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Fecal microbiota transplantation (FMT) represents a therapeutic approach that

directly regulates the gut microbiota of recipients, normalizes its composition

and reaping therapeutic rewards. Currently, in addition to its general application

in treatingClostridiumdi�cile (C. di�cile) infection (CDI), FMT treatment has also

been extended to the fields of other gastrointestinal diseases, infections, gut-

liver or gut-brain axis disorders, metabolic diseases and cancer, etc. Prior to FMT,

rigorous donor screening is essential to reduce the occurrence of adverse events.

In addition, it is imperative to evaluate whether the recipient can safely and

e�ectively undergo FMT treatment. However, the e�cacy of FMT is influenced

by the complex interactions between the gut microbiota of donor and recipient,

the degree of donor microbiota engraftment is not necessarily positively related

with the success rate of FMT. Furthermore, an increasing number of novel

factors a�ecting FMT outcomes are being identified in recent clinical trials and

animal experiments, broadening our understanding of FMT treatment. This article

provides a comprehensive review of the application scenarios of FMT, the factors

influencing the safety and e�cacy of FMT from the aspects of both the donors

and the recipients, and summarizes how these emerging novel regulatory factors

can be combined to predict the clinical outcomes of patients undergoing FMT.

KEYWORDS

gut microbiota, fecal microbiota transplantation, donor-recipient interplay, prediction

model, safety and e�ciency

1 Introduction

The gut microbiota is composed of trillions of different microorganisms, bacteria,
archaea, phages, and protozoa, which forms a solid organ weighing ∼2 kg (Ruan et al.,
2020). The gut microbiome contributes to the homeostasis in human, which is responsible
for nutrient digestion, metabolism regulation, resistance to external pathogens, and
modulation of host immune responses (Ghani et al., 2024). The value of live biotherapeutic
products, which act directly in the gastrointestinal tract and alter microbial community
of the recipient, has been identified in the treatment of microbiome disruption-related
diseases (Goldsmith et al., 2024). Fecal microbiota transplantation (FMT) is a therapy
performed by oral, enteral, or colonic administration of donor feces containing natural
microbiota, restoring the disrupted microbial community into a healthy one (Gupta
and Khanna, 2017). At present, FMT has been recognized as an innovative therapeutic
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approach from the two main aspects: its curative effect in
the treatment of Clostridioides difficile infection (CDI) and the
expanded comprehension of the intricate interplay between the gut
microbiota and humanwellbeing (Afzaal et al., 2022). In addition to
the delightful treatment outcomes observed in CDI, FMT has also
been investigated for a wide range of diseases related to dysbiosis,
including inflammatory bowel disease (IBD) (Costello et al., 2017),
irritable bowel syndrome (IBS) (Johnsen et al., 2018), metabolic
syndrome (MetS) (Proença et al., 2020), neuropsychiatric diseases
(Settanni et al., 2021) and autoimmune diseases (Huang et al.,
2022), etc. As the interest in FMT continues to surge, a great
number of clinical studies are currently employing FMT for the
treatment of more than 80 diseases, showing promising safety and
effectiveness (Wang Y. et al., 2022; Karimi et al., 2024).

Nevertheless, variations in the therapeutic efficacy of FMT are
observed when treating different patients with the same disease,
suggesting that a multitude of factors influence the effectiveness
of FMT. In terms of the donor, it involves donor screening,
baseline characteristics of the donor, such as health condition
(presence or absence of underlying diseases), lifestyle, body weight,
gender, age, genetic relatedness, etc, as well as the microorganism
constituents within the donor’s gut, including the microbiota,
virus and fungal. Several recent guidelines have been published
to direct the treatment process for FMT (Cammarota et al., 2017;
Lopetuso et al., 2023), however, part of the restrictions for donors
are not mandatory, and several factors are not explicitly stated
in current guidelines, suggesting that we should consider the
importance of these factors in FMT from multiple perspectives.
Regarding the recipients, firstly, the indication of FMT should be
considered. Besides the extended diseases mentioned above, which
have the potential to be treated by FMT, other baseline status
of the recipients are required to be considered, for example, the
immune system function of the recipient, to reduce the occurrence
of adverse events (Shogbesan et al., 2018). Furthermore, from the
aspect of efficiency of FMT, factors such as bowel preparation, drug
usage, diet and lifestyle, etc, are taken into account. The severity of
the patient’s disease also affects the efficacy of FMT, more severe or
recurrent conditions may require repeated FMT procedures or be
exhibit no response to FMT.

It is worth noting that the interplay between the donors
and the recipients is a dominant factor of FMT, defined as
“donor-recipient compatibility”. For example, the potential impact
of sex-discordant FMT and age-discrepant FMT warrants more
attention (Benítez-Páez et al., 2022; Sehgal et al., 2024). More
importantly, mechanistically, as a therapy based on gut microbiota,
the gut microorganisms from the donor are introduced into the
gut of recipients after FMT. With the invasion of exogenous
microorganisms, the baseline microbial community is disturbed,
subsequent alteration of gut microbiota occurs within recipient’s
gut, and ultimately, a newly constituted equilibrium state of
microbiota is reached. Generally, the engraftment of donor-derived
microorganisms is the mostly considered physiological process
post-FMT, however, the succession of gut microbiota following
FMT extends far beyond the mere microbial engraftment. Various
possible ecological scenarios within the gut of recipients could
be observed, which depends on the baseline gut microbiota of
both colonizers and residents, further emphasizing the importance

of donor-recipient interplay (Schmidt et al., 2022; Wilson et al.,
2021). Moreover, studies also showed that engraftment of microbial
components from the donor may not be necessarily correlated
with clinical improvement (Browne et al., 2021). It is of significant
importance to clarify the patterns of post-FMT microbial changes
within the recipient’s gut, and how the ultimate microbial
community and the subsequent long-term physiological changes
affect the prognosis of diseases.

To sum up, the success of FMT therapy is determined by
a complex regulatory network involving multiple factors. Thus,
the therapeutic efficacy-related factors mentioned above can be
extended to two application scenarios: (1) predicting the outcomes
of FMTs that have been conducted; {2) selecting the optimal
donors according to donor-recipient matching scheme prior to
FMT. Recently, however, more and more researchers are exploring
the treatment effect of FMT after carefully donor screening, while
several studies resulted in contradictory conclusions (Caenepeel
et al., 2024; Zhang Y. et al., 2024). This confusing phenomenon
reminds us that still numerous unknown factors involved in this
complex regulatory process, acting as promotors and inhibitors in
the FMT process. There is still a considerable journey ahead to
elucidate the optimal regimen for FMT therapy.

Innovatively, recent animal experiments are contributing to
revealing potential participants in the FMT process, which could
be partially explained by the difference of microbiota, and the
results of these studies are gradually being extended to randomized
controlled trials for validation. Furthermore, researchers are
committing to the development predictive models for the efficacy
of FMT (He et al., 2022), which integrate a variety of variables,
including general characteristics and microbiome features of
individuals, etc., which contributes to further refining more
standardized procedures of FMT. In the future, the illumination
of regulatory mechanisms will also be conducive to enhance the
explainablity and transparency of predictive models.

In our review, we first summarized the current therapeutic
status of FMT in various diseases, the microbial alterations in
these FMT-targeting diseases and potential microorganism-related
mechanisms. Moreover, our review systematically integrated the
latest results of clinical researches and animal experiments in the
field of FMT, which aims to summarize the currently recognized
factors which should be paid considerable attention in the process
of FMT, emphazing the factors which have always been overlooked,
and discussing the values of newly discovered factors affecting the
success rate of FMT.

2 Current applications of FMT

Many diseases are characterized by functional changes in
composition and gut microbiota. When gut homeostasis is
disrupted, normal body functions are impaired and gastrointestinal
and extra-gastrointestinal disorders arise, including recurrent CDI
(rCDI), IBD, metabolic disorders, cancer, etc. Dysbiosis of 479
gut microorganisms has been reported to be associated with 117
gastrointestinal and extra-gastrointestinal diseases (Zhang X. et al.,
2023). Microbial dysbiosis-related diseases have the potential to be
alleviated via FMT.

Frontiers inMicrobiology 02 frontiersin.org

https://doi.org/10.3389/fmicb.2025.1556827
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Liu et al. 10.3389/fmicb.2025.1556827

The safety and efficacy of FMT in rCDI have been extensively
evaluated. In a systematic review that included 317 patients treated
in 27 case series and reports, 92% of the individuals showed disease
remission (Gough et al., 2011). Early FMT improves survival in
severe CDI. A retrospective cohort study described 111 patients
with severe CDI, including 66 patients treated with FMT and 45
patients who did not receive FMT, and the three-month mortality
rate after diagnosis of severe CDI in the FMT-treated patients
was 12% (8/66), compared with 42% (19/45) in the standard-
treatment group, p < 0.001 (Hocquart et al., 2018). Six clinical
studies, enrolling 320 subjects, found that the use of FMT in
immunocompetent rCDI participants may lead to a substantial
increase in the remission of rCDI in the FMT group compared
to the control group (Minkoff et al., 2023). FMT also appears to
be beneficial for CDI subtypes. For severe or fulminant CDI, the
overall successful remission rate for a single FMT was 0.88 (Song
et al., 2022). Notably, however, severe CDI, severe-complicated
indication, number of previous CDI-related hospitalizations and
inpatient status are independent predictors of failure in single FMT
in patients with rCDI (Beran et al., 2023; Fischer et al., 2016;
Ianiro et al., 2017). Level of fecal calprotectin concentration of CDI
patients before first FMT procedure is associated with the need of
repeat FMT (Gallo et al., 2020).

Crohn’s disease (CD) and ulcerative colitis (UC) are defined as
IBD, which are chronic inflammatory diseases that affect parts of
the gastrointestinal tract and may even manifest with additional
intestinal symptoms. A growing body of evidence supports the
role of gut microbiota in the pathogenesis of IBD. Pooled results
from four RCTs showed FMT to be superior to placebo in active
UC, with the endpoint defined as endoscopic remission (Costello
et al., 2017), which is also supported by several other researches
(Paramsothy et al., 2017; Tang et al., 2020). In an animal study, FMT
from healthy human donor reduced the susceptibility to colitis
in dextran sulfate sodium (DSS)-induced germ-free mice, while
UC bacteria promoted the expression of inflammatory markers
and pro-inflammatory factors (Yang et al., 2022). According to
the international Rome consensus conference on gut microbiota
and FMT in IBD, FMT may be effective in the induction of
remission for mild to moderate UC, while there is insufficient
evidence to recommend FMT as a treatment for UC in routine
clinical practice (Lopetuso et al., 2023). Investigations for pouchitis
and CD are ongoing (Lee and Chang, 2021). However, there is
insufficient evidence on the safety and efficiency to recommend
FMT as a treatment for CD and pouchitis in clinical practice
(Lopetuso et al., 2023). In short, FMT is a promising alternative
or adjunct to current therapies for patients with UC and CD. More
extensive clinical trials are pending to confirm its long-term efficacy
and safety.

The results of current studies vary on the efficacy of FMT
in IBS. In a RCT examining the effects of FMT delivered via
colonoscopy in patients with IBS, the IBS severity scores 3 months
after single donor FMT was lower than that after autologous FMT,
indicating the effectiveness of FMT on IBS (Johnsen et al., 2018).
Other studies have shown that FMT can effectively improve the
abdominal symptoms, fatigue and quality of life of IBS patients.
For example, the response rates of FMT groups after 3 months
were significantly higher than that of the placebo group, and the

improvement of symptoms was correlated with the change of
intestinal microbiota, which further confirmed the positive effect
of FMT on IBS (El-Salhy et al., 2020). However, in a randomized,
double-blind, placebo-controlled trial that included patients with
moderate to severe IBS, a significant difference in improvement
in IBS-severity scoring system (IBS-SSS) scores was observed 3
months after treatment in favor of placebo, but not FMT (Halkjær
et al., 2018). Additionally, in another clinical trial, two FMTs 4
weeks apart did not significantly reduce IBS-SSS scores, although
the improment of abdominal distension was more observed in
patients receiving FMT and was associated with a reduction in
hydrogen sulfide-producing bacteria (Yau et al., 2023). These
findings suggests that changes in the gut microbiota may not
be sufficient to fully achieve clinical improvement of IBS, and
further in-depth studies on the mechanism of action of FMT and
optimization of treatment regimens are needed to improve its
therapeutic efficacy in IBS.

Generally, studies pertaining to FMT has predominantly
focused on the aforementioned gastrointestinal diseases.
Overall, the AGA Clinical Practice Guideline on FMT for
select gastrointestinal diseases provided recommendations on the
use of FMT in adults with rCDI, severe to fulminant CDI, IBD
(including pouchitis) and IBS, adhering to the perspective that
FMT is recommended in CDI under certain conditions, while
this therapy cannot yet be recommended in other gastrointestinal
conditions (Peery et al., 2024).

FMT also has potential applications in other diseases. More
than 200 clinical trials have been conducted on the use of
FMT in the treatment of various inflammatory and autoimmune
diseases and cancer. FMT has emerged as a potential treatment for
severe colitis associated with graft-vs.-host disease (GvHD) after
hematopoietic stem cell transplantation (Zhang et al., 2021). In
cancer, studies have shown that FMT improves immune checkpoint
inhibitor (ICI)-associated colitis in cancer patients, accompanied
by reconstitution of the intestinal flora and a relative increase in the
proportion of regulatory T cells in the colonic mucosa (Wang et al.,
2018). In a non-randomized clinical trial, after FMT in two enemas
one week apart, five individuals subjectively reported improvement
in immune-mediated dry eye 3 months after FMT (Watane et al.,
2022). Germ-free mice transplanted with microbiota from MS
patients exhibited a reduced proportion of IL-10 Tregs compared to
mice with microbiota from healthy controls. Further investigation
of immunomodulatorymechanisms suggests that multiple sclerosis
(MS)-associated bacterial species reduce Tregs and increase Th1
lymphocyte differentiation in vitro, while exacerbating disease
severity (Berer et al., 2017). To date, participants with psoriatic
arthritis (PsA) have found FMT to be acceptable and safe. A double-
blind, randomized, placebo-controlled trial (NCT03058900) is
underway to determine whether FMT is more effective than
placebo in reducing disease activity in patients with PsA and active
peripheral arthritis treated with weekly subcutaneous methotrexate
injections (Kragsnaes et al., 2021). A study in mice determined
that FMT alleviates the severity of lupus by repairing antibiotic-
induced dysbiosis in the gut flora, suggesting that manipulation
of the gut microbiota is a logical and promising novel therapeutic
strategy for systemic lupus erythematosus (SLE) (Zhang et al.,
2020). The first clinical trial of FMT in patients with active SLE
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(ChiCTR2000036352) suggested that FMT may be a feasible, safe,
and potentially effective short-term treatment for patients with SLE,
which effectively shifted the gut microbiota to anti-inflammatory
and improved clinical parameters (Huang et al., 2022). In type 1
diabetes (T1DM), a RCT in Netherlands showed that FMT could
stabilized residual β-cell function of patients (de Groot et al., 2021).

Moreover, the value of FMT in metabolic dysfunction-
associated fatty liver disease (Abenavoli et al., 2024), spesis (Keskey
et al., 2020), anti-aging, neuropsychiatric disorders (Bruggeman
et al., 2024), obesity andmetabolic syndrome (Zhang Z. et al., 2024),
etc, are also being explored in both human cohort trails and animal
experiments. A systematic literature review including 782 studies
investigated the clinical FMT uses in 85 specific diseases, showing
the promising future of FMT for dysbiosis-related diseases within
and beyond the gut (Wang Y. et al., 2022).

3 The fundamental patterns of
changes in the gut microbiota
post-FMT

As a therapy based on gut microbiome, the introduction
of donor-derived microorganisms would lead to the alteration
of recipients’ microbiota (Figure 1). The trend of alterations in
microbial community is influenced by the baseline microbial
features within donor feces and recipient intestine, including the
relative abundance of certain bacteria at phylum, family and genus
taxonomic levels, and the diversity of gut microbiota, which is
generally accessed by alpha-diversity and beta-diversity. Alpha-
diversity refers to the richness and evenness of the microbial
community, and beta-diversity is defined as the compositional
dissimilarity among the microbiome community (Barandouzi
et al., 2020). Moreover, the microbial interaction between new
colonizers and resident microbiota in the gut of the recipient
plays an essential role in the determination of FMT outcome. It is
crucial to understand the general patterns of microbial succession
following FMT. Generally speaking, the process of the succession
of gut microbiota toward the ideal state is supported by the
administration of supraphysiologic numbers of strains per species,
which increases recipient strain richness, which then gradually
converges back to the population average over time after dosing is
ceased. In recipients, there is a significant correlation between the
strain richness 8 weeks and 5 years post-FMT, showing the durably
effect of FMT on the microbial structure of recipients (Chen-Liaw
et al., 2024). Simply put, timing is a significant determining factor
in FMT.

The ecological scenarios post-FMT in recipient’s gut includes
no replacement, replace with novel, replace and retain, temporary
replacement, gain and retain, temporary gain, and loss of strain.
Recipient strains with lower initial relative abundances were more
susceptible to replacement than strains that were at higher initial
relative abundance (Wilson et al., 2021). Engraftment of strains
from relatively abundant species were more likely, and predicted
oral, oxygen-tolerant, and gram-positive species had a reduced
chance of engraftment in FMT, indicating the importance of
microbial adaptation to the gut environment (Podlesny et al.,
2022). Another study proved that there was a greater possibility of

colonizing in the gut of recipients if a species is among the baseline
microbiota of recipients (Li et al., 2016). The dissimilarity in the
baseline gut microbiota of donors and recipients is negatively-
related with the impact on gut microbiota structure and benefits
post-FMT (Benítez-Páez et al., 2022). Loss of baseline strains
indicated the niche replacement and out-competition induced by
the engraftment of exogenous strains. Interestingly, there is also a
study showing that the engraftment of strains from donors follows
an “all or nothing” way, which means that the strains are either
completely maintained or completely replaced by donor strains
post-FMT (Smillie et al., 2018). After FMT, the gaining of new
strains which recipients did not possess at baseline occurred more
frequently than strain replacement (Wilson et al., 2021). The low
baseline SR of species in the gut of recipients would lead to
the replacement of recipient strains by therapeutic strains of the
same species or engraftment failure, while high baseline strain
richness of species provides a microbiota that is more conducive to
the engraftment of the same species without replacement (Chen-
Liaw et al., 2024). The post-FMT novel strains which could
not be detected both in the baseline microbiota of donors and
recipients showed strain instability, which may be due to the
influence of the environment, the limited detection threshold
and undetected secondary strains (Wilson et al., 2021). Inter-
individual oscillation could be observed for the appearance of
either donor or recipient fecal strain dominance, thus leading
to various outcomes in different individuals post-FMT, providing
new insights into the dynamics of the microbial community
interactions with the recipients post-FMT (Koo and Morrow,
2022). Special microbial interactions can also be detected post-
FMT. Recombination could occur between the donor and recipient
strains (Koo and Morrow, 2022). Horizontal gene transfer (HGT)
is an agent of adaptive evolution enabling the transmission of DNA
outside of direct ancestral lineages. FMT does not influence the
basal rate of horizontal gene transfer (HGT), which means the
transmission of DNA outside of direct ancestral lineages (Behling
et al., 2024).

Following the aforementioned patterns, the long-term re-
construction of microbiota is performed, and the identities of
elevated and decreased strains could be analyzed after FMT, which
will be profoundly discussed in the following sections.

4 Characteristics of gut microbiota
community pre- and post-FMT in
various diseases

As have been mentioned above, FMT therapy has been widely
used in various diseases associated with microbial dysbiosis.
Furthermore, it should be noticed that these diseases exhibit
different characteristics of the baseline microbial community,
which are generally manifested as the alteration of the abundance of
certain strains, or the overall impairment of microbial community
after the long-term re-construction of microbiota post-FMT.
Mechanistically, the changes in gut bacterial ecology post-FMT can
correct the microbiota disorder from the impaired baseline state in
certain diseases. For example, FMT can reduce multidrug-resistant
organism (MDRO) colonization in a conspecific strain competition
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FIGURE 1

Overview of FMT process, possible ecological scenarios within the gut of recipients post-FMT and the prediction of therapeutic e�cacy.

manner (Woodworth et al., 2023). Moreover, changes in signaling
pathways may be caused by the variations in specific strains.

Considering these specificities, FMT should be more targeted
and personalized. Therefore, it can be preliminarily inferred
that microbial characteristics post-FMT that more resemble
those of healthy donors, along with the restoration of specific
microbial members, may have profound influence in disease

recovery. Here, we summarize the baseline impairment and re-
construction of microbial community observed in patients with
FMT-targeting diseases, providing a method for the evaluation
of therapeutic efficacy in diseases. Moreover, we introduce
the alteration of key molecular expressions and metabolic
characteristics in the onset and recovery of microbial disorder-
related diseases, revealing the value of FMT at a mechanistic
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level and laying a foundation for future improvement of
therapeutic options.

4.1 CDI

CDI can be classified into subtypes including severe CDI and
fulminant CDI (FCDI), whose definitions have been stated in
ESCMID guidelines and IDSA guidelines (Yakout et al., 2024).
In addition, rCDI is defined as a relapse of CDI within 8
weeks of treatment or at least two episodes of severe CDI with
hospitalization and significant morbidity (Levy et al., 2024).

16S rRNA gene sequencing showed that the dysbiotic
state in rCDI patients is characterized by a large expansion of
Proteobacteria (Weingarden et al., 2014). A review exploring
the link between gut microbiota and CDI development showed
that hospitalized elderly individuals with CDI had significantly
lower abundances of Lachnospiraceae, Ruminococcaceae,
Blautia spp., Prevotella spp., Dialister spp., Bifidobacterium spp.,
Roseburia spp., Anaerostipes spp., Faecalibacterium spp. and
Coprococcus spp., compared with healthy controls, and higher
Enterococcaceae and Enterococcus spp.. While asymptomatic
colonization (AC) patients with C. difficile showed decreased
abundances of Prevotella, Alistipes, Bacteroides, Bifidobacterium,
Dorea, Coprococcus, and Roseburia (Martinez et al., 2022).
Another study showed that the relative bacterial abundances of
Negativicutes (Firmicutes), Gammaproteobacteria (Proteobacteria),
and Fusobacteria (Fusobacteria) were high in CDI patients
(Fujimoto et al., 2021).

After performing FMT, increased Bacteroidetes and decreased
Proteobacteria were observed in CDI patients (Seekatz et al.,
2014). Another study also proved the importance of Bacteroidetes
abundance in CDI treatment, indicating that FMT is related
with the increased Bacteroidetes to Firmicutes ratio (Weingarden
et al., 2014). Bacteroidetes and Actinobacteria species showed
higher engraftment than Firmicutes in recipients’ feces in rCDI
treatment. Another study showed that the proportions of Clostridia
(Firmicutes), Erysipelotrichia (Firmicutes) and Bacteroidia

(Bacteroidetes) increased significantly, the richness and diversity
of the bacterial species were significantly higher in recipients than
those before FMT, and the bacteriomes of the recipients tended to
approach those of the donors after FMT (Fujimoto et al., 2021).
Genomic analyses also showed longitudinal persistent enrichment
of Trichosporonaceae and Ruminalococcaceae bacteria after FMT in
CDI patients (Gupta et al., 2016; Ramos et al., 2022). In addition,
in a single-center study, an increase in the normal abundance
of Mycobacterium avium and Mycobacterium thick-walled and a
decrease in Mycobacterium aspergillus were found in the feces of
rCDI patients treated with FMT, along with a reduction in the
number and diversity of antimicrobial resistance genes in the feces
of the patients (Millan et al., 2016).

Functionally, fecal samples from rCDI patients pre-FMT
contain high concentrations of primary bile acids and bile salts,
instead of secondary bile acids, while post-FMT fecal samples
contain mostly secondary bile acids. The identification of bacterial
and viral gene functions pre- and post-FMT also revealed improved
secondary bile acid biosynthesis, which inhibit the germination of
C. difficile spores (Fujimoto et al., 2021; Gupta et al., 2016; Ramos

et al., 2022; Weingarden et al., 2014). Enhanced fluorobenzoate
degradation can also be detected in rCDI patients post-FMT
(Fujimoto et al., 2021). A recent study constructs a mice model
and shows that the interaction between C. difficile, intestinal
commensal microorganisms and the host immune system via inter-
related arginine-ornithine metabolism influences the pathogenesis
of CDI and the improvement provided by FMT (Yang et al., 2024).
Microbial interaction patterns influencing C. difficile growth and
toxin production is influenced by different nutrient landscapes
within the intestine of CDI patients, which helps clarify the
therapeutic effect of FMT and improve the effectiveness of anti-CDI
strategies (Sulaiman et al., 2024).

4.2 IBD

The alpha and beta diversities of microbial populations at the
strain level was significantly reduced in UC subjects compared to
control. A trail published in Nature followed 132 patients with IBD
for 1 year and the increase in facultative anaerobes at the expense
of obligate anaerobes and molecular disruptions in microbial
transcription (for example, among Clostridia) were observed in
this study (Lloyd-Price et al., 2019). A recent integrative analysis
drew a conclusion that the relative abundance of 117 strains
were significantly different between UC and control microbiomes,
manifested as decreased Faecalibacterium prausnitzii and increased
Ruminococcus gnavus in UC microbiomes (Zhu J. et al., 2024).

When performing FMT, high bacterial richness and high
alpha-diversity in donor fecal is linked with the efficiency of
FMT in UC patients (Kump et al., 2018; Rees et al., 2022). The
presence of Bacteroides (Paramsothy et al., 2019; Rees et al.,
2022), Clostridium clusters IV and XIVa (Paramsothy et al., 2019;
Rees et al., 2022), Akkermansia muciniphila (Kump et al., 2018),
unclassified Ruminococcaceae and Ruminococcus spp. (Kump et al.,
2018; Zhang Z. et al., 2024), Bifidobacterium (Nishida et al., 2017)
and Lachnospiraceae (Moayyedi et al., 2015) in donor stool are
correlated with the remission in FMT recipients. The feces of
“super-donor” in UC treatment was enriched in Ruminococcaceae

and Lachnospiraceae families (Moayyedi et al., 2015). Whereas
Streptococcus species (Paramsothy et al., 2019), Lactobacillales

(Nishida et al., 2017) in donor stool are linked to a lack of response
to FMT.

In terms of the FMT recipients with UC, patients in
remission post-FMT have enrichment of Eubacterium hallii,
Roseburia inulivorans (Paramsothy et al., 2019), Ruminococcaceae

and Lachnospiraceae (Pinto et al., 2024), and Clostridium

clusters IV and XIVa compared to patients with no remission
post-FMT. Conversely, Fusobacterium gonidiaformans, Sutterella
wadsworthensis, Escherichia species and Prevotellaceae in patients
are associated with poor alleviation of UC post-FMT (Paramsothy
et al., 2019; Pinto et al., 2024; Wilson et al., 2019). The relapse
and poor sustained response of UC post-FMT is correlated
with Proteobacteria and Bacteroidetes (Fuentes et al., 2017).
Nevertheless, there are also paradoxes when investigating the
significance of microbiota in donor feces, for example, higher
Clostridium clusters IV level was also observed in the donor feces
for nonresponders (Nishida et al., 2017).
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Functionally, a cross-cohort integrative analysis enrolling 9
metagenomic and 4 metabolomics cohorts of IBD from different
populations proves that essential gene of “Two-component
system” pathway, linked to fecal calprotectin, is related with
IBD. Moreover, metabolomics analysis shows 36 identified
metabolites with significant differences in IBD, and highlights gut
microbial biotransformation deficiencies and significant alterations
in aminoacyl-tRNA synthetases in IBD patients (Ning et al.,
2023). Overabundance of proteases originated from Bacteroides

vulgatus is associated with UC, which was proved via multi-
omics approach (Mills et al., 2022). Another multi-omics study
identified impaired metabolism of acylcarnitines, bile acids, SCFAs
and levels of antibodies in host serum during IBD activity
(Lloyd-Price et al., 2019). The reduction of Faecalibacterium

prausnitzii and increase of Ruminococcus gnavus in UC patients
leads to the unique mode of metabolic pathways, characterized
by attenuated glycan degradation, fermentation and amino acid
metabolism subsystems, while increased citric acid cycle, simple
sugars, lipid metabolism, and vitamin and cofactor metabolism
subsystems (Zhu J. et al., 2024). For IBD diagnosis, bacterial-
associated metabolites including SCFAs, medium-chain fatty acids,
tryptophan-derivatives, bile acids and sphingolipids are regarded
as metabolism-related biomarkers in clinical practice (Vich Vila
et al., 2024). A recent study searches for biomarkers of UC via
machine learning and metabolomics, showing the difference of
serum levels of tridecanoic acid, pelargonic acid and asparaginyl
valine in different subtypes of UC (Ge et al., 2025). In terms of
FMT treatment, sustained remission of IBD is associated with
overall increased butyrate production capacity (Fuentes et al.,
2017), while IBD patients who did not achieve remission post-FMT
shows increased levels of heme and lipopolysaccharide biosynthesis
(Paramsothy et al., 2019). The baseline levels of xanthine and oleic
acid in recipients with IBD are significantly lower than that of the
donors and increase after FMT, and putrescine and 5-aminovaleric
acid are lower post-FMT compared (Nusbaum et al., 2018).

4.3 IBS

IBS could be classified into four subtypes: IBS with
predominant constipation (IBS-C), IBS with predominant
diarrhea (IBS-D), IBS with mixed bowel habits (IBS-M) or
IBS, unsubtyped (Lacy and Patel, 2017). Dysbiosis of intestinal
microbiota plays an important role in the pathogenesis of IBS. In
a randomized, double-blind, placebo-controlled trial published in
Gut that included 52 adult patients with moderate to severe IBS,
11 OTUs established in FMT recipients, 6 of which were classified
in the Clostridiales order and 4 of which were classified in the
Bacteroidales order. The IBS-SSS was negatively-correlated with
Blautia genus of the Clostridiales order, which is associated with a
healthy gut-microbiome (Halkjær et al., 2018).Dorea, Lactobacillus
and Ruminococcaceae spp. in recipients’ feces are associated with
higher success rate of FMT when treating IBS (El-Salhy et al.,
2020).

The characteristics of baseline microbiota impairments in IBS
subtypes differ. In a meta-analysis of a randomized controlled
study showed that IBS-C patients had higher fecal Bacteroides

level, while no significant increase in Bifidobacterium, Lactobacillus,
Enterobacteriaceae, or Enterococcus were found (Shukla et al.,
2015). In another randomized controlled study enrolling 27
individuals with IBS-D, 7 bacterial genera (Gemella, Roseburia,
Acidovorax, Lactobacillus, Weissella, Klebsiella and Parvimonas)
were associated with differences in the pre- and post-treatment
IBS-SSS score, and Gemella, Acidovorax and Klebsiella might be
involved in the development of the clinical symptoms of IBS-D
(Zhang Y. et al., 2024). The level of Faecalibacterium prausnitzii has
a potential relation with IBS-M (Soldi et al., 2019).

For the mechanism, in IBS patients, the links between gut
microbiota and fecal metabolites are observed, revealing that
Odoribacter splanchnicus, Escherichia coli and Ruminococcus

gnavus are strongly associated with the low abundance
of dihydropteroic acid. Furthermore, tryptophan/serotonin
metabolism disorder is related with IBS depression comorbidity
(Han et al., 2022). Through analyzing the longitudinal multi-omics
data of IBS patients, the potential effect of purine metabolism
associated with microorganisms in IBS is identified (Mars et al.,
2020). The global alterations in microbiome composition in IBS
patients also result in increased tyramine, upregulation of fructose
and glucan metabolism, succinate pathway of carbohydrate
fermentation, and decreased gentisate and hydrocinnamate.
Moreover, IBS-D and IBS-C shows different characteristics in the
metatranscriptome and metabolome, implying the importance
of focusing on the subtypes of diseases (Jacobs et al., 2023).
DESI-MSI shows that 6 medium-chain and long-chain fatty acids
are determined to be most overrepresented in the IBS-D group,
becoming potential indicators to distinguish IBS patients and
healthy population (Zhang Y. et al., 2023). FMT increases the
fecal SCFA levels in IBS patients, which are related with improved
clinical symptoms of patients (El-Salhy et al., 2021).

4.4 Other potential FMT-targeting diseases

In metabolic diseases, successful FMT has been shown to
significantly increase the abundance of SCFA-producing species
such as Roseburia intestinalis and Akkermansia muciniphila, as well
as various Clostridium spp (Kootte et al., 2017). In the treatment of
severe obesity and metabolic syndrome, lower relative abundance
of Prevotella, greater bacterial richness and more consistent
engraftment of donor-specific bacteria ASVs (amplicon sequence
variants) are associated with better treatment response (Zhang
Z. et al., 2024). In obesity treatment, multi-donor FMT showed
the efficiency of sustainably altering the microbiome of recipients,
with 2 of the 4 donors dominating the microbial engraftment to
the recipient. Exploring the gut microbiome characteristics of the
two primary microbial strain providers, results showed high ratio
of Prevotella to Bacteroidetes (P/B) dominated the engraftment
and almost all FMT recipients with a low P/B ratio at baseline
transitioned to a high P/B ratio (Wilson et al., 2021).

In immune-related diseases, a non-randomized clinical trial
enrolling 10 individuals with immune-mediated dry eye, after
administration of FMT in two enemas one week apart, subjects
were found to have decreased abundance of Enterococcus faecalis
spp., Prevotella spp., and Ruminalococcus spp., and increased
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abundance of the genera Alistipes, Streptococcus, and Blautia,
as compared to the donors (Watane et al., 2022). In GvHD
treatment, an increase in the richness and diversity of the intestinal
bacterial group was found in subjects with GvHD who received
two consecutive FMTs, and three major species were detected in
the subjects’ feces, includingAlistipes putredinis,Clostridium nexile,
and Ruminococcus gnavu (Zhang et al., 2021).

In neurologically related disorders, for example, when treating
autism spectrum disorders (ASD), decreased Collinsella level is
found in responded FMT recipients, and the relationship between
other common bacterial strains and the treatment effect has also
been elucidated (Chen et al., 2024). Meanwhile, in ASD patients,
the pre-treatment abundance of Eubacterium coprostanoligeneswas
lower in responders, which was also negatively correlated with the
improvement of gastrointestinal symptoms and the concentration
of serum γ-amino acid (GABA), indicating its potential modulating
role in the treatment of ASD by FMT (Li et al., 2021).

5 Definition of successful FMT:
microbial engraftment vs. clinical
outcomes

The characteristics of microbial changes in patients who
successfully recovered from various disease, as listed above, suggest
that we can to some extent assess the efficacy of FMT by analyzing
the microbiota of recipient post-FMT. The changes which meet
expectations in the recipient’s gut microbiota following FMT can
provide optimistic signals in a success therapy to some extent.

Generally, researchers define the success of FMT as the shift in
the gut microbiome profile of recipient toward that of the donor
and further augmentation of the local commensal community
(Wilson et al., 2019). However, fundamentally, as a clinical
therapeutic approach, it is the restoration of health after treatment
that become the most important criterion for demonstrating the
value of FMT. As expected, some studies suggest that considerable
engraftment of donor strains is equivalent to high therapeutic
efficacy in FMT. Donor microbial profile similarity in recipient
post-FMT can be regarded as a predictor at response (Rees et al.,
2022), for example, the microbiota of responders post-FMT was
similar to that of their healthy donors in UC treatment (Rossen
et al., 2015). Moreover, if we could identify the patient’s impairment
of microbiota and metabolic characteristics which are specific
to their disorder, the donor-recipient matching approach may
efficiently help recipients in reconstructing disrupted physiological
conditions in a targeted manner (Wilson et al., 2019). As a
result, ulteriorly, the screening of donors with certain structure of
microbial community may help improve the efficacy of FMT.

Recently, the screening of “super-donor” before FMT is
becoming more and more popular, which points to donors
whose stool samples results in significantly more successful FMT
outcomes than that of other donors (Wilson et al., 2019). In
a randomized controlled trial of patients with obesity, multi-
donor FMT was able to sustainably alter the patient microbiome,
with two of four donors dominating the microbial engraftment
of the recipient, which were characterized by high Prevotella

to Bacteroidetes ratio, showing the tendency toward being a

super donor (Wilson et al., 2021). In a mice gut colonization
model, researchers identified a super-donor consortium, which
could effectively induce the engraftment of microbiota into
recipients. In FMT induced by these super-donors, we could
observe a rapid engraftment by early colonizers within 72 h,
followed by a slower engraftment by late colonizers over 15-30
days. Spatial transcriptomics has revealed that the microorganisms
introduced into recipients are distributed in distinct niches over
time, which partially summarized the mechanism of super-donor
colonization (Urtecho et al., 2024). In a randomized controlled
study, donor-recipient-matched FMT significantly improved the
clinical symptoms, quality of life and anxiety scores of the
patients with IBS-D than random-donor FMT (Zhang Y. et al.,
2024). In short, the screening for super-donors adheres to the
fundamental principle of microbiota modulation, and is directed
toward achieving better clinical outcomes.

However, some studies did not support the necessary
connection between microbial engraftment and clinical efficacy. A
randomized controlled trial performed rigorous donor selection
based on microbial cell count, enterotype and the abundance
of specific genera. Unexpectedly, the trail has been halted for
futility (Caenepeel et al., 2024). Moreover, although the persistent
engraftment of strains from selected donors has been detected
in the recipient, it might also end in a failed treatment, the
engraftment of fecal dominant donor microbes of the donor is not
necessarily correlated with clinical improvement (Browne et al.,
2021; Koo and Morrow, 2021).

Therefore, a successful FMT should not be merely defined as
the influence of the donor and the alterations in the gut microbiota.
The exact mechanisms of “why FMT works” still remains to be
explored in future researches.

6 Objective assessment tools for FMT
e�cacy: prognostic models

As mentioned above, donor screening based on microbiota
characteristics may not necessarily lead to better prognosis,
implying the presence of potential determining factors. In addition,
due to the specificity of intestinal microecology, the complex
interplay between microbial members leads to the difficulty to
be exactly identified and included in the strategy of donor
screening. Therefore, the construction of prognostic models
could provide us with comprehensive insights into the factors
influencing FMT efficacy. Specially, through the mining and
analysis of a vast amount of data, machine learning algorithms
are capable of precisely capturing the intricate correlations among
FMT and disease treatment outcomes, thus providing novel
perspectives and methodologies for disease diagnosis, treatment,
and prognosis evaluation.

Wei et al. successfully fitted a random forest model to predict
the treatment outcome 8 weeks post-FMT in rCDI patients,
in which the factors that have the greatest impact on the
output of the model are the abundance of Enterobacteriaceae

and Lachnospiraceae at week 1 in recipients (Wei et al., 2022).
Another study’s application of random forest modeling in patients
with rCDI found that bacterial abundance, classification and time
after FMT were important predictive factors (Smillie et al., 2018).
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Besides random forest models, a regression tree-based model
could effectively predict the outcome (response and recurrence)
of cap-FMT in treating rCDI, which includes taxa significantly
related to clinical response (Staley et al., 2018). While Xiao et
al. present an ecological framework using rCDI as a prototype
disease to predict the taxonomic diversity of the diseased state,
the impact of host-dependent microbial dynamics, and each level
of host-dependency of the microbial dynamics on FMT efficacy,
which provides innovative ideas for follow-up research (Xiao
et al., 2020). Using metagenomic sequencing andmachine learning,
Kazemian N et al. proved that in rCDI treatment, the presence
of baseline Clostridioides spp., Desulfovibrio spp., Odoribacter spp.
and Oscillibacter spp., etc, in donors and the absence of baseline
Yarrowia spp. and Wigglesworthia spp. in recipients prior to FMT
could predict FMT success (Kazemian et al., 2020).

In UC patients, Sood A et al. develpoed a nomogram
predicting the response to FMT, which was defined as the
achievement of corticosteroid free clinical remission at week 30.
The factors associated with clinical remission includes younger
age, disease extent E2 and endoscopic mayo score 2 (Sood et al.,
2020). A LASSO logistic regression model was constructed using
Enterococcus, Rothia, and Colidextribacter as predictors of UC
response, and the AUC of the constructed model amounted to 0.84
(Kang et al., 2022). On the prediction of FMT treatment outcomes
in patients with UC,WuX. et al. utilized the random forest classifier
to construct a model based on 20 serum metabolites screened by
the Boruta method, in order to predict the clinical remission of
UC patients after FMT treatment. The analysis revealed that the
model had good predictive performance, with an AUC of 0.963, and
good performance in terms of accuracy, sensitivity, and specificity
(Wu X. et al., 2023). Zhang S. et al. used multiple machine learning
models to construct an integrated model for predicting the clinical
response of UC patients after one month of WMT treatment. After
internal and external validation, it was found that the different
integrated models had their own advantages and disadvantages,
and that the vector machine was more stable and reliable (Zhang
S. et al., 2024). Zou et al. applied the random forest algorithm
and used its classification model to predict metagenomic OUT
linkage groups (mOTU) presence and regression model to predict
mOTU abundance, it can predict the gutmicrobiota composition of
post-FMT recipients (Zou et al., 2020). Another machine learning
model can predict the presence or absence of strains in recipients
post-FMT in UC recipients (Ianiro et al., 2022).

To track strains in FMT, Aggarwala et al. assembled a collection
of over different bacterial strains from the fecal samples of 22
FMT donors and recipients, and further developed a statistical
approach named Strainer, which, in combination with culture
and sequencing data, was rigorously benchmarked to accurately
detect and quantify the colonization of donor strains in recipients
and the retention of original strains in recipients (Aggarwala
et al., 2021). To predict the outcome of FMT transplantation,
the iMic algorithm was developed, based on the microbiological
characteristics of human fecal donor samples, combined with
multiple machine learning models, and evaluated with multiple
metrics after data preprocessing. iMic was found to perform well
in predicting the microbiome characteristics of the recipients and
the clinical outcomes, and the demographic information of the
donors could improve the prediction results (Shtossel et al., 2023).

To investigate how donor-derived bacteria affect FMT efficacy in
both CDI and IBD patients, He R et al. recruited 2 longitudinal
IBD cohorts of 103 FMT recipients and further analyzed 1,280
microbiota datasets from 14 public CDI and IBD studies. This
research propose a new parameter defined as the ratio of colonizers
to residents after FMT (C2R) to evaluate the engraftment of donor
microbiota in recipients. An enterotype-based donor selection
(EDS) statistical model based on enterotype (RCPT/E dominated
by Enterobacteriaceae and RCPT/B dominated by Bacteroides) has
been constructed to predict the level of donor-recipient matching
(He et al., 2022). More comprehensively, Schmidt TSB et al.
analyzed metagenomes from 316 FMTs for the treatment of 10
different disease indications, thus constructed a LASSO-regularized
regression model that could predict the recipient strain turnover,
recipient resilience, donor colonization and donor takeover with
considerable accuracy. In this study, more clearly, the variables
could be divided into ex ante variables, which are knowable
pre-FMT, and post hoc variables, which are measurable post-
FMT (Schmidt et al., 2022). On the whole, the above-mentioned
researches extended the prediction model to various diseases,
in other words, broke down the barriers between diseases and
proposed a set of universal conclusions about the microbial
community post-FMT, challenging the hypothesis of “super donor”
and underscoring the importance of a multifactorial prediction of
FMT efficacy, including recipient factors.

In short, current studies have achieved remarkable results in
predicting the treatment efficacy of FMT for diseases related to
the gut microbiota. The application of various algorithms, ranging
from logistic regression-based nomogram models, machine
learning models and newly developed statistical approaches or
algorithms, has continuously deepened our understanding of
the relationship between the microbiota and FMT (Table 1). By
customizing the most optimal donor for each recipient, it provides
strong support for precision medicine. In the future, mechanisms
of the regulatory effects provided by the factors involved in the
prediction models will be revealed, enhancing the explainablity
and transparency of predictive models.

7 New players of microorganisms
other than bacteria in FMT

As the development of research on the transplantation of the
virome and fungal to recipients, the significant role of these new
players other than bacteria in human health and the FMT process
is gradually being unveiled.

The human gut virome is dominated by bacteriophages,
which are a major component of the human gut microbiota.
Emerging evidence suggests that gut bacteriophages play important
roles in the intricate dynamics with bacteria and their transfer
may be associated with the efficacy of FMT. Bacteriophage
transfer might also be of substantial mechanistic importance in
FMT because of their ability to maintain microbiome ecology
equilibrium with bacteria (Liu et al., 2022). In the study of
FMT for the treatment of patients with rCDI, successful FMT
donors were found to have higher phage alpha diversity and
lower relative abundance, suggesting that FMT with increased
phage alpha diversity is more likely to successfully treat rCDI
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TABLE 1 Prediction models for donor microbiota engraftment and clinical outcomes in FMT treatment.

References Type of the prediction
model

Disease under
investigation

Population
enrolled

Dominant predictors of the
model

Prediction target Area under the
curve (AUC)

Wei et al.
(2022)

Random forest model rCDI 64 The taxa at week 1 post-FMT at genus level
• Enterobacteriaceae (Escherichia,

negatively correlated with response)
• Lachnospiraceae (Blautia, positively

correlated with response)
• Ruminococcaceae

Treatment outcome at week 8 0.79

Smillie et al.
(2018)

Random forest model rCDI, metabolic
syndrome

19-rCDI
5-metabolic syndrome

• The abundance of bacteria
• The phylogeny of bacteria

Composition of the gut microbiota
in patients after FMT

0.84-rCDI
0.82-metabolic syndrome

Staley et al.
(2018)

Chi-squared automatic interaction
detection (CHAID)-based
regression tree model

rCDI The abundances of members of the families
at 7 days after cap-FMT
• Lachnospiraceae
• Ruminococcaceae
• Bacteroidaceae
• Porphyromonadaceae
• Enterobacteriaceae

The eventual recurrence of CDI
following cap-FMT

Xiao et al.
(2020)

Lotka-Volterra model rCDI • The impact of host-dependent microbial
dynamics

• Each level of host-dependency of the
microbial dynamics

• Taxonomic diversity of the diseased state

The FMT efficacy

Kazemian
et al. (2020)

Random forest model rCDI 17 The gut microbiome of donor and recipients
pre-FMT (1 week prior to FMT);
Desulfovibrio, Filifactor, Bacillus, Yarrowia,
Odoribacter, Wigglesworthia, Oscillibacter,
Intestinimonas and Clostridioides

Treatment outcome 0.98

Sood et al.
(2020)

Logistic regression-based
nomogram

Active UC 93 patients who
completed the
multi-session FMT
protocol

• Age
• Disease severity
• Disease duration
• Disease extent
• Endoscopic mayo score

Response to FMT (achievement of
corticosteroid free clinical
remission at week 30)

Kang et al.
(2022)

LASSO-regularized regression
model

UC 10 • Enterococcus
• Rothia
• Colidextribacter

Successful response (defined as
partial Mayo score and CRP
reduction)

0.84

Wu X. et al.
(2023)

Random forest model UC 44 20 metabolic markers
• Glycerophosphocholines
• Glycerophospholipids
• Glycerophosphoethanolamine

Clinical remission after 3 months
of FMT in UC patients

0.96

(Continued)
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TABLE 1 (Continued)

References Type of the prediction
model

Disease under
investigation

Population
enrolled

Dominant predictors of the
model

Prediction target Area under the
curve (AUC)

Zhang S. et al.
(2024)

Voting machine Logistic regression
Random forests Adaptive Boosting
Light gradient boosting machine
Support vector machine

UC 366 (210-training and
internal validation;
156-external validation)

• Age
• Defecation frequency
• Mayo score
• Platelet distribution width
• Platelet Large Cell Ratio
• γ-glutamyl
transpeptidase

Clinical response 0.78; 0.614- external
validation

Zou et al.
(2020)

Random forest model IBD 15 • The presence of each mOTU
• The abundance of each mOTU

Gut microbiota mOTU profiles 0.74

Ianiro et al.
(2022)

Random forest model • Taxonomy
• Microbial abundances
• α-diversity
• Microbial prevalence

The presence or absence of Species
post-FMT

0.77

Aggarwala
et al. (2021)

Strainer (Statistical methods) rCDI 13 • Types of strains
• Number of strains

Proportional Engraftment of
Donor Strains(PEDS)
Proportional Persistence of
Recipient Strains(PPRS)

0.86

Shtossel et al.
(2023)

iMic (image microbiome) Random
forest model

IBD, CDI, IBS • Microbiome characterization of the donor
• Donor demographics: Age, sex, weight

Microbiome Characterization of
Post-FMT Recipients
Improvement in clinical symptoms

0.71-WGS cohorts
0.69-the 16S cohort
0.71-recipient-based learning
0.71- combined donor and
recipient model

He et al. (2022) Random forest model IBD, CDI 286 • Enterotypes of recipients
• Enterotypes of donors before FMT
• Their corresponding microbial profiles

Outcome of FMT for each
Recipient-donor pair

0.80

Schmidt et al.
(2022)

LASSO-regularized regression
model

rCDI, ESBL, MetS, IBD,
etc

316 • Recipient resilience
• Donor colonization
• Donor takeover
• Recipient strain turnover

Strain dynamics after FMT 0.62-recipient resilience
0.58-donor colonization
0.65-donor takeover
0.94-recipient strain turnover
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(Park et al., 2019). In a longitudinal study of healthy subjects
and obese subjects treated with FMT, recipients with improved
clinical outcomes had phage communities that shifted significantly
toward healthy donors, with high abundance of phages HV39 and
84 associated with increased rates of glucose disappearance and
better clinical outcomes (Manrique et al., 2021). Macrogenomic
sequencing showed that FMT altered the characteristics of the
enterovirome in post-FMT recipients compared to pre-FMT.
For example, the proportion of microviridae in the recipients
increased, and the behavior of most temperate phages paralleled
that of host bacteria altered by FMT (Fujimoto et al., 2021).
Fecal virome transplantation (FVT) has been applied in certain
clinical contexts, however, it carries the risk of eukaryotic viral
infections. Therefore, modified FVT characterized by removed or
inactivated eukaryotic viruses in the viral component, as a efficiency
method of safe bacteriophage-based therapies (Mao et al., 2024).
Taken together, these findings highlight the association between
gut phage and the clinical success of FMT therapies for various
diseases. Recently, a growing number of studies have identified
Caudovirales phages that may interact with host microorganisms
and influence clinical outcomes after FMT. Accumulating data
has demonstrated that Caudovirales phages may play a role in the
efficacy of FMT in different diseases. CD and UC were found
to be associated with significant amplification of Caudovirales

phages (Fujimoto et al., 2021). Additionally, Caudovirales phages
were found to be reduced in UC patients who responded to
FMT compared to those who did not respond to the treatment
(Gogokhia et al., 2019). Similarly, in a clinical trial, subjects
with CDI demonstrated a significantly higher abundance of
Caudovirales phages and a lower Caudovirales diversity, richness
and evenness compared with healthy household controls. FMT
treatment resulted in a significant decrease in the abundance
of Caudovirales in CDI (Zuo et al., 2018a). Contrary to the
findings of the previous two diseases, in a single case study
exploring the use of FMT in a patient with severe gut GvHD,
an increase in fecal virome diversity was observed after FMT,
accompanied by increased Caudovirales phages and a reduction in
the relative abundance of eukaryotic Torque teno viruses (Zhang
et al., 2021).

Changes in fungal composition have also been associated with

various diseases. In IBD patients, a decrease in Saccharomyces

cerevisiae and Filobasidium uniguttulatum species and an increase

in Candida (e.g., Candida albicans) were observed relative to

healthy controls (Liguori et al., 2016). The presence of pre-FMT
fungi (e.g., Candida) was also been found to be associated with

increased bacterial diversity after FMT in UC patients (Leonardi

et al., 2020). In rCDI patients, successful FMT was dependent on

high abundance of Saccharomyces and Aspergillus, while Candida

was negatively associated with successful FMT (Zuo et al., 2018b),
in contrast to the results observed in UC patients (Leonardi et al.,

2020). In the metagenomic analysis of fecal samples from donors
and patients with UC receiving capsulized FMT, shifts in gut

fungal diversity and composition were associated with capsulized
FMT and validated in patients with active UC. Decreased levels
of pathobionts, such as Candida and Debaryomyces hansenii, were
associated with remission in patients receiving capsulized FMT
(Chen et al., 2022).

8 Emphasizing FMT safety: focusing
on infection sources and susceptible
populations

8.1 Transmission of pathogens associated
with donor feces

Despite its increasing popularity as a therapeutic intervention,
FMT still faces numerous regulatory and safety challenges. Just as
the engraftment of donor microbiota, potential pathogens may also
be transmitted to the recipient’s gut. MDROs including extended-
spectrum beta-lactamase (ESBL)-producing Escherichia coli (E.
coli) can be detected in some of donor feces and a quarter of
active donors were colonized with MDROs during participation
in the donor programme (Vendrik et al., 2021). It was reported
that two patients developed bacteremia due to ESBL-producing E.
coli after receiving stool from the same donor for FMT and one of
the patients died, emphasizing the importance of minimizing the
transmission of potentially pathogenic microorganisms, thereby
reducing the risk of adverse infectious events (DeFilipp et al., 2019).
Stool donor colonized by Shiga toxin-producing E. coli (STEC)
can also lead to adverse events after FMT (Zellmer et al., 2021).
It is worth noting that the fecal carriage rate of ESBL-producing
Enterobacterales, including E. coli and Klebsiella pneumoniae, and
diarrheagenic E. coli, including EPEC, enteroaggregative E. coli,
enterotoxigenic E. coli and STEC, were high (Chuang et al., 2023).
Opportunistic infections induced by potential infected donors
should be given increasing amount of attention, for the infection
of these pathogens may not be symptomatic in IC donors but may
lead to transmissible to immunosuppressed FMT recipients (Mehta
et al., 2022).

Whole genome sequencing indicated strain transmission of
procarcinogenic bacteria between donor and patient, and patients
also exhibited clearance of procarcinogenic bacterial strains
subsequent to negative donor in FMT (Drewes et al., 2019).
Interestingly, a substantial proportion of recipients with potentially
procarcinogenic polyketide synthase-negative (pks-) status who
underwent FMT frompks+ donors remained pks-, while some pks-
recipients treated with stool samples from pks- donors developed
pks+ E. coli post-FMT (Khoruts, 2021). To sum up, although there
is no exact sign of the donor-to-patient transmission of pks+ E.
coli, the pks abundance and persistence of pks+ E coli of rCDI
patients are associated with the pks+ donor (Nooij et al., 2021).

Specially, during the pandemic of infectious diseases, extra
detection should be performed to avoid FMT-related transmission
of pathogens. During the COVID-19 pandemic, the program of
donor recruitment further included evaluation of clinical history
and specific testing for the detection of SARS-CoV-2 including
nasopharyngeal swab, reverse transcription polymerase chain
reaction (RT-PCR) assay, serology and molecular stool testing, etc,
showed significant effect in epidemic prevention (Ianiro et al.,
2020).

A recent study provided an end-to-end donor screening
program, which can effectively minimize the risk to patients
receiving FMT. The following factors of donor screening should
be valued: health history, physical exam, visual inspection of
donations and laboratory testing. Failure modes and effects analysis
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(FMEA)-based donor screening can be applied to avoid the risk of
disease transmission from donors to recipients (Goldsmith et al.,
2024).

8.2 Balancing the risks and benefits of FMT
in immunosuppressed patients

In general, immunocompromised (IC) patients, including
patients on immunosuppressant medications, with human
immunodeficiency virus (HIV), inherited or primary
immunodeficiency syndromes, cancer undergoing chemotherapy
or organ transplant, were often excluded from FMT trials
(Shogbesan et al., 2018). FMT is contraindicated in patients with
significant primary and secondary immunodeficiencies, which
is owe to the potential risk of bacterial translocation and the
development of bacteremia, particularly with MDROs (Conover
et al., 2023). However, FMT probably could be generally considered
safe in IC patients in some conditions according to several studies.
Research showed similar rates of serious adverse events when
using FMT to IC patients compared to those with intact immune
function (Shogbesan et al., 2018). When treating pediatric IC
patients with rCDI by FMT, the success rate was similar to the
treatment targeting IC adults and immunocompetent children
(Conover et al., 2023; Rodig et al., 2023). A pilot placebo-controlled
study showed that FMT is safe in HIV patients and led to no
severe adverse events and attenuated HIV-associated dysbiosis
(Serrano-Villar et al., 2021).

Patients in the following cases, who presented with varying
degrees of immunosuppression, achieved alleviation of their
primary conditions following FMT. A 59-year-old patient with
common variable immunodeficiency accepted FMT to alleviate
diarrhea after all therapeutic options had been exhausted, which
turned out to be successful and led to no adverse effects
(Napiórkowska-Baran et al., 2024). Three patients with refractory
acute graft-vs.-host disease (GI-aGvHD) following allogeneic
hematopoietic stem cell transplantation (allo-HSCT) also achieved
sustained improvement after FMT (Spindelboeck et al., 2017). A
single heart-kidney transplant recipient with rCDI, vancomycin-
resistant Enterococcus (VRE) fecal dominance and recurrent VRE
infections obtained relief from the above-mentioned infections via
FMT (Stripling et al., 2015).

However, while using FMT in IC patients is accepted to
a certain degree, we still need to pay more attention to this
population to ensure their the safety and curative effect of FMT.
From the aspect of success rate, repeated FMT or additional
antibiotics may be needed to achieve improved outcomes in
solid organ transplant (SOT) patients (Cheng et al., 2019). Most
importantly, from the aspect of safety, several reported severe
adverse effects of FMT in IC patients emphasizes the potential
risks associated with FMT treatment to this typical population.
Undetected opportunistic pathogens in stool samples might bring
the risk of pathogenic transmission in immunosuppressed patients,
including cytomegalovirus (CMV), Epstein Barr virus (EBV) and
polyomaviruses, etc. (Mehta et al., 2022). Some researchers insist
that although FMT therapy is not associated with the increased risk
of severe adverse events according to several studies, the degree of

immunosuppression should be accessed prior to the application of
FMT, especially for patients with solid tumors receiving cytotoxic
therapy, for the type and duration of chemotherapy varies, which
may influence the safety and success rate of FMT. Specially, in
addition to the function of individual’s immune system, mucosal
immunity is also an essential part in the resistance to pathogens.
It should be noted that all reported FMT-related serious adverse
events were observed in patients with mucosal barrier injury
(Marcella et al., 2021). More case-by-case assessment of the benefit-
to-risk ratio should be performed to guide the protocols of FMT for
IC patients and help grasp the potential chances of therapy (Benech
et al., 2024).

9 The potential influence of gender in
the outcome of FMT

Sex differences in incidence rates of multiple diseases has
been found, and gender factors are closely associated with the
pathogenesis of some diseases. For example, a newly published
review has discussed the effect of gender in IBD, which could help
advance personalized medicine and improve the quality of life for
people with IBD in a gendered point of view (Andersen et al., 2024).
As a result, some studies insist that gender should be considered
while donor screening to ensure the success of FMT (Benítez-Páez
et al., 2022).

It is worth noting that researches have proposed the
contribution of gender factors in the outcomes of FMT. Overall, gut
microbiota differed in males and females, which could be partially
explained by the impact of sex hormones (Yurkovetskiy et al.,
2013). Individuals of different sexes possess unique physiological
characteristics and less susceptibilities to certain diseases and
these factors might be transferred to recipients post-FMT, whose
mechanisms may involve that the gut bacterial community
composition differs between male and female, and such difference
can further modulate the metabolic processes and molecular
expressions (Haro et al., 2016). As a result, in several diseases, stool
sample from a certain gender might be considered as potential
donors with higher quality. Improved outcome of ischemic stroke
could be induced by female donor of FMT, for the gut microbiota of
female is characterized by lower level of systemic proinflammatory
cytokines (Wang J. et al., 2022). The susceptibilities to radiation
toxicity (Cui et al., 2017) could also be transferred via FMT in
a gender specific manner. During the process of FMT, change
in the gender of either the donor or the recipient may lead
to different clinical outcomes. The baseline characteristics of
microbiota differs in donors of different sex, and the gender of
recipients influences the strain colonization, the gut of mice of
different genders prefers to accommodate microbiota differently
(Wang et al., 2016). Post-inflammatory females with colitis could
transfer visceral hyperalgesia to both males and females, but males
could only transfer visceral hyperalgesia to individuals of the same
sex (Arzamendi et al., 2024). Feces of young female mice could
improve insulin sensitivity in females, while feces of agedmale mice
could increase insulin resistance in female mice, eliminating and
enhancing sex differences in insulin sensitivity and metabolome,
respectively (Sheng et al., 2021). FMT during lactation resulted in
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long-term effects on the metabolism of male Wistar rats while no
effect was observed in female rats (Pavanello et al., 2022).

In some cases, despite considering the potential benefits
that certain gender may provide in FMT, attention must be
paid to the risks associated with sex-discordant FMT. A recent
research published in Gastroenterology proved that sex-concordant
FMT contributes to fewer adverse events post-FMT, and sex-
discordant FMT administrated while treating CDI has the potential
to cause IBS (Sehgal et al., 2024). Another study showed that
male recipients who underwent cross-sex FMT exhibited notably
reduced testosterone levels in comparison to those who received
same-sex FMT (Feješ et al., 2024), suggesting the disruption of
gender-specific baseline physiological characteristics caused by sex-
discordant FMT.

In conclusion, as an often overlooked demographic indicator,
existing research has proposed the multidimensional impact of
age on FMT outcomes, while we have not yet formed a detailed
proposal to generalize to clinical applications. More research is
imperative in the future.

10 The potential influence of age in
the outcome of FMT

Gut microbial composition is considered to be associated
with the age. Interestingly, a gut microbial age (MA) metric
has been proposed to evaluate gut aging (Wang et al., 2024).
As a result, the age of either the donor and the recipient may
affect benefits provided by FMT due to age-related baseline
microbial characteristics.

Generally, we advocate prioritizing young donors in donor
screening. According to statements provided in European
consensus conference on FMT in clinical practice, individuals aged
<60 years should be preferred while selecting donors, while this
age restriction is not must be strictly adhered to, the criteria may
be appropriately relaxed under certain circumstances, for instance,
the use of intimate healthy partners (Cammarota et al., 2017).
In animal experiments, aged donor could lead to age-associated
alteration of physiological activities and signaling pathways,
resulting in the occurrence of major comorbidities associated
with aging. Conversely, the transfer of young donor microbiota
to old recipients could reverse aging-related alteration (Cheng
et al., 2024; D’Amato et al., 2020; Parker et al., 2022). Aged mice
is susceptibility to arrhythmia for the increased reactive oxygen
species (ROS) level, which could be transmitted to young mice
via FMT (Fu et al., 2024). Nevertheless, strikingly, under some
circumstances, the older, the better. An aging-enriched enterotype
was observed to conduce to improved immunotherapy outcomes
in older patients with cancer, which was characterized by the
up-regulation of exhausted and cytotoxic T cell markers in the
tumor microenvironment and whose therapeutic effect in FMT has
been proved in mice (Zhu X. et al., 2024). However, we still need to
consider how this finding can be translated into clinical practice,
as other physiological impairment caused by gut aging seem to be
difficult to avoid.

The age of the recipient also has the potential to affect the
efficiency of FMT. A prospective cohort study proved that patients
with rCDI who aged over 65 years might be independently

associated with a lower treatment effect from a single FMT
(Baunwall et al., 2023). However, in another prospective study,
genomic analysis showed that there was no significant difference
in gut microbial diversity between donors aged ≥60 years and <60
years. The clinical efficacy of FMT in rCDI over 12 months was also
not affected with advancing age (Anand et al., 2017). According
to the second edition of joint British Society of Gastroenterology
(BSG) and Healthcare Infection Society (HIS) guidelines (2024), we
should not refuse or delay FMT therapy due to any recipient risk
factors, for example, recipient age over 75 years old (Mullish et al.,
2024).

The age disparity between the donor and the recipient is
of significant importance. When treating metabolic syndrome by
FMT, the age difference of donor-recipient pairs is positively-
related with the greater reversion of metabolic dysfunction
(Benítez-Páez et al., 2022). Specially, significant age disparities
between the donor and the recipient could occur in the FMT
treatment of pediatric intestinal and extraintestinal diseases, it
seems that pediatric patients have been also receiving transplant
material from adult donors. The differences in gut microbiota
between children and adults need to be taken seriously.

Specialized metabolic functions in pediatric recipients are
observed while using adult fecal donors (Wu Q. et al., 2023).
The match of adult donors and child recipients has the risk
of atypical maturation of gut microbiota in pediatric patients
(MacLellan et al., 2021). However, it needs to be noted that although
there are challenges in the use of FMT in pediatric patients, it
is necessary to overcome these difficulties and develop a more
widely recognized standard, especially due to that the approvals of
promising biotherapeutics are expected to be significantly delayed
for children (Hourigan et al., 2021).

11 Metabolic status and lifestyle of
donors and recipients

The metabolic status of the donor should be evaluated before
FMT procedure, which could be regulated via lifestyle intervention.
Diet is the main contributor to gut microbiota diversity, the
proportional abundance of several taxa varies with the variation of
diet patterns and body fat counterpart levels (Newman et al., 2021).
Accompanied with the alteration of microbiota, different dietary
patterns shape various metabolomic characteristics, manifested
as the variation of 127 common metabolites including lipids,
tri/di-glycerides and lyso/phosphatidylcholine, etc. (Tanaka et al.,
2022). Specially, the Mediterranean diet intervention could lead
to increased fiber-degrading Faecalibacterium prausnitzii and gene
expression for microbial carbohydrate degradation associated with
butyrate metabolism, fecal bile acid degradation and insulin
sensitivity that co-varied with specific microorganisms (Meslier
et al., 2020).

Animal experiments proved that increased total body and fat
mass, as well as obesity-associated metabolic phenotypes were
transmissible with FMT (Ridaura et al., 2013). Both leptin receptor
knock-out obese and diabetic mice donor and diet-induced obese
mice donor could result in elevated gut permeability, inflammation
level and glucose metabolic dysfunctions in mice recipients,
which could be partially explained by the impaired ethanolamine

Frontiers inMicrobiology 14 frontiersin.org

https://doi.org/10.3389/fmicb.2025.1556827
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Liu et al. 10.3389/fmicb.2025.1556827

metabolism (Mishra et al., 2023). Donor mice fed by high-fat, high-
sucrose diet (HFHS) could induce disrupted glucose metabolism
to recipient mice, while secondary adiposity was not observed in
recipients (Zoll et al., 2020).

Conversely, donors who have a healthier habitus and
adherence to healthy lifestyle are more likely to confer long-term
health benefits to recipients. Within 6 weeks after FMT induced
by lean donors, FMT resulted in significantly altered duodenal
bacterial species including Bifidobacterium pseudolongum. Fecal
bacterial species that were different between autologous and
allogenic FMT from lean donors included the lactate-producing
Lactobacillus salivarius and butyrate-producing Butyrivibrio,
Clostridium symbiosum, and Eubacterium species, which were
related to human metabolism (Kootte et al., 2017). Lean vegan
donor could induce improvement of the outcome of recipients with
hepatic steatosis via shaping microbial community and altering
the expression of hepatic genes involved in inflammation and lipid
metabolism (Witjes et al., 2020).

A randomized controlled trial published in Gastroenterology
randomly divided abdominally obese or dyslipidemic individuals
into three groups, in which participants followed healthy
dietary guidelines, Mediterranean diet guidelines and green-
Mediterranean diet guidelines (extra consumption of green tea
and a Wolffia globosa green shake). After 6 months of weight-
loss phase, participants underwent autologous FMT and those
who was in green-Mediterranean diet group showed less weight
regain, gut microbiota recovery and metabolic impairment.
Mechanistically, the green-Mediterranean diet induced altered
microbiome composition during the weight-loss phase, and
prompted preservation of weight-loss-associated specific bacteria
and microbial metabolic pathways including microbial sugar
transport after autologous FMT (Rinott et al., 2021). Specially,
although stool samples gained from metabolic syndrome donors
(METS-D) induced decrease of insulin sensitivity, post-Roux-en-Y
gastric bypass donors (RYGB-D) could improve insulin sensitivity
and altered expression of metabolism related molecules (de Groot
et al., 2020; Kootte et al., 2017).

Interestingly, populations traditionally considered as recipients
for FMT may also possess the potential to serve as donors
under certain circumstances. Healthy overweight or obese donors
have been included to treat cachectic patients with advanced
gastroesophageal cancer, although this FMT process prior to first-
line chemotherapy did not improve cachexia, improved response
and survival in patients with metastatic gastroesophageal cancer
was observed (de Clercq et al., 2021).

Meanwhile, at the level of recipients, researchers are exploring
the extra measures that recipients could adopt post-FMT to
maximize the benefits of FMT treatment. The development of
specific lifestyle or diet post-FMT may serve as a promoter
for the development and maintenance of the intestinal type,
which is favorable to disease recovery. Oral pectin intake for
five consecutive days following FMT enhances the effect of FMT
in UC by maintaining gut microbial diversity, which could be
fermented into SCFAs (Wei et al., 2016). FMT plus lifestyle
intervention resulted in greater efficacy of microbiota engraftment
from donors in recipients with type 2 diabetes post-FMT (Ng
et al., 2022). Patients with mild to moderate UC who accepted
FMT and anti-inflammatory diet showed more profound deep

remission than those who received stable baseline medications
(Kedia et al., 2022). FMT coupled with dietary fiber intervention
contributes to shape gut microbiota composition and improve
the effectiveness of FMT in recipients (Zhong et al., 2021). This
finding was further validated in a randomized double-blind trail,
revealing that during FMT, supplementation of low-fermentable
fiber, but not high-fermentable fiber, led to better outcome of
obesity and metabolic syndrome (Mocanu et al., 2021). Specially, a
microbiome-based artificial intelligence-assisted personalized diet
significantly reduced IBS-SSS scores across all IBS subtypes, whose
efficacy was even better than low-fermentable diet, revealing the
prospect of artificial intelligence-assisted therapy in the field of
FMT (Tunali et al., 2024).

In short, in the future, screening for the metabolic status
and shaping lifestyle habits in donors and recipients should be
further performed, whichmay lead tomore stable clinical remission
without accompanying metabolic disorders. Furthermore, we
should not overlook the potential beneficial effects that the feces
of “sub-healthy” individuals with specific metabolic characteristics
may have on recipients.

12 Bowel preparation and medication
application in recipients

As previously mentioned, the efficacy of FMT largely depends
on the interaction between the gut microbiota of the donor and
the recipient. Therefore, in addition to donor screening based
on microbial community characteristics, pre-regulating the gut
microbiota of recipients may contribute to the success rate of FMT.

Researches showed bowel cleansing could enhance donor
microbiome engraftment, inadequate bowel preparation is an
independent predictor of failure after single FMT in treating rCDI
(Ianiro et al., 2017; Podlesny et al., 2022). While in addition to
the use of intestinal preparation drugs such as polyethylene glycol,
according to the international guidelines of FMT, patients with
rCDI should be treated with antibiotics including vancomycin or
fidaxomicin at least for 3 days pre-FMT to lower the abundance
of intestinal C. difficile, and antibiotics should be stopped 12 to 48 h
pre-FMT (Cammarota et al., 2017). However, in diseases other than
rCDI, no exact recommendation has been proposed.

Current research on the use of antibiotics before FMT is
preparing the groundwork for the development of more refined
guidelines in the future. The reconstruction of gut microbiome
occurs against intestinal antibiotic exposure, while due to the
complex ecological network of intestine, the effect of antibiotics
varies in different individuals. Overall, in terms of multi-species
population, administration of antibiotics could influence the
following factors of microbiota within patients’ gut: taxonomic
and resistome composition, nutrient availability and complexity,
metabolic networks of cross-feeding or competition, and horzontal
gene transfer of resistome elements, shaping the recipients’ gut
microbiota to better introduce those of the donors (Fishbein
et al., 2023). A metagenomic systematic meta-analysis of 24
studies showed that antibiotics used pre-FMT was positively-
associated with donor strain engraftment and clinical success
(Ianiro et al., 2022). The administration of antibiotics pre-FMT
in recipients showed better modification of gut microbiota and
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increased xenomicrobiota colonization post-FMT, compared to
performing bowel cleansing solution or no pretreatment (Ji et al.,
2017). Species-level dysbiosis within the phylum Bacteroidetes

could be found in the gut of UC patients, triple-antibiotic pre-
treatment in these patients, including amoxicillin, fosfomycin and
metronidazole, could promote the eradication of dysbiotic strains
and further colonization of viable Bacteroidetes cells (Ishikawa
et al., 2018). Another study also utilized a triple-antibiotic pre-
treatment, including amoxicillin, doxycycline, and metronidazole,
which also reached promising results (Haifer et al., 2022). The
greater engraftment of strains in recipients provided by antibiotics
used pre-FMT was also discovered in immunosuppressed patients,
such as individuals with HIV (Serrano-Villar et al., 2021). In the
safety study of SER-287, a spore-based microbiome therapeutic,
in treating UC, the group vancomycin/SER-287 showed higher
proportion of patients who achieved clinical remission than the
placebo/SER-287 group (Henn et al., 2021).

Different therapeutic courses of certain antibiotics before FMT
could result in distinct clinical outcomes post-FMT. An animal
experiment proved that both frequency of dosing and duration of
preparative antibiotic treatment influences strain engraftment post-
FMT (Gopalakrishnan et al., 2021). In human, short duration of
vancomycin pre-treatment is positively related with the positive C.
difficile culture pre-FMT and early CDI recurrence (Groenewegen
et al., 2024). In a retrospective study of rCDI treatment, oral
vancomycin for standard duration of 10–14 days pre-FMT was
not significantly associated with FMT success, while prolonged
vancomycin taper for ≥6 weeks induced better outcome in
FMT treatment. Mechanistically, standard therapeutic courses of
vancomycin may reduce the stool concentrations of C. difficile

and allow the persistence of disrupted microbiota. In contrast,
the prolonged tapered course of oral vancomycin pre-FMT may
result in partial microbiota replenishment and reducing the fecal
concentration of vegetative C. difficile (Patron et al., 2017).

However, the application of antibiotics prior to FMT has,
at times, been proved to be ineffective in enhancing treatment
efficacy. In a randomized controlled trial, individuals with IBS-D
received pre-FMT ciprofloxacin and metronidazole (CM-FMT) or
rifaximin (R-FMT) conversely exhibited a lower rate of microbial
strain engraftment compared to individuals with alone FMT (Singh
et al., 2022). Moreover, paradoxically, the exposure to systemic
antibiotic therapy might be related to the onset of dysbiosis-related
chronic diseases including IBD (Nguyen et al., 2020). The elevated
susceptibility to IBD is most frequently observed in population
aged over 40. The highest risk of IBD onset is typically seen 1–2
years post-antibiotic administration and after the use of antibiotics
commonly prescribed to treat gastrointestinal infections (Faye
et al., 2023). Antibiotic exposure is also the highest risk for CDI
(Pérez-Cobas et al., 2015). An animal experiment proved that
short-term exposure to antibiotics could induce lowered microbial
alpha and beta diversities, reduced complexity of gut molecular
ecological networks, and impaired microbial metabolic pathways
related with bacterial survival and physiological functions. These
mentioned changes could not entirely recover over time. Although
the antibiotic administration pre-FMT would reshape the impaired
microecology to some degree, we still should not ignore the
risk of long-term side effects induced by short-term antibiotics
intervention (Hong et al., 2024). These findings remind us

that further research is still warranted to confirm the benefits
of antibiotic-based gut preparation pre-FMT. Caution must be
exercised to regard the potential ineffectiveness of the treatment
and the risk of illness aggravation antibiotics may pose.

Except for using antibiotics at the time of preparation before
FMT, if antibiotics are administered at the wrong time point during
the FMT process, they can also become ineffective or even become
an obstacle to the effectiveness of the treatment. In the scope of pre-
FMT, feces from human donors who administrated repeated, but
not recent antibiotics might induce impaired mucus growth mucus
barrier integrity in mice recipients, the microbiota community
of which is characterized by enriched mucus-utilizing bacteria,
including Akkermansia muciniphila and Bacteroides fragilis. As a
result of altered microbiota composition, 10 metabolites, including
adenine, adenosine and betaine, etc., showed significantly altered
abundance in mice recipients (Krigul et al., 2024). While in the
scope of post-FMT, non-CDI antibiotics during follow-up were
all independently associated with a lower treatment effect from
FMT in CDI treatment (Baunwall et al., 2023; Groenewegen et al.,
2024). Antibiotic use within the first 8 weeks after FMT may
disrupt microbial engraftment and lower the success rate of FMT
(Allegretti et al., 2018).

In summary, the creation of a microenvironment conducive
to microbial engraftment within the gut of recipients is of great
importance pre-FMT, which could be achieving through the
application of antibiotics pre-FMT. Specially, factors including the
time point, duration, and type of antibiotics administration also
influence clinical outcomes.

13 Conclusion and perspective

As a microbiome-based therapy, the primary change observed
after FMT in recipients is the alteration of the gut microbiota.
In this review, we summarized diseases that could be treated
with FMT, which are characterized by microbial dysbiosis, with
distinct baseline gut microbiome impairment, and the reshaping
of the gut microbiota could be detected post-FMT. Some diseases
have been widely recognized as targets for FMT treatment and
are recommended in several conferences and guidelines, such as
CDI. Some diseases still require further clinical trials to validate
their application conditions and therapeutic value, such as IBD
and IBS. Interestingly, some newly discovered potential diseases,
which might have a response to FMT, are still in the initial stages
of clinical trials or animal experiments. Therefore, FMT holds
immense potential in the treatment of both gastrointestinal and
extraintestinal diseases.

Furthermore, this article systematically summarized the critical
factors affecting the efficacy of FMT at the donor and recipient
levels. The interaction between donor and recipient microbiota is
crucial in FMT, and our review outlined the fusion patterns of the
gut microbiota post-FMT, which conduces to the understanding
of different clinical outcomes. The interplay between the donr
and the recipient is a complicated process, and researchers have
developed various predictive models for FMT based on regression
or machine learning methods, which have significant guidance
value in clinical practice.
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FIGURE 2

Potential factors influencing the e�cacy of FMT from the perspective of donors and recipients.

In addition to gut microbiota-related factors, we have also
listed other determinants of FMT safety and efficacy. Pre-testing of
potential pathogens in donor feces is of great importance. There is
also a need to assess the immune status of the recipient, although
the recipient’s immunocompromised state does not necessarily
affect the conduct of FMT. The values of baseline characteristics of
donors and recipients, including gender, age, clinical status, lifestyle
and application of antibiotics, etc., have also been discussed in
our review (Figure 2). The importance of these potential regulatory
factors have been proved in clinical trails and animal experiments,
while several researches have also provided opposite results.

In summary, this review comprehensively explored the
application scenarios and conditions of FMT, expounded “what
constitutes a successful FMT treatment”, and how the interplay
between donors and recipients affects treatment outcomes. More
research is still needed to further guide the application of FMT,
to improve the current situation where FMT is regarded as a
“black box” to a certain extent, to enhance the explainablity and
transparency of FMT treatment and related predictive models, and
to extend the application scope of FMT.

Key-points of this review:
(1) We provide a systematical summary of the recognized or

potential diseases that can be treated by FMT, and the microbial
and metabolic characteristics of the diseases pre- and post-FMT.

(2) We introduce the microbial donor-recipient interplay and
the lasting microbial succession within the gut post-FMT, which

is influenced by the baseline microbial characteristics of both the
donor and the recipient.

(3) We summarize the prognostic models on FMT efficacy to
guide clinical decision-making.

(4) We analyze the potential role of several confounding factors
(e.g., immune system function, age, gender, lifestyle, antibiotic use,
etc) in the safety and efficiency of FMT from the perspectives
of both donors and recipients. In this field, we include some
early-stage studies, which have not yet reached clear conclusions
or have obtained contradictory results, laying a foundation for
future research.

(5) Combining the key points mentioned above, we clarify how
to conduct a successful FMT at appropriate application scenarios.
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