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Abstract

Intestinal dysbiosis represents a critical determinant of clinical outcomes in patients under-
going allogeneic hematopoietic stem cell transplantation (allo-HSCT). Distinct microbiota
patterns represent potential prognostic biomarkers and therapeutic targets. However, the
exponential growth in microbiota research and analytical complexity has created significant
interpretive challenges for clinicians. This review provides a synthesis of current literature
examining microbiota fingerprints and their clinical implications. We analyzed key stud-
ies evaluating the clinical implications of intestinal microbiota fingerprints in allo-HSCT.
Additionally, we examined current therapeutic strategies for microbiota modulation and
approaches for translating research findings into clinical practice. We identified three
major microbiota fingerprints: (1) decreased intestinal microbiota diversity, (2) reduced
abundance of short-chain fatty acid-producing bacteria, and (3) Enterococcus domination.
These fingerprints are associated with critical clinical outcomes including overall survival,
Graft-versus-host disease, transplant-related mortality, and infection-related complications.
While fecal microbiota transplantation and dietary interventions appear promising, cur-
rent studies suffer from limited sample sizes and lack standardized protocols. Despite
significant advances in microbiota research, biological, methodological, and logistical chal-
lenges continue to hinder its clinical translation. Understanding microbiota fingerprints
represents a promising avenue for improving allo-HSCT outcomes. However, successful
clinical implementation requires standardized methodologies, mechanistic studies, and
multi-center collaborations to translate research into actionable clinical tools.

Keywords: allogeneic hematopoietic stem cell transplantation; Graft-versus-host disease;
intestinal microbiota diversity; intestinal dominance; clinical outcomes
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1. Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a potentially cura-
tive therapy for several malignant and non-malignant diseases. However, its effectiveness
remains limited due to life-threatening complications, including neutropenic fever, relapse
and acute graft versus host disease (aGvHD) [1-6]. Acute GvHD remains the leading cause
of non-relapse mortality, affecting up to 70% of patients [1-4]. Relapse remains the primary
cause of treatment failure, with incidence reported in up to 40% of cases [6,7]. Similarly,
neutropenic fever is highly prevalent, occurring in up to 80% of patients—particularly
during the pre-engraftment period [5]. Thus, allo-HSCT is still associated with considerable
morbidity. During the allo-HSCT, the intestinal microbiota has emerged as a key player
that can shape the development of these poor outcomes. Specific patterns of intestinal
microbiota disruption—often referred to as “microbiota fingerprints”—have been linked
to these poor outcomes. Consequently, understanding these microbiota fingerprints is
increasingly recognized as crucial for predicting outcomes and developing new therapeutic
interventions in the transplantation context.

In recent years, there has been a significant increase in studies investigating the role of
the intestinal microbiota in allo-HSCT. These studies consistently demonstrate the strong
link between intestinal microbiota disruptions and poor clinical outcomes. Nevertheless,
the growing volume of data and the complexity of microbiota analysis may pose significant
barriers to understanding how these fingerprints impact allo-HSCT patients. Additionally,
prior allo-HSCT reviews have focused narrowly on analyzing the relationships of intestinal
microbiota with specific diseases and/or complications, failing to provide a comprehensive
analysis of clinical implications. Furthermore, most microbiota studies are observational,
mechanistically inconsistent and not easily translated into clinical practice. In this review,
we aim to clarify this conundrum by summarizing key studies that have evaluated intestinal
microbiota fingerprints and their clinical implications for patients undergoing allo-HSCT.
After unraveling this conundrum, we will also provide a critical overview of challenges
and strategies to: (1) modulate the intestinal microbiota, and (2) facilitate the integration
of intestinal microbiota research into clinical practice. The scientific novelty of this review
lies in systematizing current data on microbiota fingerprints and synthesizing them into
a comprehensive, clinically meaningful framework that bridges microbiota research with
clinical practice.

To conduct this narrative review, an electronic search was performed using PubMed.
The search aimed to identify key studies analyzing the relationship between intestinal
microbiota and allo-HSCT outcomes. The following keywords were used: “hematopoietic
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stem cell transplantation”, “gut microbiome”, “microbiota”, “Graft-versus-host disease”,
“fecal microbiota transplantation”, “probiotics”, “prebiotics”, and “synbiotics”. Only key
articles providing detailed data regarding intestinal microbiota fingerprints, strategies
to modulate intestinal microbiota and allo-HSCT outcomes were included. The search
strategy was supplemented by manually reviewing the reference lists of included articles

to identify additional relevant studies.

Brief Overview of Human Intestinal Microbiota

The intestinal microbiota comprises a set of commensal microorganisms essential for
maintaining human health, including bacteria, fungi, and viruses, which colonize the entire
gastrointestinal tract and coexist with the host [8-10]. In healthy adults, the intestinal mi-
crobiota is predominantly composed of members from the Bacillota and Bacteroidota phyla,
while other microorganisms are present in lower abundance. The intestinal microbiota
plays a pivotal role in human physiology, contributing to (1) host homeostasis, (2) nutrient
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metabolism, (3) vitamin synthesis, (4) immune system modulation, and (5) production
of metabolites.

The intestinal microbiota has been recognized as a key factor in driving disease de-
velopment. Intestinal dysbiosis has been linked to inflammatory bowel disease, irritable
bowel syndrome, autoimmune diseases and metabolic disorders [8-10]. Intestinal dysbiosis
has also been linked to cancer and responses to both immunotherapies and chemother-
apies [8,11]. Given the exponential growth of microbiota research and its expanding
associations with disease development, severity and treatment responses, it is increasingly
important for clinicians to integrate microbiota science into both research and clinical prac-
tice. In the following sections, we will highlight the most important patterns of intestinal
dysbiosis in the allo-HSCT context and their impacts on clinical outcomes.

2. The Dynamics of Intestinal Microbiota Through the Patient Journey

The patient journey until the allo-HSCT is marked by dynamic and progressive dis-
ruptions in the intestinal microbiota. The intestinal microbiota may start to change to
a disease-associated layout after the diagnosis of the underlying condition [12,13]. Several
studies have demonstrated key features of intestinal dysbiosis even prior to the allo-
HSCT [14-19]. The extent of intestinal microbiota disruption during allo-HSCT can be so
severe that the re-establishment of homeostasis or eubiosis condition may be markedly
delayed, or in some cases, may not be achieved at all [15,17]. Overall, through the patient
journey until completing the allo-HSCT procedure, key intestinal microbiota fingerprints
may emerge. The most important intestinal microbiota fingerprints identified across studies
are: (1) decreased intestinal microbiota diversity [16,17,20-27]; (2) decreased abundance
of SCFA (short-chain fatty acids)-producing bacteria [14,25,28-30]; and (3) Enterococcus
intestinal domination (see Figure 1) [22,24,31-34]. Besides these consistent fingerprints,
it is important to note that studies show variable prognostic value for specific bacterial
taxa [20,21,35,36]. Multiple studies have identified several taxa associated with either pro-
tection or increased risk of poor outcomes. This substantial heterogeneity may result from
the lack of methodological standardization across microbiota studies, including differences
in sample collection techniques, collection timing, and DNA sequencing methodologies.
Due to the lack of consensus and standardization in this area, specific taxa will not be the
focus of this review. Instead, we concentrate on the three microbiota fingerprints with the
most robust and reproducible evidence linking them to relevant clinical outcomes. These
outcomes include overall survival, transplantation-related mortality, aGvHD, infections,
and Clostridioides difficile colitis (see Figure 2). Given that these intestinal dysbiosis finger-
prints have prognostic significance, understanding the factors driving them is critical for
improving patient outcomes.

Key factors driving these intestinal dysbiosis fingerprints through the patient
journey include chemotherapies, dietary changes and the use of broad-spectrum
antibiotics [14,15,20,21,30,36—40]. The relationship between antibiotic exposure and
intestinal dysbiosis was demonstrated in a study including 96 patients [20]. When
compared to patients (n = 34) without antibiotic exposure, patients (n = 62) receiving
any antibiotic in the 3 months prior to allo-HSCT had significantly lower alpha diversity
(41.5 £ 26.54 vs. 61.26 £ 25.93; p = 0.001) [20]. Similar findings were also reported in
a study including 57 patients undergoing allo-HSCT—prior antibiotic use was signifi-
cantly associated with lower bacterial diversity (p = 0.003) [16]. In this study, other fac-
tors associated with intestinal dysbiosis were (1) severe underlying hematologic disease
(p <0.0001); (2) CMV (cytomegalovirus) seropositivity (p = 0.006), (3) gastrointestinal
or hepatic comorbidities (p = 0.004), and (4) recent microbial infection (p = 0.006) [16].
The impact of different conditioning regimens on the intestinal microbiota has also
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been evaluated. For example, in a study involving 96 patients undergoing allo-HSCT,
those who received myeloablative conditioning exhibited distinct shifts in microbiota
composition compared to patients who received reduced-intensity regimens [20]. These
findings suggest that several factors contribute to the development of intestinal dysbiosis
during allo-HSCT. Nevertheless, whether these factors act individually or synergistically
to drive these intestinal dysbiosis fingerprints requires future studies. With a better
understanding of the potential drivers of these fingerprints, the following sections will
explore the key moments at which these patterns emerge and their potential implications
for clinical outcomes.
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Figure 1. The dynamics of the three intestinal microbiota fingerprints (microbiota diversity,
SCFA-producing bacteria and Enterococcus intestinal domination) through the allo-HSCT jour-
ney. Allo-HSCT = allogeneic hematopoietic stem cell transplantation; SCFA = Short-chain fatty
acids; 1 =increase; | = decrease. Created with BioRender.com, Soares Ferreira Junior A. (2025)
https://BioRender.com/8du0b87 (accessed on 19 September 2025).
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Figure 2. Associations among intestinal microbiota fingerprints (microbiota diversity, SCFA-
producing bacteria and Enterococcus intestinal domination) and clinical outcomes (overall survival,
transplant-related mortality, aGvHD, infections and Clostridioides difficile colitis). Red and blue lines
in the overall survival and transplant-related mortality figure correspond to patients with high and
low intestinal diversity, respectively. aGvHD = acute graft versus host disease; SCFAs = Short-chain
fatty acids; 1 = increase; | = decrease. Created with BioRender.com, Soares Ferreira Junior A. (2025)
https:/ /BioRender.com/1f3oh4x (accessed on 19 September 2025).

3. Intestinal Microbiota Fingerprints Prior to Allo-HSCT

In patients undergoing allo-HSCT, there is extensive evidence suggesting that the
intestinal microbiota is disrupted even prior to the transplantation [14-19,41]. Prior to
allo-HSCT, the most important intestinal dysbiosis fingerprint is decreased intestinal
diversity [14,15,19,20,37-41]. Studies have also shown that patients already exhibit a
distinct microbiota composition prior to undergoing allo-HSCT (see Supplementary
Table S1) [14,15,19,20,37-40]. When compared to a control group (paired HLA [Human
Leukocyte Antigen]-matched sibling donors), patients (n = 57) had lower bacterial di-
versity (p = 0.0002) and different phylogenetic membership (p = 0.001) with increased
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relative abundances of facultative anaerobic bacteria (such as Enterococcaceae and Strep-
tococcaceae) [16]. Furthermore, patients had significantly lower abundance of butyrate-
producing bacteria (which produce a key metabolite that helps maintain a healthy gut)
compared to healthy volunteers. These bacteria included Anaerostipes (p = 0.036), Butyrici-
monas (p = 0.041), Coprococcus (p < 0.001), Faecalibacterium (p = 0.014), and Lachnospiraceae
(p < 0.001) [14]. Similarly, fecal samples from 606 patients showed that the intestinal
microbiota was significantly different from healthy adult volunteers and subjects from
the Human Microbiome Project [17]. In this study, patients undergoing allo-HSCT had
lower intestinal diversity (p < 0.001) and a distinct microbiota composition based on
enterotype (p < 0.001) [17]. Taken together, these and other studies in the literature
suggest that intestinal dysbiosis exists even prior to allo-HSCT [14-19]. Given that these
intestinal dysbiosis fingerprints have prognostic significance, the next step is to clarify
their implication for patient outcomes.

These early intestinal dysbiosis fingerprints are not only present but can signifi-
cantly shape the course and prognosis of patients undergoing allo-HSCT. These early
fingerprints can contribute to the following outcomes: (1) overall survival [16,17,20,21];
(2) transplantation-related mortality [17]; (3) aGvHD [20,21,35,36]; (4) and infections [20].
Among the fingerprints, the most evaluated prior to allo-HSCT is the intestinal microbiota
diversity—an index that measures the variety (richness) and balance (evenness) of bacteria
living in the gastrointestinal tract (see Table 1). Across studies, a consistent finding is
that decreased intestinal microbiota diversity prior to allo-HSCT is associated with poor
outcomes, such as increased mortality and GvHD [16,17,21,35]. Among the available stud-
ies, the most robust in terms of statistical power and sample size was an international
multi-center study involving 606 patients. In this study, higher intestinal diversity prior
to the transplant was associated with significant reductions in mortality. Specifically, it
reduced the risk of death by 59% (HR [Hazard Ratio] 0.41; 95% CI [Confidence Interval]
0.24-0.71) and transplant-related mortality by 56% (HR 0.44; 95% CI 0.22-0.87) [17].

The other fingerprint relates to specific bacterial compositions prior to allo-HSCT
that are associated with either protection against or increased risk for poor outcomes
(see Supplementary Table S2). For example, higher abundance of Blautia, which pro-
duces SCFA and promotes gut homeostasis, was associated with lower risk of aGvHD
development in two studies [21,35]. Given the prognostic significance of these intestinal
dysbiosis fingerprints, future studies should evaluate strategies to incorporate them into
risk stratification tools that can be used in clinical practice.

Table 1. Implications of Intestinal Diversity Prior to allo-HSCT.

Outcomes

Author, Year

N Finding

Overall Survival
[16,17,21]

J Overall Mortality

Peled 2020 [17] Higher alpha diversity prior to allo-HSCT was associated with a lower risk of

606 mortality (HR 0.41; 95% CI 0.24-0.71)
. 1 Overall Mortality
Liu 2(;177 (el Patients with higher phylogenetic diversity had lower overall mortality rates

(HR 0.37; 95% CI 0.18-0.77; p = 0.008)

1 Overall Survival
Patients with higher intestinal diversity exhibited a higher probability of
overall survival (88.9% =+ 5.7% vs. 62.7% =+ 8.2%; p = 0.011).

Masetti 2023 [21] P
90

Transplantation-related
mortality [17]

| Transplant-related mortality
Higher alpha diversity prior to allo-HSCT was associated with a lower risk of
transplant-related mortality (HR 0.44; 95% CI 0.22-0.87).

Peled 2020 [17]
606
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Table 1. Cont.

Outcomes Auth?\;’ Year Finding
J aGvHD
The cumulative incidence of grade 2 to 4 aGvHD was significantly lower in the
higher diversity group than in the lower diversity group (20.0% =+ 6.0% [SE]
Masetti 2023 [21] P vs. 44.4% =+ 7.4% [SE]; p = 0.017).
90
aGVHD [21] The cumulative incidence of grade 3 to 4 aGvHD was significantly lower in the

higher diversity group than in the lower diversity group (2.2% =+ 2.2% [SE]
vs. 20.0% =+ 6.0% [SE]; p = 0.007).

The diversity between pre-HSCT samples were greater in individuals who
Biagi 2019 [35] developed intestinal GVHD (0.86 £ 0.15) than in individuals without GvHD
36 (0.72 £ 0.15, p = 0.001) and individuals who developed less severe skin GvHD
(0.77 £ 0.15, p = 0.02).
Allo-HSCT = Allogeneic hematopoieitic stem cell transplantation; CI = Confidence interval; aGvHD = acute graft

versus host disease; HR = Hazard ratio; N = number of patients included in this analysis; SE = Standard error;
| = decreased; 1 = increased; P = included only pediatric patients.

4. Intestinal Microbiota Fingerprints During Allo-HSCT

The available literature has demonstrated that during allo-HSCT, the already com-
promised intestinal microbiota undergoes further dysbiosis (see Figure 1) [20-26]. As the
intestinal microbiota changes, all three key fingerprints emerge: (1) decreased intestinal
diversity [20-27,42]; (2) decreased abundance of SCFA-producing bacteria [25,28]; and
(3) intestinal domination by a single taxon [22,24,31-34]. In the following subsections, we
will review pivotal studies that have both described these fingerprints and examined their
clinical implications.

4.1. Intestinal Diversity and Implications to Clinical Outcomes

During allo-HSCT, the intestinal diversity continues to decline and may not return
to baseline levels [17,20-25,27,43]. In a previous study including 96 patients, stool sam-
ples were collected at three timepoints: (1) baseline (prior to the conditioning regimen),
(2) D (day) + 10, and (3) D + 30 [20]. Compared to baseline, samples collected at both
D + 10 and D + 30 showed a significant reduction in intestinal diversity (D + 10:
4.65 £1.36vs. 3.08 £1.77; p <0.001; D + 30: 4.65 + 1.36 vs. 2.62 £ 1.62; p < 0.001) [20].
This study also identified a significant reduction in intestinal diversity in samples
collected at D + 30 when compared to D + 10 samples (2.62 £ 1.62 vs. 3.08 £ 1.77;
p = 0.020) [20]. Similar findings were also reported in a study involving 100 patients.
Stool samples were collected at four timepoints: (1) baseline (prior to the condition-
ing regimen), (2) around the day of stem cell infusion (D — 4 to DO0), (3) engraftment
(D +4 to D + 28), and (4) late post-HSCT (after D + 28) [24]. This study showed a sig-
nificant reduction in intestinal diversity when comparing baseline samples to those
collected around the day of stem cell infusion (p < 0.05) and engraftment (p < 0.01) [24].
Although intestinal diversity significantly increased in late post-HSCT samples com-
pared to those collected during engraftment (p < 0.05), it remained below baseline
levels [24]. Taken together, these and other studies demonstrate that intestinal diversity
reaches its lowest values within 30 days after the allo-HSCT and gradually increases
thereafter [17,20-25,27,43]. However, it often remains below baseline even in samples
collected 100 days post-transplant (see Supplementary Table S3). Thus, future studies
are needed to explore strategies to preserve and restore intestinal diversity over the
allo-HSCT course.
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Strategies to preserve and restore the intestinal diversity have become a prior-
ity as research has shown it to be a key prognostic factor in patients undergoing
allo-HSCT [15,44,45]. In the literature, intestinal diversity during allo-HSCT has been
linked to overall survival [17,23,24], aGvHD [20,26,28,41,46], and transplantation-related
mortality (see Table 2) [23,24,41]. In most of the studies, lower intestinal diversity in
samples collected at the engraftment period has been associated with these poor out-
comes [17,20,23,24,28,41,46]. Furthermore, lower intestinal diversity at the time of aGvHD
diagnosis has been linked with a severe disease phenotype (see Table 2 for details) [26].

Table 2. Clinical Implications of Intestinal Diversity Over The allo-HSCT.

Author, Year
Outcome N Finding
Sample Timing

1 Overall Survival
Patients were categorized into low- vs. high-diversity groups based
on the median value.
High diversity at engraftment was associated with a significant improve in
Peled 2020 [17] overall survival (HR 0.75; 95% CI 0.58-0.96). This association was also
704 identified after multivariable adjustment for age, intensity of the
At engraftment conditioning regimen, graft source and HCT-CI (HR 0.71; 95% CI 0.55-0.92).

When considered as a continuous variable, high intestinal diversity was also
associated with improved overall survival in both univariate (HR 0.58;
95% CI0.37-0.91) and multivariate (HR 0.50; 95% CI 0.31-0.80) analysis.

1 Overall Survival
Overall survival at 3 years was 36%, 60% and 67% for low, intermediate and
high diversity groups (p = 0.19).

Overall Survival Taur 2014 123 Patients with low diversity (inverse Simpson < 2) were 3 times more likely to
[17,23,24] aur 80 23] die within the follow-up when compared to those with higher microbial
At engraftment diversity (HR 3.13, 95% CI 1.39-7.98; p = 0.05; adjusted HR 2.56;
95% CI11.03-7.23; p = 0.42).

Low diversity showed a strong effect on mortality after multivariate
adjustment for other clinical predictors (transplant related mortality:
adjusted hazard ratio, 5.25; p = 0.014).

1 Overall Survival
Patients were categorized into low- vs. high- diversity groups based on the
median Shannon Index value.

Gu 2022 [24] When compared to patients with low diversity, patients with high diversity
86 had significantly higher two-year overall survival (83.7% vs. 60.6%;
At engraftment p = 0.026). After adjusting for disease risk, pretransplant comorbidity, and

previous chemotherapy, low intestinal diversity was an independent
predictor of all-cause death (HR 2.62; 95% CI 1.06-6.49; p = 0.038) in
a multivariate analysis.
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Table 2. Cont.

Author, Year
Outcome N
Sample Timing

Finding

Taur 2014 [23]

T Transplant-related mortality
Transplant-related mortality was
9%, 23%, and 53% for high, intermediate and low diversity groups,
respectively (p = 0.03).

At engfgftmen ¢ Patients with low diversity (inverse Simpson < 2) were 7.5 times more likely
to experience transplant-related mortality within the follow-up when
compared to those with higher microbial diversity (HR 7.54;
95% CI 2.12-47.88; p = 0.001; adjusted hazard ratio, 5.25;
95% CI11.36-35.07; p = 0.014).
Transplantation- - -
related mortality T Trar.lsplagtatlon—.relatgd Mgrtallty . .
[23,24,41] When Fom}?ared to patients in the h.1gh diversity group, patients in the
Gu 2022 [24] low-diversity group had higher estimated 2-year transplanted related
86 mortality (20.0% vs. 4.7%; p = 0.04).
At engraftment After adjusting for pretransplant comorbidity, disease status at the time
of allo-HSCT and previous chemotherapy, low intestinal diversity
was an independent predictor of transplant-related mortality
(HR 4.95; 95% CI 1.03-23.76; p = 0.046).
} Transplantation-related Mortali
Galloway—Pﬁla 2019 [41] The Shannon diversFi)ty index at the time of engt;};aftment was
At engraftment significantly associated with transplantation-related mortality
(coefficient = —1.44; p = 0.02)
Jenq 2015 [28] 1 GvHD-related mortality
64 Increased intestinal diversity was associated with reduced
D+12 GvHD-related mortality (p = 0.005).
Mancini 2017 [20] 1 aGvHD
96 Decreased intestinal diversity at D + 10 was associated with increased risk of
D+10 early onset aGvHD (OR 7.833; 95% CI 2.141-28.658; p = 0.038).
Taur 22;)01 4123] 1 GvHD-related mortality
At engraftment GvHD-related mortality was higher in patients with low diversity (p = 0.018).
aGvHD Payen 2020 [26] 1 aGvHD severity
[20,23,26,28,41,46] 70 Patients with severe aGvHD had significantly lower indexes of alpha
At the onset of GvHD diversity: Chaol (p = 0.039) and Simpson (p = 0.013)
Golob 2017 [46] 1 aGvHD severity
66 Patients with severe aGvHD had a significantly lower alpha diversity index
At engraftment compared to both the control group and patients without severe aGvHD
Weekly samples from (p < 0.05). This finding was statistically significant when analyzing all stool
prior to allo-HSCT until samples collected over the allo-HSCT and when analyzing only samples
D + 100 collected at the engraftment period.
Galloway-P:;a 2019 [41] The Shannon diversity index at the time of engraftment was significantly

At engraftment

associated with the incidence of aGvHD (p = 0.02)

Taur 2014 [23]
Infections [23] 80
At engraftment

T Infection-related mortality
Infection related mortality was higher in patients with
low diversity (p = 0.018).

Allo-HSCT = allogeneic hematopoietic stem cell transplantation; N = number of patients included in the analysis;
aGvHD = acute graft versus host disease; | = decreased; 1 = increased.

4.2. SCFA-Producing Bacteria and Implications to Clinical Outcomes

SCFAs are key microbiota metabolites involved in the mechanisms through which the in-
testinal microbiota may influence clinical outcomes following allo-HSCT [25,26,28-30,42,47-50].
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SCFAs, which include butyrate, propionate and acetate, play important roles in promoting
gut homeostasis and regulating the immune system [42,47-49].

During allo-HSCT, there is extensive evidence demonstrating a decrease in SCFA
levels and SCFA-producing bacteria (see Figure 1) [25,28,29,42]. In a study with 42 patients,
fecal butyrate and propionate were measured at three timepoints: (1) Prior to allo-HSCT
(baseline), (2) D + 7, and (3) D + 14 [25]. Compared to baseline, samples collected at D + 7
and D + 14 showed significantly decreased levels of both butyrate and propionate (p-values
NR [Not Reported]) [25]. In another study involving 201 patients, stool samples were
collected longitudinally at seven timepoints. These included (1) Prior to allo-HSCT, (2) DO,
B3 D+7,@D+14,(5)D+21,(6) D+ 30,and (7) D + 90 [30]. This study demonstrated
a strong and prolonged suppression of fecal butyrate levels. Significant reductions were
observed from prior to allo-HSCT to DO (p = 0.01; r = 0.5) and between prior to allo-HSCT
and D + 7 (p = 0.003; r = 0.6) [30]. Similarly, in a study of 360 patients, SCFA-producing
bacteria were assessed at the time of engraftment [29]. The majority of patients had
either a low relative abundance (40.8%) or no detectable (40%) SCFA-producing bacteria,
while only 19.2% had a high relative abundance [29]. These findings consistently outline
a profound depletion of SCFA and their producers over the allo-HSCT journey, reinforcing
their potential role in post-transplantation outcomes.

Indeed, previous studies have demonstrated that decreased levels of SCFAs and
their producers contribute to poor allo-HSCT outcomes (see Table 3). Important clin-
ical outcomes modulated by SCFA and their producers are: (1) Overall survival [28];
(2) GvHD [25,26,28,30,42]; (3) Transplantation-related mortality [30]; and (4) Viral lower
respiratory tract infection [29]. For instance, in a study involving 360 patients, a high
abundance of SCFA-producing bacteria at the engraftment period was independently asso-
ciated with a fivefold decrease in the risk of viral lower respiratory tract infection (HR 0.22;
95% CI 0.04-0.69; p = 0.06) [29]. Furthermore, in a study of 64 allo-HSCT recipients, a higher
abundance of Blautia (a key SCFA-producing genus) was independently associated with
lower GvHD-related mortality (HR 0.18; 95% CI 0.05-0.63; p = 0.007) and reduced risk of
refractory GvHD (HR 0.3; 95% CI 0.14-0.64; p = 0.002) [28]. These and other studies in the
literature highlight the clinical relevance of preserving SCFA-producing bacteria over the
allo-HSCT journey as a key strategy to improve patient outcomes.

Table 3. Implications of SCFA-producing Bacteria and SCFA Levels Over allo-HSCT.

Author, Year
Outcomes N Finding
Sample Timing
Jenq 2015 [28] 1 Overall Survival
Overall Survival [28] 64 Increased Blautia abundance was strongly associated with improved
D+12 overall survival (p < 0.001).

Transplantation-
related Mortality [30]

aGvHD onset/ /D + 30

1 Transplant-related Mortality
Low BCoAT copy numbers at D + 30/GvHD were significantly
associated with increased risk of transplant-related mortality (HR 4.459;
95% CI1.1018-19.530; p = 0.047).

Meedt, 2022 [30]
201




J. Clin. Med. 2025, 14, 6874

11 of 23

Table 3. Cont.

Author, Year
Outcomes N
Sample Timing

Finding

Jenq 2015 [28]
64
D+12

1 GvHD-related mortality
By using a taxonomic discovery analysis, increase in the genus Blautia
was significantly associated with reduced GvHD-related
mortality (p = 0.01).

By stratifying patients based on Blautia median abundance, patients with
higher abundance had reduced GvHD-related mortality (p = 0.04).

In a multivariable analysis, Blautia abundance remained associated with
GvHD-related mortality (HR 0.18; 95% CI 0.05-0.63; p = 0.007).

1 Refractory GVHD
Increased Blautia abundance was associated with reduced development
of acute GVHD that required treatment with systemic corticosteroids or
was steroid refractory (p = 0.01).

In a multivariable analysis, Blautia abundance remained associated with
refractory GvHD (HR 0.3; 95% CI 0.14-0.64; p = 0.002).

J Liver GvHD
Increased Blautia abundance was associated with reduced liver
GvHD (p = 0.02).

aGvHD
[25,26,28,30,42]

Payen 2020 [26]
70
aGvHD onset

1 aGvHD severity
When compared to controls (patients undergoing allo-HSCT without
GvHD), patients with severe GVHD had a significant depletion of the
Blautia coccoides group (p = 0.07). Similar findings were found when
compared to patients with mild aGvHD (p = 0.036).

1 aGvHD severity
When compared to controls (patients undergoing allo-HSCT without
GvHD), patients with severe GvHD had a significant depletion of
Anaerostipes (p = 0.015).

1 aGvHD severity
When compared to controls (patients undergoing allo-HSCT without
GvHD), patients with severe GVHD had a significant depletion of
Faecalibacterium (p = 0.011).

1 aGvHD severity
When compared to controls (patients undergoing allo-HSCT without
GvHD), patients with severe GVHD had a significant depletion of
Lachnoclostridium (p = 0.019).

1 GvHD severity
When compared to controls (patients undergoing allo-HSCT without
GvHD), patients with severe GvHD had significantly lower levels of total
SCFAs (12.50 vs. 2.42; p = 0.0003), acetate (8.87 vs. 2.15; p = 0.002),
butyrate (1.11 vs. 0.06; p = 0.001), and propionate
(2.33 vs. 0.10; p = 0.0009).

Romick-Rosendale 2018 [25]
42
D+14

} GvHD
When compared to patients that developed GvHD, patients without
GvHD had significantly higher levels of butyrate
(1.77 vs. 0.0550; p = 0.0142), propionate (6.63 vs. 0.208; p = 0.0108) and
acetate (39.6 vs. 7.92; p = 0.047) at samples collected at D + 14.
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Author, Year
Outcomes N Finding
Sample Timing
1 GI-GvHD severity
Low BCoAT copy numbers at GVHD onset were correlated with
GI-GvHD severity (p = 002; r = 0.3).
1 GI-GvHD
Meedt, 2022 [30] Patients with GI-GvHD had lower BCoAT copy numbers than patients
201 with other organs manifestations (0 copies vs. 3.16 x 10 copies;
aGVHD aGvHD onset/ /D + 30 p =0.006; r = 0.3).
[25,26,28,30,42]

1 GvHD-related Mortality
Patients with low BCoAT copy numbers displayed significantly higher
GvHD-associated mortality rate than those with high BCoAT
concentrations (p = 0.04).

Prior to allo-HSCT and

Artacho 2024 [42]

o + GvHD

A significant decrease in acetate levels was detected in patients who
developed GvHD (log2FC median = —2.36; p = 0.049).

Engraftment
L LRTI
The incidence of viral LRTI at 180 days was 17.3% and 16.1% for groups
e
Infections [29] 360 : & P g group (p = 0.005).

At engraftment Patients with the highest abundance of butyrate-producing bacteria were

independently associated with a fivefold decrease in risk of viral LRTI
(HR 0.22; 95% CI 0.04-0.69; p = 0.06).

Allo-HSCT = allogeneic hematopoietic stem cell transplantation; BCoAT = Butyryl-CoA /Acetate CoA-Transferase
Gene Copy; CI = Confidence interval; D = day; LRTI = Lower respiratory tract infection; GvHD = graft versus
host disease; SCFA = Short chain fatty acid; HR = Hazard ratio; N = number of patients included in the analysis;
| = decreased; 1" = increased.

4.3. Intestinal Domination and Implications to Clinical Outcomes

In patients undergoing allo-HSCT, another important microbiota fingerprint is the
expansion of a single microbiota genus leading to intestinal domination. Intestinal dom-
ination is a frequent fingerprint that can occur in 28 to 65% of patients undergoing allo-
HSCT [17,22,24,31-34,51]. Although intestinal domination is a prevalent fingerprint, the
specific genus driving these events may vary across studies (see Supplementary Table S5).
For example, in a multi-center study including 1325 patients, Enterococcus domination oc-
curred in 65% of patients and was the most common genus to dominate the microbiota [32].
Similarly, Enterococcus was also the most common genus to dominate the microbiota in
a study including 94 patients [34]. Nevertheless, in a study including 98 patients, Streptococ-
cus was identified as the most common genus associated with domination events, occurring
in 42% of patients [22]. In this study, other genera responsible for intestinal domination
in increasing order were: (1) Akkermansia (28%), (2) Blautia (28%), (3) Lactobacillus (28%),
(4) Enterococcus (36%), and (5) Bacteroides (38%) [22]. Overall, these findings suggest that
while the dominant genus may vary across cohorts, Enterococcus consistently emerges as
a key driver of intestinal domination events [17,22,24,31-34,51].

Enterococcus is not only a key driver of intestinal domination, but it is also the one most
likely associated with poor outcomes. Indeed, while previous studies have linked Entero-
coccus domination with poor outcomes, domination by other genera does not appear to
carry the same prognostic significance (see Table 4) [17,22,24,31-34,51]. For instance, in
a study with 98 patients undergoing allo-HSCT, Enterococcus domination was associated



J. Clin. Med. 2025, 14, 6874

13 of 23

with the following outcomes: bloodstream infection (63% vs. 35%; p = 0.01), Clostridioides
difficile colitis (34% vs. 16%; p = 0.04), overall survival (p = 0.01), and treatment-related
mortality (p = 0.02) [22]. In this same study, however, overall survival was not impacted by
domination for the following genera: (1) Bacteroides (p = 0.08), (2) Akkermansia (p = 0.14),
(3) Blautia (p-value NR), (4) Lactobacillus (p = 0.52), and (5) Streptococcus (p = 0.70) [22]. Other
allo-HSCT studies have also highlighted the implications of Enterococcus domination. In
a study including 1325 patients, Enterococcus domination was an independent risk factor
for decreased overall survival (HR 2.06; 95% CI 1.50-2.82; p < 0.0001) [32]. Enterococcus
domination was also associated with a nine-fold increase in the risk of bloodstream infec-
tions (HR 9.35; 95% CI 2.43-45.44; p = 0.001) in a study including 94 patients [34]. These
studies suggest that Enterococcus domination is a key fingerprint with prognostic signifi-
cance during allo-HSCT. Therefore, future studies should explore strategies to modulate
Enterococcus domination.

Table 4. Implications of Intestinal Domination to Clinical Outcomes.

Outcomes

Autor, Year

N Implication
Sample Timing

Stools were collected once prior . . . _
to HSCT, weekly until D + 30 associated with overall survival (p = 0.14).

and then at days D + 45, D + 90

J Overall survival
Patients with Enterococcus domination had decreased overall
survival (p = 0.01).

Overall survival
Bacteroides domination at any time point was not significantly
Messina 2024 [22] associated with overall survival (p = 0.08).

98 Akkermansia domination at any time point was not significantly

Blautia domination at any time point was not significantly associated
and D + 180 . .
Overall Survival with overall survival (p value NR).
[22,32]

Lactobacillus domination was not significantly associated with overall

survival (p = 0.52).
Streptococcus domination was not significantly associated with overall

survival (p = 0.70).

J Overall survival

Stein-Thoeringer 2019 [32] Patients with Enterococcus domination in the early-post transplant
1325 period had significantly reduced overall survival in univariate
Samples were collected in the analysis (HR 1.97; 95% CI 1.45-2.66; p < 0.001). This finding remained
early post-transplant period significant in a multivariate analysis adjusted for graft source, age,
(DO to D +21) conditioning intensity, gender and underlying disease (HR 2.06;
95% CI 1.50-2.82; p < 0.0001).
Messina 2024 [22]
. 98 . 1 Treatment-related mortality
Transplantation- Stools were collected once prior . . o .
. . Patients with Enterococcus domination had increased
related Mortality [22] to HSCT, weekly until D + 30 treatment-related mortality (p = 0.02)
and then at days D + 45, D + 90 yp=E02).

and D + 180
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Outcomes

Autor, Year
N
Sample Timing

Implication

aGvHD [32]

Stein-Thoeringer 2019 [32]
1325
Samples were collected in the
early post-transplant period
(DO to D +21)

1 GvHD-related mortality
Patients with Enterococcus domination in the early-post transplant
period had significantly increased GvHD-related mortality in
univariate analysis (HR 2.04; 95% CI 1.18-3.52; p = 0.05). This finding
remaining significant in a multivariate analysis adjusted for graft
source, age, conditioning intensity, gender and underlying disease
(HR 2.60; 95% CI 1.46-4.62; p < 0.01).

1 GvHD severity (grade 2—4)

Patients with Enterococcus domination in the early-post transplant
period had significantly increased GvHD severity (grade 2—4) in
univariate analysis (HR 1.44; 95% CI 1.10-1.88; p < 0.01). This finding
remained significant in a multivariate analysis adjusted for graft
source, age, conditioning intensity, gender and underlying disease
(HR 1.32; 95% CI 1.00-1.75; p < 0.05).

Infections [22,34]

Messina 2024 [22]
98
Stools were collected once prior
to HSCT, weekly until D + 30
and then at days D + 45, D + 90
and D + 180

1 BSI
Patients with Enterococcus domination at any time point had
increased risk for BSI (63% vs. 35%; p = 0.01).

Taur 2012 [34]
94

Prior to allo-HSCT
After allo-HSCT (until D + 35)

1 BSI
Patients with Enterococcus domination had a 9-fold increased risk of
VRE bacteremia (HR 9.35; 95% CI 2.43-45.44; p = 0.001).

Taur 2012 [34]
94

Prior to allo-HSCT
After allo-HSCT (until D + 35)

1 BSI
Patients with Proteobacteria domination had a 5-fold increased risk
of Gram-negative bacteremia (HR 5.46; 95% CI 1.03-19.91; p = 0.047).

Clostridioides difficile
colitis [22]

Messina 2024 [22]
98
Stools were collected once prior
to HSCT, weekly until D + 30
and then at days D + 45, D + 90
and D + 180

1 Clostridioides difficile colitis
Patients with Enterococcus domination at any time point had
increased risk for BSI (34% vs. 16%; p = 0.04).

Other [22]

Messina 2024 [22]
98
Stools were collected once prior
to HSCT, weekly until D + 30
and then at days D + 45, D + 90
and D + 180

T Relapse-related mortality
Patients with Enterococcus domination had increased relapse-related
mortality (p = 0.08).

Allo-HSCT = allogeneic hematopoietic stem cell transplantation; BSI = Bloodstream infection; CI = Confidence
interval; D = day; GVHD = graft versus host disease; N = Number of patients included in this analysis; HR =
Hazard ratio; | = decreased; 1 = increased.

5. Mechanistic Insights Modulating the Relationship Between Intestinal
Microbiota and Allo-HSCT

While traditional microbiota studies have focused on taxonomic profiling and remain
predominantly associative, the next frontier involves large-scale multiomics analysis to
elucidate underlying mechanistic insights [52]. Results from these analyses have revealed
that the intestinal microbiota influences host physiology through two primary mechanisms:
(1) microbiota metabolites, and (2) direct receptor binding [53]. Microbiota metabolites,
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which range from small to large molecules, include SCFAs, indole, and secondary bile acids.
Direct receptor binding between intestinal microbiota and human cells may occur through
several mechanisms, including recognition of PAMPs (pathogen-associated molecular
patterns) such as LPS (lipopolysaccharides) [53]. Given our special interest in SCFAs, the
following paragraph will provide detailed data on how these metabolites may influence
host physiology and allo-HSCT outcomes. Detailed information on the other mechanisms
can be found in [53].

SCFAs are produced by the microbiota through the metabolism of non-digestible
carbohydrates and regulate several metabolic pathways in the gut and distant organs
(liver, adipose tissue, and brain) [53]. The main SCFAs include butyrate, propionate, and
acetate [10,53]. SCFAs have key functions that influence immune response and intestinal
homeostasis. First, SCFAs, especially butyrate, are an essential energy source for intestinal
epithelial cells that contribute to maintaining the gut barrier integrity [10,53]. Also, SCFAs
support goblet cells via upregulating mucin-related genes and preserve intestinal mucosal
barrier [10,53]. Both functions may aid in preventing bacterial translocation [10]. SCFAs
have also been linked to the control of the anaerobic environment in the colon through
activation of -oxidation in the mitochondria [53]. Furthermore, they act as a histone
deacetylase inhibitor, facilitating the transcription of genes related to immune regulation
and providing anti-inflammatory effects, with interleukin (IL)-10 secretion and regulatory
T cell differentiation [10]. Taken together, these and other studies in the literature highlight
the potential mechanisms by which SCFAs may impact the aforementioned allo-HSCT
outcomes (see Section 4.2) [10,50,53,54]. Understanding these mechanistic insights is a key
step towards the development of more efficient therapies.

6. Strategies to Modulate the Intestinal Microbiota During Allo-HSCT

Given the prognostic significance of microbiota fingerprints, several studies have
explored strategies to modulate the intestinal microbiota during allo-HSCT [32,55,56].
Overall, two major strategies have been investigated: (1) fecal microbiota transplantation
(FMT), and (2) dietary interventions [32,55-59]. These are promising strategies because
they can modulate the complex relationship between microbiota and the immune system
through mechanisms that control alloreactivity without further compromising the immune
system [60]. These strategies have not only demonstrated the ability to restore microbiota
diversity and key microbiota metrics, but have also been associated with better clinical
outcomes during allo-HSCT [39,55].

FMT is a procedure in which stool from healthy donors (allogeneic FMT) or from
the patient prior to dysbiosis (autologous FMT) is administered to restore intestinal mi-
crobiota balance [39,55]. In the allo-HSCT setting, FMT is an emerging therapy that has
been shown to be feasible [55,60]. However, given the compromised immune system
in patients undergoing allo-HSCT, safety concerns remain an important issue [61]. In
general, the most common FMT adverse events reported by studies are mild and include
diarrhea, bloating, nausea, vomiting, and abdominal pain [56,62-64]. However, severe
adverse events may also occur and include sepsis, BSI, colitis, bowel perforation, hepatic
encephalopathy and death [56,62—64]. Despite these concerns, studies are showing that
severe adverse events, especially infections, are rare in the allo-HSCT setting [61]. There-
fore, FMT has been used both as a prophylactic and therapeutic intervention for patients
undergoing allo-HSCT [15,55].

Clinical outcomes that have been improved by FMT include: (1) GvHD [60,65],
(2) Drug-resistant bacteria colonization [65-68], (3) BSI [68], (4) mortality [67], and
(5) Clostridioides difficile colitis [69-71]. For instance, in a study involving 15 adult pa-
tients with steroid-refractory or steroid-dependent GvHD that received allogeneic FMT,
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66.7% achieved a complete clinical response (resolution of GvHD symptoms) within
one month after treatment [60]. Furthermore, patients who responded to the FMT ex-
hibited a significant increase in both intestinal diversity and the abundance of SCFA-
producing bacteria [60]. Another study examined 19 adult patients colonized with
multidrug-resistant organisms, of whom 8 received FMT [72]. Compared to those who did
not receive FMT, patients treated with FMT demonstrated significantly higher 12-month
overall survival (70% vs. 36%; p = 0.044) and required fewer intensive care admissions
(0% vs. 46%; p = 0.045) [72]. Although these studies show promising data, significant
challenges remain before FMT can become a standardized treatment in the allo-HSCT
setting [61,73]. The available literature demonstrates heterogeneity in FMT approaches,
including differences in manufacturing process, route of administration, timing, dosing
strategies and donor selection. Additionally, significant regulatory challenges persist re-
garding FMT [73,74]. Regulatory bodies lack consensus on the classification and regulation
of FMT, with some countries categorizing it as a drug, while others classify it as a medicinal
product or tissue [73,74]. In addition, several countries have yet to establish any regulatory
framework for FMT [74]. This lack of harmonization across all aspects of FMT research
poses significant barriers to clinical trial development and clinical translation. Although
current preliminary findings are encouraging, further large-scale randomized clinical trials
employing standardized methodologies are needed.

Dietary interventions represent another promising therapeutic strategy, encom-
passing (1) Prebiotics, (2) Probiotics, (3) Synbiotics, and (4) Route of nutritional
support [32,58,59,75-78]. These dietary interventions have been mostly associated with
improvement in the following allo-HSCT clinical outcomes: (1) GvHD [32,57-59], (2) Di-
arrhea [77], (3) Mortality [59,75,77], and (4) Mucositis [77]. In a pilot randomized clinical
trial including 40 adult patients, 20 patients received daily synbiotics (seven bacterial
strains + fructo-oligosaccharides) [58]. When compared to the control group, patients re-
ceiving synbiotics had lower rates of severe GVHD (0% vs. 25%; p = 0.047) [58]. Similarly,
in another study including 44 adult patients, 22 patients received GFO (combination of
glutamine, fiber and oligosaccharides) [77]. Patients receiving GFO had a statistically
significant reduction in diarrhea duration (3.73 vs. 7.68 days; p < 0.0001) and mucositis
duration (3.86 vs. 6.00 days; p < 0.0330). GFO administration was also associated with
higher survival rate at 100 days after allo-HSCT (100% vs. 77.3%; p = 0.0091). Never-
theless, it is important to note that most available studies are observational with small
sample sizes. Furthermore, studies demonstrate significant heterogeneity across multiple
parameters, including substance dosage, administration timing and routes, and strain
selection. Therefore, future research employing larger sample sizes and standardized
methodologies is warranted to strengthen the evidence base.

7. Challenges in Translating Intestinal Microbiota Research into
Allo-HSCT Clinical Practice

Although significant advances have been made in elucidating the role of intestinal
microbiota in the allo-HSCT context, microbiota research remains distant from clinical
implementation [79,80]. This loss of translation between microbiota research and allo-
HSCT clinical practice stems from several factors, including biological, methodological and
logistical challenges [79,80].

The biological challenges are fundamentally rooted in the paucity of evidence sup-
porting mechanistic hypotheses that causally link intestinal microbiota alterations to
allo-HSCT outcomes [79,80]. Most available literature remains associative and, thus,
it remains unclear whether intestinal microbiota changes represent a cause or con-
sequence of clinical outcomes during the allo-HSCT process [79]. For instance, the
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presence of the aforementioned fingerprints could be the consequence of several allo-
HSCT variables, such as severe underlying disease, multiple hospitalizations, infectious
complications and antibiotic use. Methodological challenges arise primarily from the
substantial inter-study variability regarding protocols for intestinal microbiota analysis.
Studies exhibit substantial variability across multiple parameters, including sample
collection techniques, collection timing, DNA sequencing methodologies and bioin-
formatics pipelines [79]. Furthermore, the effects of confounding variables that may
influence the intestinal microbiota are not consistently accounted for, such as dietary
patterns, environmental factors and concurrent medications [79]. Additionally, while mi-
crobiota research endorses personalized therapeutic strategies, the logistical challenges
associated with implementing microbiota profiling and patient-tailored treatment proto-
cols present substantial barriers to clinical translation [79]. Finally, microbiota studies
are often single-center studies that include small to modest cohorts, which hampers the
generalizability of the findings [79]. In summary, the substantial variability in microbiota
research and lack of mechanistic studies, coupled with the inherent complexity of micro-
biome analyses and inadequate control of confounding variables (diet, antibiotic use,
geographic distribution), prevent most clinicians from integrating microbiota research
into allo-HSCT clinical practice [79,80].

To overcome the aforementioned challenges, a multifaceted strategy is required (see
Figure 3) [79]. The most critical intervention may be the standardization of microbiota
research, which is currently advancing through initiatives such as the STORMS check-
list (“Strengthening The Organization and Reporting of Microbiome Studies”), FDA
(Food and Drug Administration) oversight and consensus guidelines [73,80,81]. This
standardization should ideally encompass all phases of microbiota research, spanning
from initial test indication to the reporting and clinical interpretation of microbiota find-
ings [80]. Furthermore, while traditional microbiota studies have focused primarily on
taxonomic profiling, future multi-omics studies may provide deeper insights [52]. Host-
microbiota interactions and their underlying mechanisms could be better understood
through these multi-omics studies, which correlate genomic, transcriptomic, proteomic,
and metabolomic data. Additionally, interventional studies should comply with FDA
regulations when assessing the efficacy and safety of fecal microbiota transplantation
products [73]. Equally important is addressing logistical challenges and designing
microbiota studies that answer relevant clinical questions and provide outputs appli-
cable to clinical practice [79,80]. To this end, studies should: (1) actively engage key
stakeholders—including patients, clinicians, scientists and industry partners—in the
research process, and (2) conduct rigorous sample size estimation to enhance reliability
and generalizability [79,80]. Additionally, researchers should prioritize clinical outcomes
with direct relevance to clinical practice [79]. Furthermore, researchers should aim to
translate complex microbiota findings into accessible clinical tools that assist physicians
with patient stratification and prognosis (risk scores). Finally, fostering communication
between microbiota scientists and the medical community through targeted educational
initiatives and translational grant opportunities will equip physicians with the requisite
knowledge to integrate microbiota research into clinical practice [79].
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Figure 3. Future directions of intestinal microbiota research in the allo-HSCT context: (1) Standard-
ization of microbiota research, (2) Development of clinical tools, (3) Integration of multi-omics, and
(4) Engagement of Stakeholders. Allo-HSCT = allogeneic hematopoietic stem cell transplantation.
Created with BioRender.com, Soares Ferreira Junior A. (2025) https://BioRender.com/5d47vvk
(accessed on 19 September 2025).

8. Conclusions and Future Directions

This review identified three key intestinal microbiota fingerprints associated with
allo-HSCT outcomes: decreased intestinal microbiota diversity, reduced abundance of
SCFA-producing bacteria, and Enterococcus intestinal domination. Although intestinal
microbiota represents a key prognostic factor and therapeutic target in patients under-
going allo-HSCT, further translation of this knowledge into clinical practice is needed.
Future large-scale clinical studies with standardized microbiota methodologies and
mechanistic evaluation should be designed in collaboration with key stakeholders, in-
cluding physicians, microbiome scientists, and patients. Such collaborative approaches
will enhance study reliability, generalizability, and assessment of outcomes directly
relevant to clinical practice.
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