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Abstract

Intestinal microbiota dysbiosis represents a critical determinant of clinical outcomes in patients
undergoing allogeneic hematopoietic stem cell transplantation (allo-HSCT), with distinct microbiota
patterns serving as potential prognostic biomarkers and therapeutic targets. However, the
exponential growth in microbiota research and analytical complexity have created significant
interpretive challenges for clinicians. This review provides a synthesis of current literature examining
microbiota fingerprints and their clinical implications. We analyzed key studies 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 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 infectious complications.
While fecal microbiota transplantation and dietary interventions appear promising, current studies
suffer from limited sample sizes and lack standardized protocols. Despite advances in microbiota
research, biological, methodological, and logistical challenges continue to impede 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: gastrointestinal microbiome; microbiota; stem cell transplantation; mortality; graft vs host
disease

1. Introduction
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Although allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a curative therapy
for several malignant and non-malignant diseases, its effectiveness remains limited due to underlying
disease or transplant related life-threatening complications [1-6]. These life-threatening
complications include neutropenic fever, relapse and acute graft versus host disease (aGvHD) [1-6].
aGvHD is the leading cause of non-relapse mortality and can occur in up to 70% of patients [1-4].
Relapse remains the most significant cause of treatment failure, with studies reporting incidence rates
of up to 40% [6,7]. Similarly, neutropenic fever is highly prevalent occurring in up to 80% of patients,
especially prior to the engraftment period [5]. Thus, allo-HSCT 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” has 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 a clear understanding
of how these fingerprints may impact patients undergoing allo-HSCT. 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 unrevealing 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.

2. The Dynamics of Intestinal Microbiota Through the Patient Journey

The patient journey until the allo-HSCT is marked by dynamic and progressive disruptions in
the intestinal microbiota. The intestinal microbiota may starts to change to a disease-associated layout
since the diagnosis of the underlying condition [8,9]. Several studies have demonstrated key features
of intestinal dysbiosis even prior to the allo-HSCT [10-15]. As patients progress through the allo-
HSCT, the intestinal microbiota undergoes further dysbiosis, which can be so severe that recovery
may require a long time or may not be complete [11,13]. Overall, through the patient journey until
completing the allo-HSCT procedure, key intestinal microbiota fingerprints may emerge. Most
important intestinal microbiota fingerprints identified across studies are: 1) decreased intestinal
diversity [12,13,16-23]; 2) decreased abundance of SCFA (short chain fatty acid)-producing bacteria
[10,21,24-26]; and 3) Enterococcus domination (see Figure 1) [18,20,27-30]. These fingerprints may
contribute to the development of several clinical outcomes, such as overall survival, transplantation-
related mortality, aGvHD, infections and Clostridioides difficile colitis (see Figure 2). Given that these
intestinal dysbiosis fingerprints have prognostic significance, understanding the factors driving it is
critical to improve patients’ outcomes.

Key factors driving these intestinal dysbiosis fingerprints through the patient journey include
chemotherapies, dietary changes and the use of broad-spectrum antibiotics [10,11,16,17,26,31-35].
The relationship between antibiotic exposure and intestinal dysbiosis was demonstrated in a study
including 96 patients [16]. When compared to patients (n = 34) without antibiotics 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) [16]. Similar findings were also reported in a study
including 57 patients undergoing allo-HSCT — prior antibiotic use was significantly associated with
lower bacterial diversity (p = 0.003) [12]. In this study, other factors 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) [12]. The impact of different conditioning regimens on the intestinal
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microbiota has also 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 [16]. 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 desires 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 intestinal microbiota through the allo-HSCT journey. Allo-HSCT = allogeneic hematopoietic stem
cell transplantation; SCFA = Short-chain fatty acid.
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Figure 2. Associations between intestinal microbiota fingerprints and clinical outcomes. aGvHD = acute graft
versus host disease; SCFAs = Short-chain fatty acids.

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 [10-15,36]. Prior to allo-HSCT, the most
important intestinal dysbiosis fingerprint is decreased intestinal diversity [10,11,15,16,31-34,36].
Studies have also shown that patients already exhibit a distinct microbiota composition prior to
undergoing allo-HSCT (see Supplementary Table 1) [10,11,15,16,31-34]. When compared to a control
group (paired HLA-matched sibling donors), patients undergoing allo-HSCT (n = 57) had lower
bacterial diversity (p = 0.0002) and different phylogenetic membership (p = 0.001) with increased
relative abundances of facultative anaerobic bacteria (such as Enferococcaceae and Streptococcaceae)
[12]. Furthermore, when compared to healthy volunteers, patients undergoing allo-HSCT had
significantly lower abundance of butyrate-producing bacteria (a key microbiota metabolite that helps
maintain a healthy gut), such as Anaerostipes (p = 0.036), Butyricimonas (p = 0.041), Coprococcus (p <
0.001), Faecalibacterium (p = 0.014), and Lachnospiraceae (p < 0.001) [10]. Similarly, in another study
including fecal samples from 606 patients prior to allo-HSCT, the intestinal microbiota was
significantly different than healthy adult volunteers and subjects from the Human Microbiome
Project [13]. 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) [13]. Taken together, these and
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other studies in the literature suggest that intestinal dysbiosis exist even prior to allo-HSCT [10-15].
Given that these intestinal dysbiosis fingerprints have prognostic significance, the next step is to
clarify their implication for patient’s outcomes.

These early intestinal dysbiosis fingerprints are not only present but can significantly shape the
course and prognosis of patients undergoing allo-HSCT. These early fingerprints can contribute to
the following outcomes: 1) overall survival [12,13,16,17]; 2) transplantation-related mortality [13]; 3)
aGvHD [16,17,35,37]; 4) and infections [16]. Among the aforementioned fingerprints, the most
evaluated prior to allo-HSCT is the intestinal microbiota diversity — an index that measure 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.[12,13,17,37] Among the
available studies, the most robust in terms of statistical power and sample size was an international
multi-center study involving 606 patients undergoing allo-HSCT. In this study, higher intestinal
diversity prior to the transplant was associated with a 59% reduction in the risk of death (HR 0.41;
95% CI 0.24-0.71) and a 56% reduction in transplant-related mortality (HR 0.44; 95% CI 0.22=0.87)
[13].

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

Outcomes Author, Finding
year
N
Overall Peled {Overall Mortality
Survival[12,13,17] 2020[13] Higher alpha diversity prior to allo-HSCT was associated with a
606 lower risk of mortality (HR 0.41; 95% CI 0.24-0.71)
Liu {Overall Mortality
2017[12] Patients with higher phylogenetic diversity had lower overall
57 mortality rates (HR 0.37; 95% CI 0.18-0.77; p = 0.008)
Masetti TOverall Survival
2023[17]P Patients with higher intestinal diversity exhibited a higher probability
90 of overall survival (88.9% + 5.7% vs. 62.7% + 8.2%; p = 0.011).
Transplantation-  Peled {Transplant-related mortality
related 2020[13] Higher alpha diversity prior to allo-HSCT was associated with a
mortality[13] 606 lower risk of transplant-related mortality (HR 0.44; 95% CI 0.22-0.87).
aGvHDJ[17] Masetti daGvHD
2023[17]®7  The cumulative incidence of grade 2 to 4 aGvHD was significantly
90 lower in the higher diversity group than in the lower diversity group

(20.0% + 6.0% [SE] vs 44.4% + 7.4% [SE]; p = .017).

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 = .007).
Biagi  The diversity between pre-HSCT samples were greater in individuals
2019[37] who developed intestinal GvHD (0.86 + 0.15) than in individuals
36 without GvHD (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; =increased; =included only pediatric patients;.
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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 2). For example, higher abundance of Blautia, which produce SCFA and promote gut
homeostasis, was associated with lower risk of aGvHD development in two studies [17,37]. Given
the prognostic significance of these intestinal dysbiosis fingerprints, future studies should evaluate
strategies on how to incorporate them into risk stratification tools that can be used in clinical practice.

4. Intestinal Microbiota Fingerprints During Allo-HSCT

The available literature has demonstrated that during allo-HSCT, the already compromised
intestinal microbiota undergoes further dysbiosis (see Figure 1) [16-22]. As the intestinal microbiota
changes, all three key fingerprints emerge: 1) decreased intestinal diversity [16-23,38]; 2) decreased
abundance of SCFA-producing bacteria [21,24]; and 3) intestinal domination by a single taxon
[18,20,27-30]. In the following subsections, we will revise 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 [13,16-21,23,39]. In a previous allo-HSCT study including 96 patients, stools samples were
collected at three timepoints: 1) baseline (prior to the conditioning regimen), 2) D+10, and 3) D+30
[16]. Compared to baseline, samples collected at both D+10 and D+30 showed a significant reduction
in intestinal diversity (D+10: 4.65 + 1.36 vs. 3.08 + 1.77; p < 0.001; D+30: 4.65 + 1.36 vs. 2.62 + 1.62; p <
0.001) [16]. 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) [16]. Similar
findings were also reported in a study involving 100 patients, which collected stool samples at four
timepoints: 1) baseline (prior to the conditioning regimen), 2) around the day of stem cell infusion
(D-4 to DO), 3) engraftment (D+4 to D+28), and 4) late post-HSCT (after D+28) [20]. This study showed
a significant 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) [20]. Although intestinal
diversity significantly increased in late post-HSCT samples compared to those collected during
engraftment (p < 0.05), it remained below baseline levels [20]. Taken together, these and other studies
suggest that intestinal diversity reaches its lowest values within 30 days after the allo-HSCT and
gradually increases thereafter; however, it often remains below baseline even in samples collected
100 days post-transplant (see Supplementary Table 3) [13,16-21,23,39]. Thus, future studies are
needed to explore strategies to preserve and restore intestinal diversity over the allo-HSCT course.

Strategies to preserve and restore the intestinal diversity have become a priority as research has
shown it to be a key prognostic factor in patients undergoing allo-HSCT [11,40,41]. In the literature,
intestinal diversity during allo-HSCT has been linked to overall survival [13,19,20], aGvHD
[16,22,24,36,42], and transplantation-related mortality (see Table 2) [19,20,36]. In most of the studies,
lower intestinal diversity in samples collected at the engraftment period has been associated with
these poor outcomes [13,16,19,20,24,36,42]. Furthermore, lower intestinal diversity at the time of
aGvHD diagnosis has been linked with a severe disease phenotype (see Table 2 for details) [22].

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

Outcome Author, year Finding
N
Sample Timing
Overall Survival[13,19,20] Peled 2020[13] TOverall Survival
704 Patients were categorized into low- vs. high-

At engraftment diversity groups based on the median value.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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High diversity at engraftment was associated
with a significant improve in overall survival
(HR 0.75; 95% CI 0.58-0.96). This association was
also identified after multivariable adjustment
for age, intensity of the 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% CI 0.37-0.91) and multivariate

(HR 0.50; 95% CI 0.31-0.80) analysis.

Taur 2014[19]
80
At engraftment

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

Patients with low diversity (inverse Simpson <2)
were 3 times more likely to die within the
follow-up when compared to those with higher
microbial diversity (HR 3.13, 95% CI 1.39-7.98;
p=0.05; adjusted HR 2.56; 95% CI 1.03-7.23; 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).

Gu 2022[20]
86
At engraftment

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

When compared to patients with low diversity,
patients with high diversity had significantly
higher two-year overall survival (83.7% vs.
60.6%; 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.

Transplantation-related
mortality[19,20,36]

Taur 2014[19]
80

At engraftment

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

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;
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p=0.001; adjusted hazard ratio, 5.25; 95% CI 1.36-
35.07; p=0.014).

Gu 2022[20]
86
At engraftment

TTransplantation-related Mortality
When compared to patients in the high diversity
group, patients in the low-diversity group had
higher estimated 2-year transplanted related
mortality (20.0% vs. 4.7%; p = 0.04).

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).

Galloway-Pena

{Transplantation-related Mortality

2019[36] The Shannon diversity index at the time of
44 engraftment was significantly associated with
At engraftment TRM (coefficient =-1.44; p = 0.02)
aGvHD[16,19,22,24,36,42] Jenq 2015[24] JGvHD-related mortality
64 Increased intestinal diversity was associated
D+12 with reduced GvHD-related mortality (p =
0.005).
Mancini 2017[16] TaGvHD
96 Decreased intestinal diversity at D+10 was
D+10 associated with increased risk of early onset
aGvHD (OR 7.833; 95% CI 2.141-28.658; p =
0.038).
Taur 2014[19] PGvHD-related mortality
80 GvHD-related mortality was higher in patients
At engraftment with low diversity (p = 0.018).
Payen 2020[22] TaGvHD severity
70 Patients with severe aGvHD had significantly
At the onset of lower indexes of alpha diversity: Chaol (p =
GvHD 0.039) and Simpson (p = 0.013)
Golob 2017[42] TaGvHD severity
66 Patients with severe aGvHD had a significantly

At engraftment
Weekly samples

lower alpha diversity index compared to both
the control group and patients without severe

from prior to allo- aGvHD (p <0.05). This finding was statistically

HSCT until D+100

significant when analyzing all stool samples
collected over the allo-HSCT and when
analyzing only samples collected at the
engraftment period.

Galloway-Pena

The Shannon diversity index at the time of

2019[36] engraftment was significantly associated with
44 the incidence of aGvHD (P = 0.02)
At engraftment
Infections[19] Taur 2014[19] MInfection-related mortality
80 Infection related mortality was higher in

At engraftment

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.
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4.2. SCFA-Producting Bacteria and Implications to Clinical Outcomes

SCFAs are key microbiota metabolites involved in the mechanisms through which the intestinal
microbiota may influence clinical outcomes following allo-HSCT [21,22,24-26,38,43-46]. SCFAs,
which includes butyrate, propionate and acetate, play important roles in promoting gut homeostasis
and regulating the immune system [38,43—45].

During allo-HSCT, there is extensive evidence demonstrating a decrease in SCFAs levels and
SCFA-producing bacteria (see Figure 1) [21,24,25,38]. In a study with 42 patients undergoing allo-
HSCT, fecal butyrate and propionate were measured at three timepoints: 1) Prior to allo-HSCT
(baseline), 2) D+7, and 3) D+14 [21]. Compared to baseline, samples collected at D+7 and D+14 showed
significantly decreased levels of both butyrate and propionate (p-values NR) [21]. In another study
involving 201 patients, stool samples were collected longitudinally at seven timepoints: 1) Prior to
allo-HSCT, 2) DO, 3) D+7, 4) D+14, 5) D+21, 6) D+30, and 7) D+90 [26]. This study demonstrated a
strong and prolonged suppression of fecal butyrate levels, with significant reductions 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)
[26]. Similarly, in a study of 360 patients, SCFA-producing bacteria were assessed at the time of
engraftment [25]. 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 [25].
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 clinical outcomes modulated by
SCFA and their producers are: 1) Overall survival [24]; 2) GvHD [21,22,24,26,38]; 3) Transplantation-
related mortality [26]; and 4) Viral lower respiratory tract infection [25]. For instance, in a study
involving 360 patients, a high abundance of SCFA-producing bacteria at the engraftment period was
independently associated with a fivefold decrease in the risk of viral lower respiratory tract infection
(HR 0.22; 95% CI10.04-0.69; p = 0.06) [25]. 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% C10.14-0.64; p = 0.002) [24]. 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.

Outcomes Author, year Finding
N
Sample Timing
Overall Survival[24] Jenq 2015[24] TMOverall Survival
64 Increased Blautia abundance
D+12 was strongly associated with
improved overall survival (p
<0.001).
Transplantation- Meedt, 2022[26] TTransplant—related
related Mortality[26] 201 Mortality
aGvHD onset // D+30 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).
aGvHD[21,22,24,26,38] Jenq 2015[24] {GvHD-related mortality
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64 By using a taxonomic
D+12 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).

{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).

lLiver GVHD
Increased Blautia abundance
was associated with reduced
liver GvHD (p = 0.02).

Payen 2020[22] laGvHD severity
70 When compared to controls
aGvHD onset (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).

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

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

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

{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[21] {GvHD
42 When compared to patients
D+14 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.

Meedt, 2022[26] TGI-GvHD severity
201 Low BCoAT copy numbers
aGvHD onset // D+30 at GVHD onset were

correlated with GI-GvHD
severity (p = 002; r = 0.3).

TGI-GvHD
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Patients with GI-GvHD had
lower BCoAT copy numbers
than patients with other
organs manifestations (0
copies vs. 3.16 x 10° copies; p
=0.006; r =0.3).

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

Artacho 2024[38] TGvHD
70 A significant decrease in
Prior to allo-HSCT and Engraftment acetate levels was detected in

patients who developed
GvHD (log2FC median = -
2.36; p = 0.049).

Infections[25] Haak 2018[25] JLRTI
360 The incidence of viral LRTI
At engraftment at 180 days was 17.3% and

16.1% for groups in which
butyrate-producing bacteria
were absent or low,
respectively, and 3.2% for the
high butyrate-producing
group (p = 0.005).

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% CI0.04-0.69; 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.

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 domination is a frequent
fingerprint that can occur in 28 to 65% of patients undergoing allo-HSCT [13,18,20,27-30,47].
Although intestinal domination is a prevalent fingerprint, the specific genus driving these events
may vary across studies (see Supplementary Table 5). For example, in a multi-center study including
1,325 patients undergoing allo-HSCT, Enterococcus domination occurred in 65% of patients and was
the most common genus to dominate the microbiota [28]. Similarly, Enteroccocus was also the most
common genus to dominate the microbiota in an allo-HSCT study including 94 patients [30].
Nevertheless, in a study including 98 patients undergoing allo-HSCT, Streptococcus was identified as

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.2081.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 August 2025 d0i:10.20944/preprints202508.2081.v1

13 of 23

the most common genus associated with domination events, occurring in 42% of patients [18]. In this
study, other genera responsible for intestinal domination during allo-HSCT in increasing order were:
1) Akkermansia (28%), 2) Blautia (28%), 3) Lactobacillus (28%), 4) Enterococcus (36%), and Bacteroides
(38%) [18]. Overall, these findings suggest that while the dominant genus may vary across cohorts,
Enterococcus consistently emerge as a key driver of intestinal domination events [13,18,20,27-30,47].

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 Enterococcus domination
with poor outcomes, domination by other genera does not appear to carry the same prognostic
significance (see Table 4) [13,18,20,27-30,47]. For instance, in a study with 98 patients undergoing
allo-HSCT, Enterococcus domination was associated 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) [18]. In this same study, however, overall survival
was not impacted by domination for the following genera: Bacteroides (p = 0.08), Akkermansia (p =
0.14), Blautia (p-value NR), 4) Lactobacillus (p = 0.52), and 5) Streptococcus (p = 0.70) [18]. Other studies
have also highlighted the implications of Enterococcus domination. In an allo-HSCT study including
1,325 patients, Enterococcus domination was an independent risk factor for decreased overall survival
(HR 2.06; 95% CI1.50-2.82; p < 0.0001) [28]. Enterococcus domination was also associated with a nine-
fold increase in the risk of bloodstream infections (HR 9.35; 95% CI 2.43-45.44; p = 0.001) in a study
including 94 patients [30]. These studies suggest that Enterococcus domination is a key fingerprint
with prognostic significance over the allo-HSCT. Therefore, future studies should explore strategies
to modulate Enterococcus domination.

Table 4. Implications of Intestinal Domination to Clinical Outcomes.

Outcomes Autor, year Implication
N
Sample Timing
Overall Messina 2024[18] JOverall survival
Survival[18,28] 98 Patients with Enterococcus
Stools were collected once prior to HSCT, domination had decreased
weekly until D+30 and then at days D+45, overall survival (p =0.01).
D+90 and D+180

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

Akkermansia domination at
any time point was not
significantly associated with
overall survival (p = 0.14).

Blautia domination at any
time point was not
significantly associated with
overall survival (p value NR).

Lactobacillus domination was
not significantly associated
with overall survival (p =
0.52).
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Streptococcus domination was
not significantly associated
with overall survival (p =
0.70).

Stein-Thoeringer 2019[28]
1325
Samples were collected in the early post-
transplant period (DO to D+21)

{Overall survival
Patients with Enterococcus
domination in the early-post
transplant period had
significantly reduced overall
survival in univariate
analysis (HR 1.97; 95% CI 1.45
—2.66; p < 0.001). This finding
remained significant in a
multivariate analysis adjusted
for graft source, age,
conditioning intensity,
gender and underlying
disease (HR 2.06; 95% CI 1.50-
2.82; p <0.0001).

Transplantation- Messina 2024[18]
related Mortality[18] 98

Stools were collected once prior to HSCT,
weekly until D+30 and then at days D+45,

TTreatment-related mortality
Patients with Enterococcus
domination had increased

treatment-related mortality (p

D+90 and D+180 =0.02).
aGvHDI[28] Stein-Thoeringer 2019[28] PGvHD-related mortality
1325

Samples were collected in the early post-
transplant period (DO to D+21)

Patients with Enterococcus
domination in the early-post
transplant period had
significantly increased
GvHD-related mortality in
univariate analysis (HR 2.04;
95% CI1.18-3.52; 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% CI1.46-4.62; p < 0.01).

TGvHD 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% CI11.10-1.88; p < 0.01).
This finding remaining
significant in a multivariate
analysis adjusted for graft
source, age, conditioning
intensity, gender and
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underlying disease (HR 1.32;
95% CI 1.00-1.75; p < 0.05).
Infections[18,30] Messina 2024[18] TBSI
98 Patients with Enterococcus

Stools were collected once prior to HSCT,  domination at any time point
weekly until D+30 and then at days D+45, had increased risk for BSI

D+90 and D+180 (63% vs. 35%; p = 0.01).
Taur 2012[30] TBSI
94 Patients with Enterococcus
domination had a 9-fold
Prior to allo-HSCT increased risk of VRE
After allo-HSCT (until D+35) bacteremia (HR 9.35; 95% CI
2.43-45.44; p = 0.001).
Taur 2012[30] TBSI
94 Patients with Proteobacteria
domination had a 5-fold
Prior to allo-HSCT increased risk of gram-
After allo-HSCT (until D+35) negative bacteremia (HR 5.46;
95% CI 1.03-19.91; p = 0.047).
Clostridioides Messina 2024[18] T Clostridioides difficile colitis
difficile colitis[18] 98 Patients with Enterococcus

Stools were collected once prior to HSCT, = domination at any time point
weekly until D+30 and then at days D+45, had increased risk for BSI

D+90 and D+180 (34% vs. 16%; p = 0.04).
Other[18] Messina 2024[18] TRelapse—related mortality
98 Patients with Enterococcus
Stools were collected once prior to HSCT, domination had increased
weekly until D+30 and then at days D+45,  relapse-related mortality (p =
D+90 and D+180 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.

5. 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 [28,48,49]. Overall, two major
strategies have been investigated: 1) fecal microbiota transplantation (FMT), and 2) dietary
interventions [28,48-52]. These are promising strategies because they can modulate the complex
relationship between microbiota and immune system throughout mechanisms that control
alloreactivity without further compromising the immune system [53]. 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 [33,48].

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 microbiota balance [33,48].
In the allo-HSCT setting, FMT is an emerging therapy that has been shown to be feasible [48,53].
However, given the compromised immune system in patients undergoing allo-HSCT, safety
concerns remain an important issue [54]. Despite these concerns, studies are showing that severe
adverse events, especially infections, are rare in the allo-HSCT setting [54]. Therefore, FMT has been
used both as a prophylactic and therapeutic intervention for patients undergoing allo-HSCT[11,48].

Clinical outcomes that have been improved by FMT include: 1) GvHD [53,55], 2) Drug-resistant
bacteria colonization [55-58], 3) BSI [58], mortality [57], and 4) Clostridioides difficile collitis [59-61].
For instance, in a study involving 15 patients with steroid-refractory or steroid-dependent GvHD that
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received allogeneic FMT, 66.7% achieved a complete clinical response (resolution of GvHD
symptoms) within one month after treatment [53]. Furthermore, patients who responded to the FMT
exhibited a significant increase in both intestinal diversity and the abundance of SCFA-producing
bacteria [53]. Another study examined 19 patients colonized with multidrug-resistant organisms, of
whom 8 received FMT [62]. Compared to those who did not receive FMT, patients treated with FMT
demonstrated significantly higher 12-month overall survival (70% vs. 36%; p = 0044) and required
fewer intensive care admission (0% vs. 46%; p = 0.045) [62]. Although these studies show promising
data, significant challenges remain before FMT can become a standardized treatment in the allo-
HSCT setting [54,63]. The available literature demonstrate heterogeneity in FMT approaches,
including differences in manufacturing process, route of administration, timing, dosing strategies
and donor selection. Thus, while these preliminary data are encouraging, further large randomized
clinical trials with standardized methodologies are warranted.

Dietary interventions represent another promising therapeutic strategy, encompassing 1)
Prebiotics, 2) Probiotics, 3) Symbiotics, and 4) Route of nutritional support [28,51,52,64-67]. These
dietary interventions have been mostly associated with improvement in the following allo-HSCT
clinical outcomes: 1) GvHD [28,50-52], 2) Diarrhea [66], 3) Mortality [52,64,66], and 4) Mucositis [66].
In a pilot randomized clinical trial including 40 patients, 20 patients received daily symbiotics (seven
bacterial strains + fructo-oligosaccharides) [51]. When compared to the control group, patients
receiving symbiotics had lower rates of severe GvHD (0% vs. 25%; p =0.047) [51]. Similarly, in another
study including 44 patients, 22 patients received GFO (combination of glutamine, fiber and
oligosaccharides) [66]. 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 100 days after allo-HSCT (100% vs.
77.3%; p = 0.0091). Nevertheless, 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.

6. 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 [68,69]. This
loss of translation between microbiota research and allo-HSCT clinical practice stems from several
factors, including biological, methodological and logistical challenges [68,69].

The biological challenges are fundamentally rooted in the paucity of evidence supporting
mechanistic hypotheses that causally link intestinal microbiota alterations to allo-HSCT outcomes
[68,69]. Most available literature remains associative and, thus, it remains unclear whether intestinal
microbiota changes represent a cause or consequence of clinical outcomes throughout the allo-HSCT
process [68]. For instance, the presence of the aforementioned fingerprints could be the consequence
of several allo-HSCT variables, such as severe underlying disease, multiple hospitalization, 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 bioinformatics pipelines [68]. 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 [68]. Additionally,
while microbiota research endorses personalized therapeutic strategies, the logistical challenges
associated with implementing microbiota profiling and patient-tailored treatment protocols present
substantial barriers to clinical translation [68]. Finally, microbiota studies are often single-center
studies that include small to modest cohorts, which hamper the generalizability of the findings [68].
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These challenges, when coupled with the inherent complexity of microbiome analyses, prevents most
clinicians from integrating microbiota research into allo-HSCT clinical practice [68].

To overcome the aforementioned challenges, a multifaceted strategy involving coordinated
actions and stakeholders is required [68]. The most critical intervention may be the standardization
of microbiota research, which is currently advancing through initiatives such as the STORMS
checklist (“Strengthening The Organization and Reporting of Microbiome Studies”), FDA (Food and
Drug Administration) oversight and consensus guidelines [63,69,70]. This standardization should
ideally encompass all phases of microbiota research, spanning from initial test indication to the
reporting and clinical interpretation of microbiota findings [69]. Additionally, interventional studies
should comply with FDA regulations when assessing the efficacy and safety of fecal microbiota
transplantation products [63]. Equally important is addressing logistical challenges and designing
microbiota studies that answer relevant clinical questions and provide outputs applicable to clinical
practice [68,69]. To this end, studies should conduct rigorous sample size estimation to enhance
reliability and generalizability [68,69]. Additionally, researchers should prioritize clinical outcomes
with direct relevance to clinical practice [68]. Furthermore, researchers should aim to translate
complex microbiota findings into accessible clinical tools that assist physicians with patient
stratification and prognosis. 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 [68].

7. Conclusions and Future Directions

This review identified three key intestinal microbiota fingerprints associated with allo-HSCT
outcomes: decreased intestinal diversity, reduced abundance of SCFA-producing bacteria, and
Enterococcus domination. Although intestinal microbiota represents a key prognostic factor and
therapeutic target in patients undergoing 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, including 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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Allo-HSCT  Allogeneic hematopoietic stem cell transplantation

BSI Bloodstream infection

CI Confidence interval

D Day

FDA Food and Drug Administration

FMT Fecal microbiota transplantation
LRTI Lower respiratory tract infection
SCFA Short-chain fatty acid
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STORMS Strengthening The Organization and Reporting of Microbiome Studies
GvHD Graft versus host disease
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HR Hazard Ratio
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