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Abstract — Clostridioides difficile infection (CDI) remains a leading cause of antibiotic-associated diarrhea
worldwide, with recurrent episodes representing the most challenging aspect of disease management. Results
from randomized controlled trials, multicenter cohorts, and systematic reviews on CDI demonstrate that fe-
cal microbiota transplantation (FMT) achieves cure rates of about 80-90% and markedly reduces recurrence
episodes. This review aimed to present an update on the clinical implementation of FMT for CDI treatment,
including patient selection, risk stratification, donor screening, recipient preparation, delivery routes, and out-
come monitoring. Data obtained from mechanistic studies showed that FMT can cause restoration in gut
microbiota structure and diversity, promote butyrate- and secondary bile acid-producing microbial taxa, sup-
pression in C. difficile germination, and modulation in mucosal and systemic immune responses. We also sum-
marized other microbiome-based strategies, including defined microbial consortia, engineered live biothera-
peutics, postbiotics, and phage therapy, which aim to replicate the ecological and functional benefits of FMT
with greater standardization and safety. Ultimately, we investigated outstanding problems, such as donor vari-
ability, transmission of multidrug-resistant organisms, long-term ecological concerns, and global inequities
in access, while considering potential paths to precision-guided and scalable microbiota-based therapeutics.

Keywords: Clostridioides difficile infection, Recurrent CDI, Fecal microbiota transplantation, Gut dysbiosis,
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INTRODUCTION

Clostridioides difficile infection (CDI) represents a major global healthcare burden, with increasing inci-
dence, high rates of recurrence, and substantial impacts on patient morbidity, mortality, and healthca-
re resources'. Once considered a predominantly hospital-associated infection, CDI is now frequently
encountered in community settings, with both asymptomatic carriage and active transmission?3. The
most established risk factor remains antibiotic exposure, mostly to clindamycin, cephalosporins, fluo-
roquinolones, and vancomycin, which can disrupt gut microbiota and create favorable conditions
for C. difficile proliferation*®. Other notable risk factors include advanced age, immunosuppression,
proton pump inhibitor (PPI) use, and prolonged hospitalization?¢. Of note, PPl-associated risk for
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community-acquired CDI may persist for up to a year after discontinuation?. Despite a growing trend
to control hospital outbreaks and reduce antibiotic overuse, CDI remains the leading cause of noso-
comial diarrhea and a significant contributor to gastrointestinal infections worldwide’.

CDI severity ranges from mild diarrhea to fulminant colitis, toxic megacolon, and even death.
The clinical management of CDI is complicated as approximately 20-30% of patients relapse after
initial treatment, with up to 60% experiencing multiple recurrences”®. Recurrence episodes can be
more severe and less responsive to standard antibiotics, and in 33-56% of cases, they are caused
by new strains rather than relapse from the original infection. Standard treatments, including oral
vancomycin or fidaxomicin, help eradicate active infection but further disrupt microbiota structure
and enhance the risk of relapse®©. Accordingly, microbiome-based therapeutics that aim to re-
store intestinal microbial diversity and function rather than suppressing the pathogen have gained
prominence in recent CDI studies'. Fecal microbiota transplantation (FMT) is the most eviden-
ce-based intervention for recurrent CDI (rCDI), in which minimally processed stool from a healthy
donor is transferred into the patient’s gastrointestinal tract to reestablish microbial homeostasis'2.
By restoring a diverse and resilient microbiota, FMT can enhance colonization resistance through
nutrient competition, bile acid metabolism, and modulation of host immune responses'®*'s. A Co-
chrane meta-analysis of six randomized controlled trials with 320 adult participants showed that
FMT significantly increased the likelihood of sustained cure compared with antibiotics alone'®. The
analysis also suggested a possible reduction in all-cause mortality and serious adverse events,
though large-scale trials are warranted to clarify long-term safety, especially in immunocompromi-
sed populations.

Recent advances are extending beyond traditional FMT toward next-generation microbiota the-
rapeutics, such as defined microbial consortia, synthetic communities, and postbiotics to preserve
the ecological advantages of FMT while improving safety, reproducibility, and regulatory complian-
ce'. However, FMT remains an indispensable option for patients with rCDI unresponsive to stan-
dard treatments until other therapies are broadly available in clinical settings. This review aimed
to appraise the existing literature on the new aspects of FMT implementation for CDI treatment,
focusing on the mechanistic insights underpinning its efficacy, and emerging strategies to define
the next generation of microbiota-directed therapeutics.

Study selection

The studies were selected based on a comprehensive literature search across major databases,
including PubMed, Scopus, Embase, Web of Science, and Cochrane, which contained randomized
controlled trials, multicenter cohorts, systematic reviews, recent clinical guidelines, and original
articles relating to the current landscape of FMT for rCDI.

PATHOPHYSIOLOGY OF RCDI

A healthy human gut harbors a diverse and resilient microbial community that provides coloniza-
tion resistance against opportunistic pathogens such as C. difficile’®. Gut dysbiosis, a hallmark
of CDI, can result from several factors, most importantly antibiotic exposure, but also from che-
motherapy, gastrointestinal surgery, dietary deficiencies, and chronic gastrointestinal diseases'.
Antibiotics, including clindamycin, cephalosporins, fluoroquinolones, and vancomycin, marke-
dly reduce microbial richness and selectively deplete protective taxa within the Firmicutes and
Bacteroidetes phyla, while permitting overgrowth of Proteobacteria’®2°. Gut microbiota imbalan-
ce can reduce butyrate-producing organisms, which are crucial for epithelial barrier integrity and
normal bile acid metabolism, creating a microenvironment that facilitates spore germination and
C. difficile overgrowth?'. Patients with rCDI often fail to restore normal gut microbiota between
episodes, allowing persistent dysbiosis that supports the recolonization by toxigenic strains or
the reactivation of dormant spores??. Furthermore, strains with probiotic properties and commen-
sals capable of competing with C. difficile for nutrients or mucosal adhesion sites are frequently
absent in rCDI patients?. Thus, reinfection with genetically distinct strains has been frequently
documented, demonstrating the inability of the disrupted gut ecosystem to regain colonization
resistance®.
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The pathogenesis of rCDI is mainly driven by the C. difficile exotoxins, namely TcdA and TcdB,
which cause epithelial injury, stimulate fluid secretion, and provoke intestinal inflammation?'-2%. The-
se toxins compromise tight junction integrity and cytoskeletal architecture and promote neutrophil
and monocyte infiltration, mucosal erosion, and pseudomembrane formation2®. Chronic toxin expo-
sure can disrupt immune responses, leading to a sustained proinflammatory state, with elevated
IL-6 and TNF-a persisting even in remission?. Furthermore, barrier breakdown facilitates bacterial
and metabolite translocation, fueling systemic inflammation and altering microbial niches?®. More-
over, following toxin-induced cell death, the release of nutrients such as sialic acids and succinate
can selectively support C. difficile proliferation within the host?°.

Multiple host-related factors increase the risk of rCDI by weakening immune defenses or sustai-
ning dysbiosis?®. Immunosenescence in the elderly can reduce the host capacity to mount effective
antitoxin antibody responses®®. In addition, pediatric patients, especially those with comorbidities
or frequent healthcare exposure, are at greater risk due to immature immunity and high antibio-
tic usage®. Furthermore, immunosuppressive therapies, including corticosteroids, cytotoxic che-
motherapy, and biologics, diminish mucosal immunity and clearance efficiency®'. PPIs by altering
gastric pH and microbial composition further compromise colonization resistance®. Hospitaliza-
tion, particularly in intensive care units (ICUs) or after surgery, increases exposure to nosocomial
strains and disrupts the gut microbiota®:. Malnutrition and inflammatory bowel disease (IBD) impair
mucosal integrity and immune competence, while feeding tubes and tracheostomies provide direct
routes for pathogen ingress and trigger C. difficile colonization®*. Together, these factors contribute
to persistent vulnerability by impeding microbiota restoration and immune recovery.

CLINICAL RESOLUTION AND EFFICACY OF FMT IN CDI

Today, FMT has become a cornerstone of CDI management, and current clinical guidelines recom-
mend it primarily for patients with multiple recurrences despite appropriate antibiotic courses®-36.
By introducing a complex community of commensal microorganisms from healthy donors, FMT
directly addresses the underlying ecological imbalance, promoting colonization resistance and
suppressing C. difficile germination and toxin production'-¥”. Unlike antibiotics, which perpetuate
dysbiosis and fail to eradicate spores, FMT reconstitutes microbial networks that confer durable
protection, and long-term follow-up indicates that remission can persist for more than a year in
most patients, with durable responses in over 80% after a single treatment®8-3°,

FMT is increasingly applied to complex clinical populations, including immunocompromised
individuals and those with IBD, where remission rates remain high when careful monitoring and
tailored protocols are implemented“®#'. Across observational studies, randomized controlled trials,
and meta-analyses, single-FMT cure rates typically range from 70% to over 90%, with repeat ad-
ministrations further improving outcomes*243. In a multicenter retrospective cohort of IBD patients,
sequential FMT achieved significantly higher sustained cure rates and prolonged symptom-free in-
tervals compared with prolonged antibiotic therapy*°. Additionally, in cancer patients with advanced
disease, retrospective analysis from a tertiary cancer center demonstrated an 84% response rate
following FMT for rCDI, with no serious adverse events or 30-day mortality; however, subsequent
antibiotic exposure that is often necessitated by chemotherapy-related complications, was asso-
ciated with reduced efficacy of the treatment*4. Similarly, a meta-analysis of 1,208 immunocompro-
mised patients across 44 studies, including solid organ transplant recipients, oncology patients on
chemotherapy, hematopoietic stem cell transplant recipients, and individuals with advanced HIV,
reported a pooled clinical resolution rate of 75.3% (95% CIl 71.7-78.6%) after a single FMT, increa-
sing to 87.4% (95% CIl 84.8—89.6%) with multiple administrations. Notably, recurrence occurred in
23.9% (95% CI 19.2—-29.4%) and serious adverse events presented in 10.1% (95% CIl 6.7—-14.8%),
which were broadly comparable to those observed in immunocompetent cohorts*.

Patient Selection and Risk Stratification
Effective integration of FMT into practice requires precise patient selection and risk assessment to

improve treatment efficacy and ensure patient safety. The explicit indication for patient selection re-
mains multiple CDI episodes unresponsive to standard antibiotic therapy, typically after the second
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or third recurrence®®. Increasingly, early FMT after the first recurrence in high-risk patients has
been investigated to reduce repeated antibiotic exposure and stabilize immune function, with evi-
dence suggesting improved outcomes and decreased hospitalization or colectomy rates*. Notably,
patients with considerable microbiota depletion, including low alpha diversity and Proteobacteria
overrepresentation, are typically more responsive to FMT*8, Studies have shown that patients with
higher baseline microbial diversity, or those lacking critical butyrate-producing bacteria such as
Roseburia and Fusicatenibacter, may have reduced response rates*®. Pre-FMT microbiome profi-
ling to identify deficits in key taxa can refine patient selection and predict response*®.

Age, comorbidities, immune status, and gastrointestinal conditions also influence the risk and
benefit balance of FMT in patients®0-52. While FMT is possibly effective in elderly or immunocom-
promised patients, including transplant recipients, it requires rigorous donor screening and aseptic
preparation to mitigate infectious risks®3%4. Among CDI patients with concurrent IBD, FMT effecti-
vely treats CDI; however, its impact on IBD activity is variable, and flares may occur post-FMT54%5,
Furthermore, patients who fail multiple vancomycin or fidaxomicin courses and remain toxin-positi-
ve are strong FMT candidates, whereas patients with non-infectious diarrhea syndromes should be
considered only with supporting evidence®®. Finally, patients must be informed of potential benefits,
uncertainties, and adverse effects/events, especially where data are limited, and informed consent
should address the experimental status of FMT outside CDI and detail screening protocols to mi-
nimize transmission risk3%%7.

Regulatory and Ethical Challenges

The rapid evolution and clinical success of FMT for rCDI have raised pressing regulatory and ethi-
cal challenges, particularly regarding its classification, production, and administration across diffe-
rent regions®®. Regulatory frameworks in the United States (US) and Europe continue to diverge in
their categorization of FMT, which affects its accessibility, safety oversight, and long-term clinical
governance®®. In the United States, FMT is regulated as a biologic drug under the jurisdiction of
the FDAS. While rCDI was initially permitted under enforcement discretion without an Investigatio-
nal New Drug (IND), FDA approvals of standardized FMT products like RBX2660 (Rebyota) and
SER-109 (Vowst) signal a shift toward more stringent oversight®®¢'. Furthermore, all investigational
uses beyond rCDI now require an IND submission, reflecting the importance of quality control,
safety, and long-term monitoring®. This framework, however, can impede hospital-based or physi-
cian-prepared FMT due to logistical and financial barriers®.

In the European Union (EU), the lack of a unified position from the European Medicines Agency
(EMA) has led to fragmented national policies®%4. The United Kingdom (UK) treats FMT as a medi-
cinal product under the Medicines and Healthcare Products Regulatory Agency (MHRA). Moreover,
France and Germany classify FMT as a drug, while Belgium, the Netherlands, and ltaly regulate it
as tissues or cells’%%. The UK’s licensed stool bank operates under Good Manufacturing Practice
(GMP) with National Health Service (NHS) access supported by an innovation tariff®¢. Additionally, EU
Gastroenterology advocates for harmonized classification of transplant products, with standardized
donor screening and safety monitoring®®. Canada classifies FMT as a biologic drug requiring a full
clinical trial application outside compassionate use, whereas Australia applies a Class 1/2 biological
classification depending on the preparation and context®”%8. Uncertainty about the active microbial,
metabolic, or immunologic therapeutic components complicates ethical and regulatory frameworks;
thus, global harmonization of classification systems and ethical standards is essential to ensure safe,
equitable, and evidence-based implementation of FMT in both clinical care and research.

FMT STANDARDIZATION AND OPTIMIZATION
Donor Screening, Preparation, and Safety
The safety and efficacy of FMT rest on rigorous donor selection and carefully standardized stool pro-

cessing to avoid transmission of infectious agents, undesirable microbial traits, or pro-inflammatory
components®. Preferred donors are healthy young adults without recent antibiotic exposure, meta-
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bolic syndrome, or gastrointestinal disorders, which can significantly influence microbial diversity,
metabolic potential, and stability’®"". Diet, travel history, and behavioral risk factors are also assessed
to avoid the introduction of pathogens or unfavorable microbiome profiles to recipients’3. Com-
prehensive health questionnaires, detailed medical histories, and laboratory testing for blood-borne
and enteric pathogens are the core of standardized protocols™. These efforts include serological
screening for HIV, hepatitis A—C, and syphilis, alongside stool assays for enteric bacteria, parasi-
tes, viruses, and C. difficile toxins®>757¢, Importantly, the growing recognition of multidrug-resistant
organisms (MDROs) as potential contaminants has required culture and PCR-based evaluations for
carbapenem-resistant Enterobacterales, vancomycin-resistant Enterococci, and extended-spectrum
B-lactamase—producing bacteria”’"8. Once approved, donors provide fresh stool under controlled
conditions to limit environmental contamination. Processing uses sterile techniques to homogenize
stool in isotonic or buffered saline, or glycerol-containing cryoprotectants for frozen storage, which
should be completed within six hours™. Furthermore, particulate matter is removed via filtration while
preserving viable microbial communities®. It is worth noting that centralized stool banks operating
under GMP standards enhance quality control, traceability, and batch testing, enabling rapid donor
recall and providing standardized preparations for both research and clinical use®'.

Recipient Preparation and Exclusion Criteria

Optimizing recipient readiness is essential for maximizing engraftment success and minimizing
adverse outcomes. Most protocols recommend ceasing CDI-directed antibiotics 24-48 hours be-
fore FMT to reduce antimicrobial suppression of the donor microbiota®2. Bowel lavage, akin to co-
lonoscopy preparation, is often performed to reduce residual pathogen burden, though a previous
study suggested that its utility may vary by delivery route®. While exclusion criteria may differ to
protect patients from procedure-related risks, absolute contraindications include severe sepsis,
bowel perforation, and hemodynamic instability®33. Additionally, relative contraindications can
consist of pregnancy, severe neutropenia, recent gastrointestinal surgery, or inability to provide in-
formed consent®'. Immunocompromised patients are not uniformly excluded but require enhanced
screening and post-procedure surveillance™. In some centers, risk stratification combines clinical
variables with microbiome biomarkers, such as baseline alpha diversity and the abundance of
butyrateproducing taxa, to predict FMT success, which plays a role in maintaining epithelial inte-
grity and modulating immune responses®?. Finally, high-risk individuals may be offered intensified
regimens, such as multi-dose protocols or adjunctive therapies.

Routes of Delivery

The delivery route can considerably influence therapeutic efficacy and patient experience during
and after FMT procedure®®. Administration methods include the lower gastrointestinal route (via
colonoscopy or retention enema), upper gastrointestinal route (via esophagogastroduodenoscopy,
nasogastric, nasojejunal, or nasoduodenal tube), and oral capsules®. Colonoscopy is the most ex-
tensively studied procedure, which allows for the deposition of a high microbial load throughout the
colon and permits mucosal inspection®. However, bowel preparation, sedation, and procedural re-
quirements limit the use of colonoscopy in unstable or frail patients®®. Retention enemas are more
affordable and less invasive for delivering microbiota to the distal colon and have demonstrated
improved outcomes, especially with multi-dose regimens®%9'.

Upper gastrointestinal delivery may be considered in patients with colonic inflammation or alte-
red anatomy, but discomfort during tube placement, aspiration risk, and inability to inspect colonic
mucosa are drawbacks of these methods®. Notably, comparative studies have shown that FMT
delivered via lower gastrointestinal routes may represent the most effective response against re-
currence or relapse of CDI®2. Importantly, oral capsule formulations, containing freeze-dried or fro-
zen microbiota in enteric-coated form, offer a non-invasive and sedation-free option with high cure
rates comparable to colonoscopy®®. However, oral capsules require GMP-compliant manufacturing
and may involve a substantial capsule burden®t. Ultimately, route selection should be individuali-
zed, considering comorbidities, procedural risk, urgency, patient preference, and local resources.
Shared decision-making ensures alignment between clinical considerations and patient priorities.
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Follow-up and Outcome Measures

A structured, well-timed follow-up protocol is essential to promptly detect recurrence and assess
the therapeutic efficacy of FMT, identifying delayed or rare adverse events that patients may en-
counter. In clinical practice, primary cure is defined as complete resolution of diarrhea that is ac-
companied by a negative test for C. difficile within eight weeks of FMT and without the need for
additional antibiotic therapy®. Sustained cure, however, is typically assessed at =12 weeks, with re-
currence defined as the return of characteristic symptoms and laboratory confirmation of toxigenic
C. difficile following an initial resolution®. Standard follow-up schedules often include evaluations
at 1-2 weeks, 1 month, and 3 months post-procedure, supplemented by additional visits or remote
contact when clinically indicated®”. Diagnostic testing is generally performed for symptomatic pa-
tients to lessen the risk of misclassifying asymptomatic carriage as CDI recurrence®. In research
settings, longitudinal microbiome sequencing may also be incorporated to monitor donor strain
engraftment and the progressive restoration of microbial diversity””:9910°,

Long-term patient assessments provide a reliable framework for detecting uncommon or de-
layed outcomes, including potential metabolic or immune sequelae. Increasingly, patient-reported
outcome measures, such as stool form, urgency, abdominal pain, and overall quality of life, are re-
cognized as valuable endpoints in both clinical care and research trials'™'. For patients at high risk
of relapse or those with incomplete recovery, repeat FMT or adjunctive strategies, such as bezlo-
toxumab, probiotics, or tailored dietary interventions, may be considered to maintain remission'®2,

MECHANISMS OF ACTION OF FMT IN RCDI

FMT delivers a diverse consortium of commensal microorganisms that re-establish ecological sta-
bility in the gut, markedly increase alpha diversity, and restore keystone taxa that provide coloniza-
tion resistance against C. difficile'®'%4. The therapeutic effect of FMT consists of compositional and
functional recovery, which includes the restoration of short-chain fatty acid (SCFA) biosynthesis,
normalization of redox potential, and reactivation of metabolic pathways disrupted during dysbio-
sis'®. Successful FMT rapidly induces a donor-like microbial profile within days that persists for
months to years and establishes a resilient network that resists re-emergence of C. difficile'®.

When it comes to pathogen exclusion, the occupation of nutrient niche, which can be the de-
pletion of amino acids and simple carbohydrates preferentially utilized by C. difficile, can restri-
ct pathogen proliferation'®”. Commensal anaerobes contribute to this effect by producing SCFAs
and bacteriocins that directly inhibit C. difficile growth, while metabolic cross-feeding stabilizes
community function'®. Restoration of butyrate-producing Firmicutes, such as Roseburia spp. and
Faecalibacterium prausnitzii, can elevate colonic butyrate concentrations and lead to promotion of
regulatory T cells (Tregs) and attenuation of pro-inflammatory cytokines'®. The immunomodulatory
changes reduce mucosal inflammation, facilitating epithelial repair and regulating CDI-associated
Th17 responses'®. Innate immunity is likewise regulated, with enhanced tolerance at pattern re-
cognition receptors (PRRs), reduced neutrophil infiltration, and increased secretion of protective
mucins'®®. Notably, upregulation of Bacteroides fragilis and other polysaccharide A-producing taxa
results in elevated levels of IL-10, which can establish an anti-inflammatory milieu in the gut'®.
Thus, FMT would reinforce innate and adaptive immune responses and strengthen gut barrier in-
tegrity against C. difficile-mediated pathology.

In the dysbiotic gut, the dominance of primary bile acids facilitates C. difficile spore germination,
while secondary bile acids are depleted, which can inhibit germination and vegetative growth of
the pathogen™. FMT restores bile salt hydrolase-producing bacteria and regulates efficient con-
version of primary to secondary bile acids such as deoxycholic acid and lithocholic acid, which
suppress spore germination and toxin synthesis''. Accordingly, it has been reported that stable
reconstitution of Clostridium scindens and other 7a-dehydroxylating taxa is significantly associated
with durable remission of CDI"6. Metabolomic studies further illustrated that restoration of indole
derivatives and polyamines, which support epithelial function, regulate immune responses, and
promote mucosal integrity'"''2. Secondary metabolites from re-established commensals can di-
rectly repress C. difficile toxin gene expression and impair biofilm formation'.

Additional protective effects arise from the re-establishment of mucus-associated microbiota,
which function as both a physical and biochemical barrier to pathogen adherence and biofilm
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development's. In murine models, donor communities with intact metabolic capacity clear C. dif-
ficile more efficiently than simplified consortia, reflecting the importance of functional breadth in
competitive exclusion'”. The donor virome, namely bacteriophages, is also transferred during FMT
and can modulate bacterial community composition by selectively lysing competing taxa or enhan-
cing beneficial strains via lysogenic conversion''*. Furthermore, reductions in Candida overgrowth
observed post-FMT may alleviate immune activation and epithelial stress''®''6. Collectively, FMT
orchestrates a multistep re-establishment of microbial, metabolic, and immunological homeostasis
to achieve durable suppression of rCDI.

EMERGING ALTERNATIVES TO FMT
Defined Consortia and Synthetic Microbiota Therapies

The development of standardized microbial therapeutics aims to overcome the variability and logi-
stical challenges of traditional donor-derived FMT. Products such as SER-109 and RBX2660 con-
tain defined microbial consortia derived from purified spore-forming bacteria, which can ensure ba-
tch-to-batch consistency and reduce the risk of transmitting MDROs. SER-109 is an oral formulation
of purified spores of Firmicutes, which demonstrated significant reductions in rCDI recurrence com-
pared to placebo in phase lll trials, with durable microbiome engraftment and restoration of secon-
dary bile acid metabolism™”. In addition, administration of RBX2660 via enema has been shown to
achieve high sustained clinical response rates and regulatory approval as the first FDA-licensed
microbiota-based therapy for rCDI"'8. These next-generation therapeutics address key barriers to
conventional FMT by eliminating donor-to-donor variability, enabling scalable manufacturing, and
aligning with regulatory quality control requirements. In addition to improved safety, defined consortia
allow targeted selection of functional taxa critical for colonization resistance, such as Lachnospira-
ceae and Ruminococcaceae, thereby enhancing mechanistic predictability compared to traditional
FMT.

Engineered Microbial Therapeutics

Engineered live biotherapeutics, which involve genetic modification of commensal or probiotic
strains, may significantly enhance pathogen suppression, modulate host immunity, or deliver the-
rapeutic agents to the site of infection'®. For instance, Bacillus subtilis and Lactococcus lactis can
be engineered to secrete antimicrobial peptides or neutralizing antibodies that target C. difficile
toxins'®. These biotherapeutics not only provide competitive colonization resistance and direct
toxin neutralization but also preserve beneficial host-microbe interactions and affect gut metabolic
function. Synthetic biology has also enabled the design of modular therapeutic strains, which are
capable of responding to disease-specific signals by releasing bioactives only in the presence of
pathogenic metabolites to reduce off-target effects. Interestingly, engineered microbiota can be
combined with defined consortia frameworks to create hybrid therapeutics with both predictable
composition and programmable functions'®.

Postbiotics and targeted metabolites

Postbiotics are non-viable microbial products such as SCFAs, bacteriocins, and bioactive peptides,
which are increasingly recognized as potential independent or adjunctive therapies for rCDI™'. It
has been suggested that delivering key metabolic end-products without introducing live organisms
may help avoid safety concerns in immunocompromised patients'?2. Accordingly, studies reported
that SCFAs, such as butyrate, can promote epithelial barrier repair and suppress inflammatory
signaling cascades, potentially inhibiting C. difficile growth'3. On the other hand, targeted delivery
of bile acid derivatives that restore secondary bile acid pools can directly inhibit C. difficile spore
germination, which represents a critical functional outcome of successful FMT'423, Certain bacte-
riocins, including thuricin CD and nisin variants, exhibit potent narrow-spectrum activity against C.
difficile with minimal disruption to the surrounding microbiota'®®'2¢. Of note, engineered bacterio-
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cin-producing strains may deliver these molecules directly into the gut to provide localized sustai-
ned activity. Furthermore, bacteriocins may be deployed alongside defined microbial consortia to
enhance competitive exclusion and prevent post-treatment recolonization by C. difficile.

PHAGE THERAPY

Phage therapy offers a precision antimicrobial strategy by selectively lysing C. difficile strains without
depleting beneficial taxa. Several lytic phages targeting diverse ribotypes have been identified, with
in vitro studies demonstrating strain-specific bactericidal activity and potential synergy with antibiotic
or microbiota-restoring treatments's. Although the majority of naturally isolated C. difficile phages are
benign and belong to the Myoviridae or Siphoviridae families, advances in isolation techniques and
synthetic biology are accelerating the discovery or engineering of strictly lytic candidates'?®'?”. A com-
plementary approach involves phage-derived endolysins, which are modular enzymes that degrade
the bacterial cell wall with high specificity'?®. For example, endolysins such as CD27L derived from
phage phiCD27 can lyse a broad spectrum of C. difficile strains, including hypervirulent ribotype 027,
while sparing commensal species to avoid gut dysbiosis'?®'2. Interestingly, these enzymes can also
disrupt biofilms and retain bacteriolytic activity under physiological conditions. Recent advances in
metagenomic technologies can allow the discovery of novel C. difficile-specific phages and endoly-
sins directly from human fecal viromes, which can bypass the need to culture the target organism'°.
Furthermore, innovative delivery platforms, such as encapsulation systems to enhance gastrointesti-
nal stability, engineered phages with broader host ranges, and designed endolysin fusion proteins,
are under investigation'3'%2, Thus, phage-based therapeutics can be considered a strongly promi-
sing addition to the therapeutic arsenal against rCDI.

Challenges, Risks, and Controversies

Despite high efficacy in preventing rCDI, FMT carries important clinical and regulatory challenges
that should be considered in clinical practice. Most patients experience transient adverse effects,
including abdominal discomfort, bloating, diarrhea, or low-grade fever; yet severe complications such
as bacteremia, sepsis, or exacerbation of comorbidities have been reported, particularly in vulnerable
hosts'™31%4, Pathogen transmission is a major concern, as documented cases showed transmission
of extended-spectrum B-lactamase (ESBL)-producing Escherichia coli that led to fatal sepsis in an
immunocompromised patient'®®, ESBL-producing Klebsiella pneumoniae in a renal transplant reci-
pient'®¢, shedding of norovirus gastroenteritis from asymptomatic donor'®’, and FDA-reported inci-
dents involving Shiga toxin—producing E. coli'*8. In response to transmission events, agencies such
as the FDA and EMA have reinforced guidance, mandating MDRO screening, molecular testing
for enteric pathogens, and temporary donor exclusion during outbreaks”. Therefore, careful asses-
sments are advised for individuals with immunosuppression, recent hospitalization, central venous
catheters, or concurrent broad-spectrum antibiotics, conditions in which donor-strain engraftment
may be delayed, and susceptibility to translocation increased. While these measures reduce risk,
they also increase costs and logistical complexity for stool banks and treatment centers'®.

The success of FMT depends on both donor microbiome composition and the recipient’s fac-
tors, including diet, medications, and underlying health conditions. In some patient groups, the
transplanted microbiome remains functionally stable over time, while in others, diversity and re-
silience gradually decline'*. Differences between donors remain a serious obstacle to reproduci-
bility, as they affect how quickly and effectively donor microbes establish themselves and restore
key metabolic pathways. When it comes to treatment failure, mounting evidence suggests that
pre-treatment with low microbial diversity and a marked loss of butyrate-producing Firmicutes, like
Roseburia, Oscillospira, and Fusicatenibacter, can be related to limited outcomes, characterized
by weak donor colonization and persistently low alpha diversity post-FMT*. Similarly, donors with
low microbial diversity have been associated with reduced patient response rates®. Additional-
ly, procedural variables, which include homogenization, cryopreservation, and delivery route, can
influence microbial viability and community structure post-FMT'°. Multi-donor pooling may help
overcome the shortcomings of an individual donor’s microbiome, but it also increases the risk of
exposing recipients to a wider range of potential pathogens during regulatory efforts™®. The ab-
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sence of universally accepted standards for screening, microbiome characterization, product for-
mulation, and quality control continues to complicate multicenter trials and harmonized regulation.

Finally, as the long-term safety of FMT is not well characterized, open questions exist about eco-
logical stability, metabolic and immune remodeling, and possible neoplastic risk. Studies have shown
that the transferred microbial communities via FMT can remain in the gut for extended periods and
influence the host’s metabolic and immune functions beyond preventing CDI™°. Furthermore, the po-
tential transfer of latent traits that encompass antibiotic resistance genes or virulence factors remains
a serious unresolved concern, which may be activated by future host or environmental pressures':.
The uncertainties highlight the need for long-term surveillance of FMT recipients and systematic
monitoring of microbiome composition, functional capacity, and host health outcomes to define the
durability of therapeutic benefits and to identify potential late adverse effects.

CONCLUSIONS

Access to standardized microbiome FMT procedures remains uneven worldwide due to regulatory
heterogeneity, the scarcity of accredited stool banks, high donor-screening costs, and limited cold-
chain and processing infrastructure. While current FMT practice favors universal high-diversity do-
nors, inter-individual differences in microbial composition, metabolic capacity, and immunomodula-
tory potential may result in an effective donor for one recipient while causing a suboptimal outcome
in another. In this case, defined microbial consortia offer scalable alternatives to donor-derived FMT,
potentially reducing reliance on large donor programs. On the other hand, targeted donor-recipient
matching to address specific deficiencies, such as low butyrate-producing Firmicutes or depleted
secondary bile-acid producers, could accelerate engraftment and functional recovery. Foundatio-
nal parameters, including optimal donor criteria, dosing frequency, and delivery routes for certain
patient subgroups, remain to be determined. In addition, high-resolution profiling techniques such
as shotgun metagenomics, targeted metabolomics, and microbial transcriptomics enable detailed
characterization of both taxonomic and functional microbiota landscapes, guiding therapy choice
and timing. Profiles showing severe diversity loss, opportunist dominance, or depletion of keystone
taxa may warrant earlier FMT rather than prolonged antibiotic use. Also, post-FMT surveillance can
identify engraftment failure or instability; for instance, persistent Enterobacteriaceae dominance or
incomplete restoration of secondary bile-acid metabolism may represent recurrence and prompt
retreatment or adjunctive therapy. Integrating multi-omics data that includes host genetics and im-
mune profiling, with artificial intelligence (Al) can result in designing predictive patterns and in silico
networks, which inform patient stratification, forecast microbiome stability, and guide the design of
synthetic microbial consortia that replicate beneficial functions while reducing transmission risks.
In addition, critical research priorities include identifying validated biomarkers for patient selection
and response prediction, conducting large, multicenter, longitudinal studies to determine long-term
safety and ecological stability, and systematically evaluating combination strategies, such as FMT
with bacteriophages, targeted metabolites, or engineered probiotics, to improve the durability of re-
mission in CDI patients. Further, robust cost-effectiveness analyses will be essential to inform reim-
bursement frameworks and ensure equitable global access to microbiome-based therapeutics.
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