products for treating diseases as an extension of microbiome medicine represents an accepted route forward(37,38). LBPs are biological products containing live microorganisms that have been formulated for the prevention, treatment, or cure of disease(39). Unlike traditional probiotics, which are frequently offered as dietary supplements, LBPs undergo strict pharmaceutical development from controlled manufacturing, quality assurance testing to clinical evaluation(40). Among clinical advances, the approval of microbiota-derived products such as REBYOTA® and VOWST® has been a monumental one(41). These approaches have highlighted that microbiome-based interventions can leverage current regulatory pathways and evolve into standardized therapeutic products. LBPs are only part of a broader transition from donor-driven ecosystem transfer to functionally sound microbial therapeutics. LBPs are specifically designed for microbiome restoration with minimal variation and higher safety using prescribed microbial compositions produced under controlled conditions(42). Importantly, though, LBPs are also in step with the broader push towards precision medicine. Thanks to their standardized composition and production protocols, their reproducibility is high, their scalability is high and they can be integrated into traditional systems of healthcare (Table-1).
Table 1. Characteristics and Therapeutic Advantages of Approved Microbiota-Derived Live Biotherapeutic Products (REBYOTA® and VOWST®) Compared with General Live Biotherapeutic Products (LBPs).
	Product Name
	Product Type
	Primary Purpose
	Composition
	Regulatory Status
	Manufacturing Standard
	Key Therapeutic Advantages
	Source

	REBYOTA®
	Microbiota-derived Live Biotherapeutic Product (LBP)
	Prevention, treatment, or cure of disease (microbiome restoration)
	Microbiota-derived live microorganisms
	Approved (navigated modern regulatory pathways)
	Standardized medicinal product, controlled manufacturing, and quality assurance testing
	Standardized composition, reproducibility, scalability, integration into healthcare systems, minimized variability, and improved safety
	(43)

	VOWST®
	Microbiota-derived Live Biotherapeutic Product (LBP)
	Prevention, treatment, or cure of disease (microbiome restoration)
	Microbiota-derived live microorganisms
	Approved (navigated modern regulatory pathways)
	Standardized medicinal product, controlled manufacturing, and quality assurance testing
	Standardized composition, reproducibility, scalability, integration into healthcare systems, minimized variability, and improved safety
	(44)

	LBPs (General)
	Biological products containing live microorganisms
	Prevention, treatment, or cure of disease
	Rationally designed or defined microbial compositions
	Rigorous pharmaceutical development and clinical evaluation
	Standardized medicinal product, controlled manufacturing, and quality assurance testing
	Reproducibility, scalability, improved safety, and minimized variability compared to donor-dependent transfers
	(45)


The table highlights the emergence of Live Biotherapeutic Products (LBPs) as standardized microbiome-based therapies designed to restore gut microbial balance and prevent or treat disease. REBYOTA® and VOWST® are FDA-approved microbiota-derived LBPs containing live microorganisms that have successfully navigated modern regulatory pathways and are manufactured under stringent quality-control standards. Compared with traditional donor-dependent fecal microbiota transplantation (FMT), these products offer greater reproducibility, scalability, safety, and consistency due to their standardized composition and controlled production processes. More broadly, LBPs represent a new class of biological products composed of rationally designed or defined microbial communities that undergo rigorous pharmaceutical development and clinical evaluation, enabling improved integration into healthcare systems while minimizing variability and enhancing therapeutic reliability (42–44).

Advantages of LBPs Over Conventional FMT
LBPs' greatest benefit is their safety. LBPs are developed for low risk of pathogen spread and contamination with controlled production conditions and strict quality control standards(46). LBPs can be well characterized and studied before clinical consideration relative to stool preparations derived from donors. LBPs offer additional standardization, too(47). Clearly defined microbial compositions will facilitate the consistency of batches that improves reproducibility and interpretation toward clinical trial results. This standardization is required for regulatory approval and widespread adoption. Yet another benefit is scalability(48). Industrial production allows for large-scale manufacturing, storage, and distribution which can solve many of the logistical challenges of recruiting donors and processing stool. This scalability is critical if microbiome therapeutics are to make their way into routine clinical use. Finally, the LBPs are more suitable given the pharmaceutical frameworks that already exist(49). Through standardized composition, manufacturing protocols and quality-control activities they present both the basis for regulation and commercial uptake.

Can Defined Microbial Consortia Replace an Entire Ecosystem?
LBPs are associated with their benefits but also present a basic scientific challenge(50). Traditional FMT delivers a host-wide microbial ecosystem, including bacteria, bacteriophages, fungi, archaea, metabolites, and various other biological elements(51). These constituents interact in highly organized and intricate ecological systems that govern host physiology, but remain largely unknown. However, the majority of LBPs are comprised of specific microbial strains that can function in different therapeutic roles(52,53). Although this reduction helps improve standardization and regulatory approval, it begs the question: can a defined microbial consortium achieve the therapeutic effects of an entire ecosystem. The super-donor phenomenon indicates that characteristics at the ecosystem level can support a significant contribution to treatment successes(12,54). It is possible that therapeutic effect is contingent on microbial interactions, metabolic networks, and ecological durability(55), all of which are challenging to reproduce via simplified microbial formulations. Addressing this question is critical to determining if LBPs can ultimately replace classical FMT or if ecosystem-based therapies will remain a component of microbiome medicine(56,57).

Microbial Engraftment: The Missing Therapeutic Endpoint
An increasingly relevant issue in microbiome therapeutics is microbial engraftment, defined as the effective colonization and persistence of administered microorganisms within the recipient's gastrointestinal tract(13). Data are emerging to show that treatment not only relies on microbial delivery, but also on the long-term integration into the host ecosystem and subsequent bacterial integration(58). Engraftment depends on host genetics, immune responses, dietary habits, medication use, and baseline microbiome composition(59). As a result, identical microbial therapies might have drastically different effects across such patients. Insight into the determinants of engraftment success may be important for the development of better future microbiome interventions(60). Indeed, engraftment could act as the microbiome parallel to pharmacokinetics, acting as an important factor in the efficacy and sustainability of all therapeutic modalities(61). Future clinical trials could also increasingly include engraftment measures as outcome measures, enabling identification of responders and refining of therapeutics (Figure2).

Beyond Recurrent Clostridioides difficile Infection
rCDI has been the most effective use of microbiome therapeutics to date, and yet the opportunities of LBPs in terms of the future greatly surpass this particular indication(62). One of the most actively investigated areas is inflammatory bowel disease, as chronic intestinal inflammation is closely linked to dysbiosis(25,26). Similarly, microbiome-based interventions are investigated in obesity, type 2 diabetes, metabolic dysfunction-associated steatotic liver disease, and cardiovascular disease. Because these diseases involve intricate relationships between microbial metabolism and host physiology, they represent attractive targets for microbial therapeutics(63,64). The microbiome is not limited to gastroenterology -- it has emerged as a potential determinant of cancer immunotherapy response(65,66). The manipulation of microbial communities may therefore improve treatment response and decrease toxicity and create potential for adjunctive therapies in oncology. Increasing evidence also points to the gut microbiome in neurological and psychiatric conditions, via the gut–brain axis(62). As a result, LBPs are being explored more extensively for cases of Parkinson’s disease, depression, and autism spectrum disorders.

Toward Precision Microbiome Medicine
The future of microbiome therapeutics will likely shift from broad generalized microbial displacement to the precision medicine space(67,68). Many of these changes could be driven, in part, by new metagenomics, artificial intelligence tools and systems biology technologies that reveal new avenues to study the distinctive microbiome signatures of disease and response to these therapies(21,22). Such technologies can enable personalized microbial therapies based on individual microbiome profiles. Mechanisms in future interventions may be related to the disease-specific microbial consortia, predictive biomarkers of therapeutic responses and personalized treatment compounds(69). The development of engineered living therapeutics, in turn, extends these potentialities. The design of engineered, live therapeutics made from microorganisms represents an opportunity(70,71). Synthetic biology makes it possible to engineer microbes to produce medication, sense disease cues, and perform host-directed behaviors(72). Such developments might one day transform microbiome medicine itself, from an ecosystem restoration model into complex microbial engineering.

Challenges Ahead
LBPs have some big problems that do remain despite their possibility(73). Not only viability and stability, but there is still technical complexity associated with the scale-up production of live microorganisms(21,22). There is still a progressive development of regulations as we depend more on international harmonization. There will also need to be long-term monitoring of safety, especially as increasingly sophisticated microbial products enter clinical practice(74,75). Furthermore, demonstrating cost-effectiveness and gaining reimbursement pathways will be required for large-scale roll-out(76). There are also a number of scientific problems. Multiple therapeutic processes driven by microbiome-mediated processes have been poorly clarified, and additional information on host–microbiome interactions will be needed to refine therapeutic strategies(73). Meeting these challenges will require collaboration among clinicians, microbiologists, regulatory agencies, and industry partners.

Conclusion
FMT transformed medicine with the demonstration that modulation of gut microbiome changed disease outcomes. However, concerns for safety, reproducibility, standardization, and scalability have greatly accelerated the creation of live biotherapeutic products and generated the next generation of microbiome therapeutics. LBPs could be the next step in transforming microbiome medicine from donor-focused to regulated, scalable, and standardized therapy. However, important scientific questions persist about ecosystem complexity as well as microbial engraftment and long-term efficacy. Instead of being an absolute alternative to FMT, LBPs could be a step forward in microbiome medicine. Yet as we move toward precision-engineered microbial therapeutics developed by science, the ambition is not just to recreate the restoration of an ecosystem but to exceed it. The post-FMT era has started, and its success will depend on our ability to transform the complexity of microbial ecosystems into safe, effective, and personalized medicines.
Implications
The transition FMT to LBPs represents a major advancement in microbiome medicine, moving the field toward standardized, reproducible, and regulated therapeutic approaches. The approval of microbiota-derived products such as REBYOTA® and VOWST® demonstrates the clinical feasibility of microbiome-based interventions and supports their integration into mainstream healthcare. LBPs have the potential to overcome many limitations associated with FMT, including donor variability, safety concerns, manufacturing inconsistency, and regulatory uncertainty. Furthermore, advances in microbiome science, microbial engraftment research, metagenomics, artificial intelligence, and synthetic biology may facilitate the development of precision microbiome therapies tailored to individual patient characteristics. However, important questions remain regarding the ability of defined microbial consortia to fully replicate the therapeutic complexity of whole-community microbiota transfers and achieve sustained clinical benefits. 
Recommendations
Future research should focus on elucidating the mechanisms underlying microbial engraftment, host–microbiome interactions, and the ecological factors that determine therapeutic success. Large-scale, well-designed clinical trials are needed to evaluate the long-term safety, efficacy, and cost-effectiveness of LBPs across diverse disease indications beyond recurrent Clostridioides difficile infection. Standardized protocols for manufacturing, quality control, clinical assessment, and regulatory evaluation should be further developed to facilitate global adoption of microbiome therapeutics. Additionally, integrating multi-omics technologies, artificial intelligence, and systems biology approaches may support the identification of predictive biomarkers and the design of personalized microbial therapies. Collaboration among researchers, clinicians, industry stakeholders, and regulatory agencies will be essential to accelerate the translation of microbiome-based innovations into safe, effective, and accessible precision medicines. 
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