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Abstract: Changes in gut microbiome composition have been implicated in the pathogenesis of graft-
versus-host disease (GvHD) after allogeneic hematopoietic stem cell transplantation (allo-HSCT).
Our objective was to explore the microbial abundance in patients with GvHD after allo-HSCT. We
conducted a single-center, prospective study in patients who underwent allo-HSCT and developed
grade II or higher acute GvHD and/or moderate or severe chronic GvHD, to explore the microbial
abundance of taxa at the phylum, family, genus, and species level, and we utilized alpha and beta
diversity indices to further describe our findings. We collected fecal specimens at −2 to +2 (T1), +11
to +17 (T2), +25 to +30 (T3), +90 (T4), and +180 (T5) days to assess changes in gut microbiota, with
day 0 being the day of allo-HSCT. We included 20 allo-HSCT recipients in the study. Compared
with timepoint T1, at timepoint T4 we found a significant decrease in the abundance of Proteobacteria
phylum (14.22% at T1 vs. 4.07% at T4, p = 0.01) and Enterobacteriaceae family (13.3% at T1 vs. <0.05%
at T4, p < 0.05), as well as a significant increase in Enterococcus species (0.1% at T1 vs. 12.8% at T4,
p < 0.05) in patients who developed acute GvHD. Regarding patients who developed chronic GvHD
after allo-HSCT, there was a significant reduction in the abundance of Eurobactereaceae family (1.32%
at T1 vs. 0.53% at T4, p < 0.05) and Roseruria genus (3.97% at T1 vs. 0.09% at T4, p < 0.05) at T4
compared with T1. Alpha and beta diversity analyses did not reveal a difference in the abundance
of bacteria at the genus level in GvHD patients at T4 compared with T1. Our study reinforces
results from previous studies regarding changes in gut microbiota in patients with acute GvHD and
provides new data regarding the gut microbiome changes in chronic GvHD. Future studies will need
to incorporate clinical parameters in their analyses to establish their association with specific changes
in gut microbiota in patients with GvHD after allo-HSCT.

Keywords: gut microbiota; graft-versus-host disease; stem cell transplantation; microbial diversity;
microbial abundance
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1. Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a curative treatment
modality for hematologic malignant and non-malignant disorders [1]. Still, allo-HSCT
is accompanied by significant morbidity and mortality, primarily due to complications,
including graft-versus-host disease (GvHD) [2] and infections [3]. In GvHD, grafted
immunocompetent T cells proliferate in the immunocompromised host and attack recipient
cells, leading to severe organ dysfunction [4].

Recent insights into the development of GvHD after allo-HSCT have emphasized the
role of microbiome in pathogenesis and treatment-related outcomes [5]. Following a con-
ditioning regimen, damage to the mucosal epithelial surfaces causes gut bacterial translo-
cation and altered microbial homeostasis [6]. Moreover, gut decontamination through
prophylactic antibiotic administration can profoundly affect the composition of aerobic
and anaerobic intestinal flora which have been shown to be involved in the pathogenesis of
GvHD [7,8]. Both the type of antibiotic administered, either broad- or narrow-spectrum [9],
and the timing of administration, that is, before, during, or after allo-HSCT [10], have been
associated with microbiota diversity loss and variable long-term clinical outcomes. Studies
harnessing high-throughput sequencing methods to characterize gut microbial structure
and diversity before and after allo-HSCT have established the impact of dysbiosis on GvHD
development and mortality [11–13].

Although most studies contemplate the association between microbiota composition
and acute GvHD (aGvHD) after allo-HSCT, the exact perturbations in gut microbial struc-
ture and diversity are not yet completely elucidated. Moreover, the exact gut microbiome
composition in patients with chronic GvHD (cGvHD) has not been analyzed. In an effort to
characterize the changes occurring in microbiota composition of patients with aGvHD and
cGvHD, we conducted a prospective study in patients undergoing allo-HSCT.

2. Results
2.1. Patient Characteristics

During the study period, 44 patients underwent allo-HSCT. Two patients declined
study participation and 22 patients did not have enough samples collected to run the
analysis of fecal specimens. As such, 20 patients were included in the study. In Table 1, we
present baseline characteristics of patients included in the analysis. Briefly, we included
8 patients with aGvHD (median age 50 years) and 12 patients with cGvHD (median age
52.6 years). The most common underlying hematologic disease in patients with aGvHD
was acute myeloid leukemia (n = 3) and acute lymphoblastic leukemia (n = 3), and in
patients with cGvHD, the most common diagnosis was acute myeloid leukemia (n = 5).
Patients with aGvHD presented with grade II (n = 3) and grade III (n = 5) disease, while
cGVHD was moderate in the majority of patients (n = 8) and severe in four patients. The
mean hematopoietic cell transplantation–comorbidity index (HCT-CI) was 2.3 and 2.6, and
the mean EBMT score was 3.5 and 3.6 in patients with aGvHD and cGvHD, respectively.

Acute GvHD involved the gastrointestinal tract in four out of eight (50%) patients
with aGvHD, whereas skin involvement was present in two out of eight (25%) patients
with aGvHD. Acute GvHD did not resolve but was controlled under treatment. Moderate
or severe cGvHD involved the skin, lungs, and liver in the majority of patients, specifically
10 out of 12 (83.3%) patients with cGvHD. Chronic GvHD remained stable after treatment in
the majority of patients with cGvHD, specifically 7 out of 12 (58.3%), while downgrading to
moderate occurred in the remaining patients with cGvHD, specifically 5 out of 12 (41.7%).
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Table 1. Baseline characteristics of patients included in the study.

Characteristics aGVHD cGVHD GVHD Total

Total patients 8 (40) 12 (60) 20 (100)
Sex (male) 5 (25) 9 (45) 14 (70)
Median patient age 50 52.6 51.3
Donor

Related 3 (15) 7 (35) 10 (50)
Unrelated (matched) 4 (20) 3 (15) 7 (35)
Unrelated (mismatched) 1 (5) 2 (10) 3 (15)

Graft source
Peripheral blood stem cell 7 (35) 11 (55) 18 (90)
Bone marrow 1 (5) 1 (5) 2 (10)

aGVHD Glucksberg scale
Grade II 3 (37.5) N/A N/A
Grade III 5 (62.5) N/A N/A
cGvHD severity
Moderate N/A 8 (66.7) N/A
Severe N/A 4 (33.4) N/A
Underlying disease

Acute myeloid leukemia 3 (15) 5 (25) 8 (40)
Acute lymphoblastic leukemia 3 (15) 3 (15) 6 (30)
Chronic myelogenous leukemia 2 (10) 2 (10) 4 (20)
Myelodysplastic syndrome 0 (0) 2 (10) 2 (10)

HCT—CI * 2.3 2.6 2.5
EBMT score * 3.5 3.6 3.6
DRI

Intermediate 3 (15) 5 (25) 8 (40)
High 5 (25) 7 (35) 12 (60)

Conditioning regimen
Myeloablative 2 (10) 4 (20) 6 (30)
Non-myeloablative 6 (30) 8 (40) 14 (70)

Results are number (percentage, %), unless specified otherwise. * Mean values are reported. Abbreviations list:
aGVHD: acute graft-versus-host disease; cGVHD: chronic graft-versus-host disease; GVHD: graft-versus-host disease;
DRI: disease risk index; EBMT: European Group for Blood and Marrow Transplantation; HCT-CI: hematopoietic cell
transplantation—comorbidity index; N/A: not available.

2.2. Abundance Analysis Results

We explored the data at the phylum, family, genus, and species levels, by applying the
abundance analysis. For each level, we reported all the taxa detected per timepoint and then
we compared their abundance to detect statistically significant differences. A summary of
the sequencing and microbiome profiling is provided in Supplementary Table S1.

Among patients that developed aGvHD, abundance analysis at the phylum level
revealed a statistically significant reduction in the abundance of the Proteobacteria phy-
lum, from 14.22% at timepoint 1 to 4.07% at timepoint 4 (p = 0.01), while changes in the
total abundance of the other phyla were not statistically significant. At the family level,
Enterobacteriaceae family abundance was reduced from 13.3% at timepoint 1 to <0.05% at
timepoint 4 (p < 0.05). Regarding the genus level, an abundance of Enterococcus species was
increased from 0.1% at timepoint 1 to 12.8% at timepoint 4 (p < 0.05). Finally, at the species
level, no statistically significant differences were observed in the abundance of the studied
species. We present the most abundant taxa per level in timepoint 1 and 4 for aGvHD, in
Table 2 and Supplementary Figures S1–S4.

Regarding patients that developed cGvHD, no significant differences in the abundance
at the phylum and species levels were found between timepoint 1 and timepoint 4. At
the family level, there was a significant reduction in the abundance of Eurobactereaceae
family, from 1.32% at timepoint 1 to 0.53% at timepoint 4 (p < 0.05). At the genus level, the
abundance of Roseruria genus was significantly reduced, from 3.97% at timepoint 1 to 0.09%
at timepoint 4 (p < 0.05). We present the most abundant taxa per level in timepoint 1 and
4 for cGvHD, in Table 3 and Supplementary Figures S5–S8.
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Table 2. Abundance analysis at the phylum, family, genus, and species levels of the 10 most abundant
taxa in patients with aGVHD at timepoints 1 and 4.

Level of Analysis Timepoint 1 * Level of Analysis Timepoint 4 *

Phylum Total Abundance (%) Phylum Total Abundance (%)

Bacteroidetes 62.43 Firmicutes 75.73
Firmicutes 22.42 Bacteroidetes 18.41

Proteobacteria 14.22 Proteobacteria 4.07
Actinobacteria 0.92 Actinobacteria 1.75

Verrucomicrobia 0 Verrucomicrobia 0.05
Family Family

Bacteroidaceae 41.69 Erysipelotrichaceae 18.65
Porphyromonadaceae 19.94 Bacteroidaceae 17.91

Enterobacteriaceae 13.3 Lachnospiraceae 16.38
Clostridiaceae 4.79 Enterococcaceae 11.4

Lachnospiraceae 4.57 Streptococcaceae 8.92
Acidaminococcaceae 3.38 Ruminococcaceae 5.77
Erysipelotrichaceae 3.15 Clostridiaceae 5.22
Ruminococcaceae 2.94 Lactobacillaceae 2.86

unclassified Clostridiales 1.76 Hyphomicrobiaceae 2.73
Veillonellaceae 1.21 Aerococcaceae 1.95
Genus (N) ** Genus (N) **
Bacteroides (6) 50.75 Clostridium (7) 24.62

Parabacteroides (5) 23.66 Bacteroides (5) 19.45
Clostridium (8) 6.21 Enterococcus (8) 12.79

Phascolarctobacterium (1) 2.22 Streptococcus (5) 9.91
Flavonifractor (5) 2.06 Ruminococcus (4) 4.66

Acidaminococcus (1) 2.03 Ruminococcus (3) 4.19
Faecalibacterium (5) 1.38 Faecalibacterium (2) 3.6

Eubacterium (4) 1.25 Lactobacillus (4) 3.31
Ruminococcus (5) 1.1 Lachnoclostridium (3) 3.25

Alistipes (4) 1.01 Gemmiger (1) 3.17
Species (N) ** Species (N) **

Bacteroides vulgatus (4) 33.86 Clostridium ramosum (4) 11.56
Parabacteroides merdae (4) 23.66 Clostridium spiroforme (4) 9.2

Bacteroides dorei (1) 8.13 Streptococcus thermophilus (3) 8.24
Bacteroides thetaiotaomicron (4) 3.38 Bacteroides vulgatus (5) 5.79

Bacteroides uniformis (4) 3.05 Ruminococcus gnavus (3) 5.47
Bacteroides coprocola (1) 2.8 Bacteroides intestinalis (3) 5.44

Phascolarctobacterium faecium (1) 2.53 Faecalibacterium prausnitzii (1) 4.59
Acidaminococcus intestine (1) 2.34 Gemmiger formicilis (1) 4.19

Flavonifractor plautii (5) 2.1 Lactobacillus fermentum (2) 4.09
Eubacterium cylindroides (1) 1.36 Ruminococcus gnavus (4) 4.08

* Timepoint 1 occurred between days −2 and +2, and timepoint 4 occurred at day +90, with day 0 being the day of
stem cell infusion. ** N denotes the number of patients, in whom specific genus-level bacteria or bacterial species
were isolated (i.e., prevalence). Abbreviations list: aGVHD: acute graft-versus-host disease; N: number.

Table 3. Abundance analysis at the phylum, family, genus, and species levels of the 10 most abundant
taxa in patients with cGVHD at timepoints 1 and 4.

Level of Analysis Timepoint 1 * Level of Analysis Timepoint 4 *

Phylum Total Abundance (%) Phylum Total Abundance (%)

Bacteroidetes 50.31 Firmicutes 65.85
Firmicutes 35.06 Bacteroidetes 26.37

Proteobacteria 13.54 Proteobacteria 7.55
Actinobacteria 1.07 Actinobacteria 0.14

Verrucomicrobia 0.01 Deferribacteres 0.05
Verrucomicrobia 0.03
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Table 3. Cont.

Level of Analysis Timepoint 1 * Level of Analysis Timepoint 4 *

Phylum Total Abundance (%) Phylum Total Abundance (%)

Family Family
Bacteroidaceae 34.96 Bacteroidaceae 25.67

Porphyromonadaceae 14.76 Erysipelotrichaceae 17.77
Lachnospiraceae 13.82 Clostridiaceae 12.69

Enterobacteriaceae 11.84 Lachnospiraceae 11.66
Clostridiaceae 7.37 Ruminococcaceae 8.97

Erysipelotrichaceae 3.29 unclassified Clostridiales 7.21
Acidaminococcaceae 2.64 Enterobacteriaceae 5.06

unclassified Clostridiales 1.9 Enterococcaceae 2.4
Ruminococcaceae 1.79 Oscillospiraceae 1.51

Eubacteriaceae 1.32 Hyphomicrobiaceae 1.38
Genus (N) ** Genus (N) **
Bacteroides (9) 43.24 Bacteroides (9) 32.87

Parabacteroides (6) 17.59 Clostridium (10) 31.84
Clostridium (12) 9.61 Flavonifractor (7) 9.36

Roseburia (6) 3.97 Ruminococcus (6) 3.37
Eubacterium (6) 2.53 Ruminococcus (6) 3.07

Lachnoclostridium (8) 2.47 Enterococcus (8) 2.92
Ruminococcus (9) 2.35 Faecalibacterium (4) 2.52
Flavonifractor (8) 2.21 Lachnoclostridium (4) 2.24
Ruminococcus (8) 2.07 Subdoligranulum (6) 2.05

Phascolarctobacterium (2) 1.71 Gemmiger (1) 1.82
Species (N) ** Species (N) **

Bacteroides vulgatus (9) 35.35 Bacteroides vulgatus (8) 22.95
Parabacteroides merdae (5) 18.36 Clostridium ramosum (3) 14.39
Roseburia intestinalis (4) 3.48 Flavonifractor plautii (7) 11.08
Bacteroides coprocola (2) 2.71 Clostridium spiroforme (5) 7.82

Bacteroides thetaiotaomicron (5) 2.52 Clostridium aldenense (5) 5.45
Bacteroides uniformis (5) 2.5 Ruminococcus gnavus (5) 3.73
Flavonifractor plautii (8) 2.4 Bacteroides intestinalis (4) 2.96

Lachnoclostridium clostridioforme (4) 2.37 Ruminococcus gnavus (6) 2.79
Bacteroides fragilis (3) 2.18 Faecalibacterium prausnitzii (2) 2.51

Clostridium spiroforme (8) 2.04 Subdoligranulum spp. (5) 2.29

* Timepoint 1 occurred between days −2 and +2, and timepoint 4 occurred at day +90, with day 0 being the day of
stem cell infusion. ** N denotes the number of patients, in whom specific genus-level bacteria or bacterial species
were isolated (i.e., prevalence). Abbreviations list: aGVHD: acute graft-versus-host disease; N: number.

2.3. Alpha Diversity Analysis Results

No significant associations were observed in alpha diversity analysis, including the
Shannon index (p = 0.45) and inverse Simpson index (p = 0.2), at the genus level from
timepoint 1 to timepoint 4 in patients with aGvHD (Figure 1A, Supplementary Table S2).

Likewise, alpha diversity analysis did not reveal a statistically significant difference
for both the Shannon index (p = 0.64) and inverse Simpson index (p = 0.86) regarding
abundance at the genus level from timepoint 1 to timepoint 4 in patients with cGvHD
(Figure 1B, Supplementary Table S2).
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Figure 1. (A). Alpha diversity analysis using the Shannon index at the genus level across the pre-
defined study timepoints in patients with aGVHD and cGVHD. Abbreviations list: aGVHD: acute
graft-versus-host disease; cGVHD: chronic graft-versus-host disease; (B). Alpha diversity analysis
using the inverse Simpson index at the genus level across the pre-defined study timepoints in
patients with aGVHD and cGVHD. Timepoints T1, T2, T3, T4, and T5 correspond to −2 to +2, +11
to +17, +25 to +30, +90, and +180 days following stem cell transplantation. Median values are
presented in the figures. Abbreviations list: aGVHD: acute graft-versus-host disease; cGVHD: chronic
graft-versus-host disease.

2.4. LEfSe Analysis Results

We performed LEfSe analysis to generate a histogram of the LDA score and a clado-
gram to identify the specific microbiome involved in GvHD. LDA distribution diagram
analysis (LDA score > 2) showed an increase in the abundance of Firmicutes, Bacilli, Lacto-
bacillales, Enterococcus, and Enterococcaceae at timepoint 4 (p < 0.05), while the abundance
of Proteobacteria, Enterobacteriaceae, Enterobacteriales, and Gammaproteobacteria was signif-
icantly reduced at timepoint 1 (p < 0.05) (Figure 2A). From the cladogram, we showed
that, in patients with aGvHD, Bacilli, Lactobacillales, Enterococcus, and Enterococcaceae, were
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significantly enriched at timepoint 4 (p < 0.05), while the abundance of Gammaproteobacteria,
Enterobacteriales, and Enterobacteriaceae was significantly reduced at timepoint 1 (p < 0.05)
(Figure 2B).
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ogram showed that the abundance of Coriobacteriaceae, Alistipes, Rikenellaceae, and 

Figure 2. (A). LDA coupled with effect size measurements identifies Firmicutes, Bacilli, Lactobacillales,
Enterococcus, and Enterococcaceae as significantly enriched taxa at timepoint 4, while the abundance of
Proteobacteria, Enterobacteriaceae, Enterobacteriales, and Gammaproteobacteria is significantly reduced at
timepoint 1 in patients with aGVHD. (B). Cladogram generated by LEfSe indicating differences in
the abundance of taxa between timepoint 1 and timepoint 4 in patients with aGVHD. Each successive
circle represents a phylogenetic level (phylum, family, genus, species). Regions in green indicate taxa
enriched during timepoint 4, while regions in red indicate a reduction in the abundance of taxa during
timepoint 1. Bacilli, Lactobacillales, Enterococcus, and Enterococcaceae, were significantly enriched at
timepoint 4, while the abundance of Gammaproteobacteria, Enterobacteriales, and Enterobacteriaceae
was significantly reduced at timepoint 1 Abbreviations list: aGVHD: acute graft-versus-host disease;
LEfSe: Linear discriminant analysis Effect Size.

Regarding patients with cGvHD, LDA distribution diagram analysis (LDA score > 2)
showed a significant reduction in the abundance of Alistipes, Rikinellaceae, Eubacteriaceae,
Coiobacteriales and Coriobacteriaceae at timepoint 1 (p < 0.05) (Figure 3A). Likewise, the
cladogram showed that the abundance of Coriobacteriaceae, Alistipes, Rikenellaceae,
and Eubacteriaceae was significantly reduced at timepoint 1 (p < 0.05), with no significant
differences observed at the phylum, family, genus, or species level at timepoint 4 (Figure 3B).



Int. J. Mol. Sci. 2024, 25, 5789 8 of 15

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 8 of 15 
 

 

Eubacteriaceae was significantly reduced at timepoint 1 (p < 0.05), with no significant dif-
ferences observed at the phylum, family, genus, or species level at timepoint 4 (Figure 3B). 

 
Figure 3. (A). LDA coupled with effect size measurements indicates that the abundance of Alistipes, 
Rikinellaceae, Eubacteriaceae, Coiobacteriales and Coriobacteriaceae at timepoint 1 is significantly re-
duced in patients with cGVHD. (B). Cladogram generated by LEfSe indicating differences in the 
abundance of taxa at timepoint 1 in patients with cGVHD. Each successive circle represents a phy-
logenetic level (phylum, family, genus, species). Regions in red indicate reduction in the abundance 
of taxa at timepoint 1. The abundance of Coriobacteriaceae, Alistipes, Rikenellaceae, and Eubacteriaceae 
was significantly reduced at timepoint 1. Abbreviations list: cGVHD: chronic graft-versus-host dis-
ease; LEfSe: Linear discriminant analysis Effect Size. 

3. Discussion 
In this study, we aimed to characterize the changes in the microbiota composition 

occurring in patients who develop GvHD after allo-HSCT. From our results, we found a 
significant decrease in the abundance level of the Proteobacteria phylum and Enterobac-
teriaceae family, as well as a significant increase in the Enterococcus species in patients 
who developed aGvHD after allo-HSCT compared to the microbiota composition exam-
ined during the time of allo-HSCT. Regarding patients that developed cGvHD after allo-
HSCT, there was a significant reduction in the abundance of Eurobactereaceae family and 
Roseruria genus compared to the microbiota composition examined during the time of 
allo-HSCT. Alpha and beta diversity analyses did not reveal a difference in the abundance 
of bacteria at the phylum, family, genus, or species level in patients who developed GvHD 
after allo-HSCT compared to the microbiota composition examined during the time of 
allo-HSCT. 

Although high-dose glucocorticoids are typically harnessed as first-line treatment for 
GvHD, the high failure rate, approaching 60% in patients with grade IV disease [14], ne-
cessitates the development of new targeted therapies [15]. The treatment armamentarium 
of GvHD has expanded over the past few years, with clinical trials currently underway to 
assess the effectiveness and safety of new regimens [16,17]. Fecal microbiota 

Figure 3. (A). LDA coupled with effect size measurements indicates that the abundance of Alistipes,
Rikinellaceae, Eubacteriaceae, Coiobacteriales and Coriobacteriaceae at timepoint 1 is significantly reduced
in patients with cGVHD. (B). Cladogram generated by LEfSe indicating differences in the abundance
of taxa at timepoint 1 in patients with cGVHD. Each successive circle represents a phylogenetic
level (phylum, family, genus, species). Regions in red indicate reduction in the abundance of taxa
at timepoint 1. The abundance of Coriobacteriaceae, Alistipes, Rikenellaceae, and Eubacteriaceae was
significantly reduced at timepoint 1. Abbreviations list: cGVHD: chronic graft-versus-host disease;
LEfSe: Linear discriminant analysis Effect Size.

3. Discussion

In this study, we aimed to characterize the changes in the microbiota composition
occurring in patients who develop GvHD after allo-HSCT. From our results, we found a
significant decrease in the abundance level of the Proteobacteria phylum and Enterobacteri-
aceae family, as well as a significant increase in the Enterococcus species in patients who
developed aGvHD after allo-HSCT compared to the microbiota composition examined dur-
ing the time of allo-HSCT. Regarding patients that developed cGvHD after allo-HSCT, there
was a significant reduction in the abundance of Eurobactereaceae family and Roseruria
genus compared to the microbiota composition examined during the time of allo-HSCT.
Alpha and beta diversity analyses did not reveal a difference in the abundance of bacteria
at the phylum, family, genus, or species level in patients who developed GvHD after allo-
HSCT compared to the microbiota composition examined during the time of allo-HSCT.

Although high-dose glucocorticoids are typically harnessed as first-line treatment
for GvHD, the high failure rate, approaching 60% in patients with grade IV disease [14],
necessitates the development of new targeted therapies [15]. The treatment armamentarium
of GvHD has expanded over the past few years, with clinical trials currently underway
to assess the effectiveness and safety of new regimens [16,17]. Fecal microbiota transplan-
tation has also been studied for the treatment of GvHD, given the pivotal role of the gut
microbiome in the pathogenesis of the disease [18]. Further insights into the association
of the gut microbial community with GvHD may provide us with novel clues regarding
disease severity and prognosis.
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In our study, the Enterococcus species showed a significant increase in abundance
after allo-HSCT in patients who developed aGvHD. The expansion of this species has
also been validated in previous studies assessing microbial perturbations in patients af-
ter allo-HSCT [19–21]. In murine GvHD models, enterococcal domination increased the
number of donor T-cells and led to the recruitment of CD4+ T-cells and T helper 17 (Th17)
cells in the lamina propria, all of which have been implicated in the pathogenesis of
GvHD [22,23]. Regarding clinical implications, abundance of Enterococcus has been as-
sociated with severe GvHD, worse survival after allo-HSCT [24], and increased risk of
enterococcal bacteremia [25]. The observed increase in the abundance of Enterococcus
may be attributed to the translocation of the bacterium because of the disruption of the
mucosal epithelial barrier, which is caused by structural alterations of the gut mucosa and
depletion of commensal gut microbes in the setting of chemoradiotherapy and prophylactic
antibiotic administration in allo-HSCT [5,9]. The choice of antibiotic therapy also seems
to influence the abundance of Enterococcus, since a study conducted by Weber et al. in
patients undergoing allo-HSCT revealed that the use of rifaximin correlated with lower
enterococcal positivity compared to patients receiving ciprofloxacin/metronidazole [26].
We did not correlate our results with the specific type of antibiotic administered. In the
future, prospective studies on the role of Enterococcus on GvHD severity and outcomes
after allo-HSCT should incorporate the choice of antibiotic therapy in their analyses to
delineate the impact of specific antibiotic regimens in the abundance of enterococci.

Next, our study revealed a decrease in the abundance level of the Proteobacteria
phylum and Enterobacteriaceae family. Contrary to our findings, studies published in the
literature have suggested that Proteobacteria and Enterobacteriaceae bloom in patients with
aGvHD after allo-HSCT [27–29]. Bacteria belonging to the Enterobacteriaceae family pro-
mote Th17-mediated inflammatory responses that have been implicated in the pathogenesis
of aGvHD [9,30]. Even more, Han et al. [29] reported that Enterobacteriaceae negatively
correlate with the regulatory T cell (Treg)/Th17 cell ratio, suggesting that the balance
between Tregs, which attenuate inflammatory responses [31], and Th17 cells, which pro-
mote inflammation, is modified by intestinal microbiota, thus influencing the development
of aGvHD.

In our analysis, diversity indices did not reveal any differences in the abundance of
bacteria at the genus levels 90 days after allo-HSCT compared to the time during allo-HSCT.
The lack of significant findings may be attributed to the fact that we included a small number
of patients in our analysis. Nevertheless, loss of gut microbial diversity has been described
in the literature in patients undergoing allo-HSCT, with lower diversity levels correlating
with increased overall mortality. Specifically, Taur et al. collected fecal specimens from
80 patients undergoing allo-HSCT and by performing metagenomic analyses, they revealed
that low diversity groups had worse 3-year overall survival compared to patients in the
high and intermediate diversity groups [10]. Similar findings were reported by Peled
et al., who studied gut microbial disruptions in patients undergoing allo-HSCT at four
different institutions and showed that loss of diversity and domination by single taxa
was associated with increased mortality compared to patients with higher diversity [13].
Loss of commensal gut microbes after allo-HSCT has been attributed to the conditioning
regimen and type of antibiotic prophylaxis received, leading to intestinal epithelial cell
disruption, domination by pathologic bacteria, immune cell infiltration and establishment
of the infectious milieu observed in GvHD [32,33]. As a result, microbial diversity can be
used as a prognostic marker to identify patients undergoing allo-HSCT who are at high
risk of developing GvHD.

We also found that in patients who developed cGvHD, there was a significant reduc-
tion in the abundance of the Eurobactereaceae family and Roseruria genus compared to
the microbiota composition examined during the time of allo-HSCT. Evidence linking gut
microbial disruption with the pathophysiology, progression, and prognosis of cGvHD, is
scarce. Gut microbiota are closely associated with the pathophysiology of chronic autoim-
mune diseases [34], and as such, it is expected that changes in the gut microbial community



Int. J. Mol. Sci. 2024, 25, 5789 10 of 15

are linked to the development of cGvHD. Shimizu et al. [35] studied the changes occurring
in ocular microbial diversity in patients who underwent allo-HSCT and developed ocular
cGvHD. Results showed that, in patients with ocular cGvHD, there was an increase in
the abundance of both commensal and pathogenic bacteria compared to patients with no
cGvHD and healthy controls. To our knowledge, our study is one of the few to assess
specific alterations in gut microbial composition in patients with cGvHD. Hino et al. [36]
prospectively assessed 59 patients who underwent allo-HSCT over a median follow-up
time of 6.4 years. Of them, 23 developed cGvHD and alpha and beta diversity analyses
did not differ compared with patients without cGvHD. Interestingly, an abundance of
Faecalibacterium decreased in patients with extensive cGvHD compared with patients
with limited or no cGvHD, suggesting that microbial perturbations may be associated with
varying disease severity. Since cGvHD can affect up to 40% of patients undergoing allo-
HSCT [37] and is also associated with inferior overall survival and higher treatment-related
mortality [38], it is imperative to understand to what extent gut microbial composition can
affect the incidence and clinical outcomes in this patient population.

Regarding the evolution of alpha diversity metrics over time, we observed that in
patients with aGvHD, alpha diversity progressively increased over time. This observation
was expected, since our patient population included by design patients who survived after
the transplant, suggesting a rather positive outcome for the majority of patients. Also,
although aGvHD did not resolve, it was controlled under treatment. In patients with
cGvHD, on the other hand, alpha diversity eventually declined compared to the diversity
observed at the time of allo-HSC, with the disease remaining stable after appropriate
treatment. However, changes in alpha diversity were not statistically significant in both
acute and chronic GvHD cases. Prospective studies that will conduct similar analyses in
larger samples by taking into consideration the severity of symptoms and interim clinical
events are needed to delineate the microbial community changes over time that might
contribute to differential outcomes in patients with GvHD.

We acknowledge some limitations in our study. First, according to the study design,
we included only patients that survived until day 180 following allo-HSCT and, as such,
we could not comment on whether changes in the intestinal microbiome in patients that
develop GvHD are linked to improved or worse survival outcomes. Next, this was a
single-center study, and thus our results, may not be generalizable to other centers and
institutions. This was a descriptive study, and our purpose was to document the changes
in gut microbiome composition in patients who developed GvHD after allo-HSCT. We did
not correlate our results with clinical outcomes of interest, such as mortality rate. Although
there is clear evidence from previous studies that the choice of antimicrobial therapy affects
the gut microbiome composition following allo-HSCT [39], we did not perform subgroup
analyses based on antimicrobial therapy, due to the small sample size used in our analysis.
Also, data regarding the microbiological composition in patients who underwent allo-HSCT
and did not develop acute and/or chronic GvHD were not available in our study. As such,
we emphasize the importance of conducting prospective studies that will delineate the
composition of the intestinal microbial communities in patients who undergo allo-HSCT
and develop GvHD, versus those who do not develop this complication. Also, although
we acknowledge that intestinal GvHD could have impacted the results of our analysis,
subgroup analysis based on the presence or absence of this disease entity was not possible
due to the small sample size. Finally, due to the small sample size, our patient population
did not allow for multivariate analysis of potentially confounding variables, including
prior radiotherapy, antifungal/antibacterial prophylaxis, therapeutic interventions for
GvHD, bacterial infection, and episodes of colitis and/or mucositis. Nevertheless, since
antibacterial/antifungal prophylaxis was similar to all patients, we do not believe that
they could play an important role. Similarly, we did not observe severe mucositis in
these patients.
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4. Materials and Methods
4.1. Study Design

We conducted a single-center, prospective study including patients ≥ 18 years of age
who underwent allo-HSCT from matched related or unrelated donors at our JACIE (Joint
Accreditation Committee—International Society for Cellular Therapy [ISCT] and European
Society for Blood and Marrow Transplantation [EBMT]) accredited Unit of Papanikolaou
Hospital, from January to June 2020. This study was approved by our Institutional Review
Board at Papanikolaou Hospital (protocol number 126/2019, date of approval 2 May 2022).
All patients provided written informed consent in accordance with the Helsinki Declaration
and were subsequently enrolled in a fecal collection protocol. Fecal biospecimens were
collected at days −2 to +2 (timepoint 1), +11 to +17 (timepoint 2), +25 to +30 (timepoint 3),
+90 (timepoint 4), and +180 (timepoint 5), with day 0 being the day of allo-HSCT (analysis
of fecal specimens is provided in Supplementary Methods). Patients were followed up for
a minimum of 6 months after the last sample was collected.

4.2. Study Endpoint

As an endpoint, we sought to investigate the microbial abundance of taxa at the
phylum, family, genus, and species level between the various timepoints of fecal specimen
collection in patients who developed aGvHD and cGvHD after allo-HSCT.

4.3. Study Population

We included patients who were at least 18 years old who underwent allo-HSCT during
the study period (January–June 2020). We included patients who survived until Day 180
(timepoint 5) following allo-HSCT. Enrolled patients had a diagnosis of hematologic malig-
nancy and received myeloablative or nonmyeloablative conditioning regimens according
to the standard practice of the JACIE-accredited center. Specifically, conditioning regimens
were administered according to the Department’s protocol [40]. Myeloablative condition-
ing for fit patients includes busulfan and cyclophosphamide (BuCy), whereas reduced
toxicity conditioning for unfit patients includes treosulfan plus fludarabine (FT14) [41].
Nonmyeloablative conditioning included fludarabine-melphalan (FluMel) for lymphoid
malignancies. Patients had an available sibling or matched or mismatched unrelated donor
(based on molecular typing of HLA-A, -B, -C, -DR, and -DQ).

Only patients with grade II or higher aGvHD, according to the Glucksberg criteria [42]
and patients with moderate or severe cGvHD based on the NIH consensus criteria [43],
were included in the study. Patients who developed both acute and chronic GvHD were
considered to have cGvHD.

Exclusion criteria included age of participants < 18 years, refusal to provide written
informed consent, insufficient number of fecal specimens for analysis, grade I aGvHD and
mild cGvHD.

Patients were given antimicrobial prophylaxis when the absolute neutrophil count was
<500 cells/mm3, or by day −1, the day before stem cell infusion, and continued until neu-
trophil engraftment (defined as the first day of achieving a neutrophil count > 500 cells/mm3

for 3 consecutive days after allo-HSCT). When patients met the criteria for neutropenic
fever, a fever workup was performed, including 2 sets of blood cultures, urinalysis, urine
culture, and CT scan; antibiotics were escalated (i.e., antipseudomonal beta-lactam and
vancomycin), and the prophylactic agent was discontinued. Standard antibiotic prophy-
laxis at our institution includes fluoroquinolone (500 mg of oral ciprofloxacin twice a day)
or rifaximin (200 mg twice a day), according to the treating physician’s judgment, for
anticipated profound and prolonged neutropenia.

Baseline demographic data, underlying hematologic disease characteristics, laboratory
tests, treatment about GvHD, including the number of patients who developed aGvHD vs.
cGvHD, grade, and therapeutic regimen for GvHD, were retrieved from medical records.
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4.4. Statistical Analysis

We assessed differences in microbiota composition and diversity between timepoint
4 and timepoint 1 as the primary endpoints of our study since scarce data exist beyond
timepoint 4 in allo-HSCT. Patient recruitment was limited due to COVID-19 restraints and
increased requirements of the study protocol. Therefore, we performed a post hoc power
analysis for differences between timepoint 4 and timepoint 1 confirming that the size of
20 patients is adequate for a power of 80% with the level of significance at 0.05.

Data analysis was performed using the program R Statistical Computing (R statistics
software version 4.1.2, R Foundation for Statistical Computing, Vienna, Austria). De-
scriptive statistics were performed using median and range for continuous variables and
frequency for categorical variables. Continuous variables were assessed for normality and
compared using a t-test or Mann–Whitney test. Mean values (with standard deviation)
were used in the case of normal distribution and the median values (with the interquartile
range) were used in the case of non-normal distribution. Categorical variables were com-
pared using a chi-square test. All tests were two-sided. The level of statistical significance
was set at 0.05. We used 95% confidence intervals where appropriate.

To conduct statistical analysis of the microbiome data, open source R programming lan-
guage 4.1.2.v (R Core Team, New Zealand, Australia) was used [44]. Vegan 2.5.3v [45] and
phyloseq 1.24.2v [46] R packages (R Core Team, New Zealand, Australia) were imported
for implementation of the data analysis and ggplot2 3.1.0v [47] package (R Core Team,
New Zealand, Australia) for data visualization. The relative abundance of taxa at phylum,
family, genus, and species level, was explored with the Kruskal–Wallis non-parametric test,
bar plots, heatmap plots and Venn diagrams.

Richness was evaluated and Shannon and Inverse Simpson alpha diversity indexes
were calculated for each timepoint per group (aGVHD and cGVHD), in order to explore
the microbial diversity within each sample. Non-parametric Kruskal–Wallis test was
also implemented to detect differences in alpha diversity indices among timepoints per
group and among the groups in specific timepoints. Additionally, to further explore our
data, linear discriminant analysis Effect Size (LEfSe) method [48] was applied to detect
differentially abundant taxa, with threshold LDA value 2.0, between controls and patients.

To consider beta diversity between samples, the Bray–Curtis dissimilarity matrix
was calculated, and Principal Coordinate Analysis (PCoA) was applied to find out taxa
that were counted more in the total variance and for pattern visualization. To confirm
significant differences between patients and controls and between subgroups of patients,
Permutational Multivariate Analysis of Variance (PERMANOVA) [49] with 1000 permuta-
tions was implemented together with PERMutational analysis of multivariate DISPersion
(PERMDISP) [49] to further strengthen the results of PERMANOVA test (Supplementary
Figures S9 and S10).

5. Conclusions

In this study, we provide additional insights regarding changes in gut microbiota
composition occurring in patients undergoing allo-HSCT who developed GvHD. Our
study reinforces the results of previous analyses, but at the same time provides novel
clues regarding the specific gut microbial perturbations in patients who developed cGvHD,
a disease entity not thoroughly elucidated with regard to the role of the microbiome in
its pathogenesis. Future studies will need to clinically correlate these specific changes in
gut microbiota and incorporate additional variables in their analyses, including choice of
myeloablative regimen and/or antimicrobial prophylaxis, in order to delineate their effect
in the gut microbial community. Since aGvHD and cGvHD are considered disease entities
within a spectrum of disease (graft-versus-host disease), it is speculated that the intestinal
microbiome is involved in different ways in its pathogenesis. In order to provide a more
comprehensive explanation regarding the differences in intestinal microbiota between acute
and chronic GvHD, future studies are required that will consider larger sample size and
more sophisticated methods for analyzing the microbiota composition. The aim of our
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study was to provide a descriptive analysis of the microbiota in patients with aGvHD and
cGvHD, and, as such, we do not possess sufficient data to propose plausible explanations
regarding the differences observed between the groups. Future research, especially in the
field of chronic GvHD, including new advances in the therapeutic landscape, is urgently
needed to tackle this challenge in transplantation.
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18. Qiao, X.; Biliński, J.; Wang, L.; Yang, T.; Luo, R.; Fu, Y.; Yang, G. Safety and efficacy of fecal microbiota transplantation in the
treatment of graft-versus-host disease. Bone Marrow Transplant. 2023, 58, 10–19. [CrossRef] [PubMed]

19. Holler, E.; Butzhammer, P.; Schmid, K.; Hundsrucker, C.; Koestler, J.; Peter, K.; Zhu, W.; Sporrer, D.; Hehlgans, T.; Kreutz, M.; et al.
Metagenomic analysis of the stool microbiome in patients receiving allogeneic stem cell transplantation: Loss of diversity is
associated with use of systemic antibiotics and more pronounced in gastrointestinal graft-versus-host disease. Biol. Blood Marrow
Transplant. 2014, 20, 640–645. [CrossRef] [PubMed]

20. Ilett, E.E.; Jørgensen, M.; Noguera-Julian, M.; Nørgaard, J.C.; Daugaard, G.; Helleberg, M.; Paredes, R.; Murray, D.D.; Lundgren,
J.; MacPherson, C.; et al. Associations of the gut microbiome and clinical factors with acute GVHD in allogeneic HSCT recipients.
Blood Adv. 2020, 4, 5797–5809. [CrossRef] [PubMed]

21. Taur, Y.; Xavier, J.B.; Lipuma, L.; Ubeda, C.; Goldberg, J.; Gobourne, A.; Lee, Y.J.; Dubin, K.A.; Socci, N.D.; Viale, A.; et al. Intestinal
domination and the risk of bacteremia in patients undergoing allogeneic hematopoietic stem cell transplantation. Clin. Infect. Dis.
2012, 55, 905–914. [CrossRef]

22. Garrett, W.S. Enterococcus in Graft-versus-Host Disease. N. Engl. J. Med. 2020, 382, 1064–1066. [CrossRef]
23. Stein-Thoeringer, C.K.; Nichols, K.B.; Lazrak, A.; Docampo, M.D.; Slingerland, A.E.; Slingerland, J.B.; Clurman, A.G.; Armijo, G.;

Gomes, A.L.C.; Shono, Y.; et al. Lactose drives Enterococcus expansion to promote graft-versus-host disease. Science 2019, 366,
1143–1149. [CrossRef] [PubMed]

24. Kusakabe, S.; Fukushima, K.; Yokota, T.; Hino, A.; Fujita, J.; Motooka, D.; Nakamura, S.; Shibayama, H.; Kanakura, Y. Enterococcus:
A Predictor of Ravaged Microbiota and Poor Prognosis after Allogeneic Hematopoietic Stem Cell Transplantation. Biol. Blood
Marrow Transplant. 2020, 26, 1028–1033. [CrossRef] [PubMed]

25. van Lier, Y.F.; Vos, J.; Blom, B.; Hazenberg, M.D. Allogeneic hematopoietic cell transplantation, the microbiome, and graft-versus-
host disease. Gut Microbes 2023, 15, 2178805. [CrossRef] [PubMed]

26. Weber, D.; Oefner, P.J.; Dettmer, K.; Hiergeist, A.; Koestler, J.; Gessner, A.; Weber, M.; Stämmler, F.; Hahn, J.; Wolff, D.; et al.
Rifaximin preserves intestinal microbiota balance in patients undergoing allogeneic stem cell transplantation. Bone Marrow
Transplant. 2016, 51, 1087–1092. [CrossRef] [PubMed]

27. Han, L.; Jin, H.; Zhou, L.; Zhang, X.; Fan, Z.; Dai, M.; Lin, Q.; Huang, F.; Xuan, L.; Zhang, H.; et al. Intestinal Microbiota at
Engraftment Influence Acute Graft-Versus-Host Disease via the Treg/Th17 Balance in Allo-HSCT Recipients. Front. Immunol.
2018, 9, 669. [CrossRef]

28. Han, L.; Zhang, H.; Chen, S.; Zhou, L.; Li, Y.; Zhao, K.; Huang, F.; Fan, Z.; Xuan, L.; Zhang, X.; et al. Intestinal Microbiota Can
Predict Acute Graft-versus-Host Disease Following Allogeneic Hematopoietic Stem Cell Transplantation. Biol. Blood Marrow
Transplant. 2019, 25, 1944–1955. [CrossRef]

29. Han, L.; Zhao, K.; Li, Y.; Han, H.; Zhou, L.; Ma, P.; Fan, Z.; Sun, H.; Jin, H.; Jiang, Z.; et al. A gut microbiota score predicting acute
graft-versus-host disease following myeloablative allogeneic hematopoietic stem cell transplantation. Am. J. Transplant. Off. J. Am.
Soc. Transplant. Am. Soc. Transpl. Surg. 2020, 20, 1014–1027. [CrossRef]

30. Rafei, H.; Jenq, R.R. Microbiome-intestine cross talk during acute graft-versus-host disease. Blood 2020, 136, 401–409. [CrossRef]
[PubMed]

31. Guo, W.W.; Su, X.H.; Wang, M.Y.; Han, M.Z.; Feng, X.M.; Jiang, E.L. Regulatory T Cells in GVHD Therapy. Front. Immunol. 2021,
12, 697854. [CrossRef] [PubMed]

32. Chen, Y.; Zhao, Y.; Cheng, Q.; Wu, D.; Liu, H. The Role of Intestinal Microbiota in Acute Graft-versus-Host Disease. J. Immunol.
Res. 2015, 2015, 145859. [CrossRef] [PubMed]

33. Gao, F.; Wu, H.; Wang, L.; Zhao, Y.; Huang, H. Altered intestinal microbiome and epithelial damage aggravate intestinal
graft-versus-host disease. Gut Microbes 2023, 15, 2221821. [CrossRef] [PubMed]

34. Christovich, A.; Luo, X.M. Gut Microbiota, Leaky Gut, and Autoimmune Diseases. Front. Immunol. 2022, 13, 946248. [CrossRef]
[PubMed]

35. Shimizu, E.; Ogawa, Y.; Saijo, Y.; Yamane, M.; Uchino, M.; Kamoi, M.; Fukui, M.; Yang, F.; He, J.; Mukai, S.; et al. Commensal
microflora in human conjunctiva; characteristics of microflora in the patients with chronic ocular graft-versus-host disease. Ocul.
Surf. 2019, 17, 265–271. [CrossRef] [PubMed]

36. Hino, A.; Fukushima, K.; Kusakabe, S.; Ueda, T.; Sudo, T.; Fujita, J.; Motooka, D.; Takeda, A.K.; Shinozaki, N.O.; Watanabe, S.; et al.
Prolonged gut microbial alterations in post-transplant survivors of allogeneic haematopoietic stem cell transplantation. Br. J.
Haematol. 2023, 201, 725–737. [CrossRef]

https://doi.org/10.1056/NEJMoa1917635
https://www.ncbi.nlm.nih.gov/pubmed/32320566
https://doi.org/10.3389/fimmu.2023.1212756
https://www.ncbi.nlm.nih.gov/pubmed/37256121
https://doi.org/10.1007/s40259-020-00454-7
https://www.ncbi.nlm.nih.gov/pubmed/33201499
https://doi.org/10.3390/microorganisms11092182
https://www.ncbi.nlm.nih.gov/pubmed/37764025
https://doi.org/10.1038/s41409-022-01824-1
https://www.ncbi.nlm.nih.gov/pubmed/36167905
https://doi.org/10.1016/j.bbmt.2014.01.030
https://www.ncbi.nlm.nih.gov/pubmed/24492144
https://doi.org/10.1182/bloodadvances.2020002677
https://www.ncbi.nlm.nih.gov/pubmed/33232475
https://doi.org/10.1093/cid/cis580
https://doi.org/10.1056/NEJMcibr1915978
https://doi.org/10.1126/science.aax3760
https://www.ncbi.nlm.nih.gov/pubmed/31780560
https://doi.org/10.1016/j.bbmt.2020.01.019
https://www.ncbi.nlm.nih.gov/pubmed/32018061
https://doi.org/10.1080/19490976.2023.2178805
https://www.ncbi.nlm.nih.gov/pubmed/36794370
https://doi.org/10.1038/bmt.2016.66
https://www.ncbi.nlm.nih.gov/pubmed/26999466
https://doi.org/10.3389/fimmu.2018.00669
https://doi.org/10.1016/j.bbmt.2019.07.006
https://doi.org/10.1111/ajt.15654
https://doi.org/10.1182/blood.2019000950
https://www.ncbi.nlm.nih.gov/pubmed/32526029
https://doi.org/10.3389/fimmu.2021.697854
https://www.ncbi.nlm.nih.gov/pubmed/34220860
https://doi.org/10.1155/2015/145859
https://www.ncbi.nlm.nih.gov/pubmed/26090477
https://doi.org/10.1080/19490976.2023.2221821
https://www.ncbi.nlm.nih.gov/pubmed/37305973
https://doi.org/10.3389/fimmu.2022.946248
https://www.ncbi.nlm.nih.gov/pubmed/35833129
https://doi.org/10.1016/j.jtos.2019.02.001
https://www.ncbi.nlm.nih.gov/pubmed/30742990
https://doi.org/10.1111/bjh.18574


Int. J. Mol. Sci. 2024, 25, 5789 15 of 15

37. Bachier, C.R.; Aggarwal, S.K.; Hennegan, K.; Milgroom, A.; Francis, K.; Dehipawala, S.; Rotta, M. Epidemiology and Treatment of
Chronic Graft-versus-Host Disease Post-Allogeneic Hematopoietic Cell Transplantation: A US Claims Analysis. Transplant. Cell.
Ther. 2021, 27, 504.e1–504.e6. [CrossRef] [PubMed]

38. Boyiadzis, M.; Arora, M.; Klein, J.P.; Hassebroek, A.; Hemmer, M.; Urbano-Ispizua, A.; Antin, J.H.; Bolwell, B.J.; Cahn, J.Y.; Cairo,
M.S.; et al. Impact of Chronic Graft-versus-Host Disease on Late Relapse and Survival on 7489 Patients after Myeloablative
Allogeneic Hematopoietic Cell Transplantation for Leukemia. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2015, 21, 2020–2028.
[CrossRef] [PubMed]

39. Gavriilaki, M.; Sakellari, I.; Anagnostopoulos, A.; Gavriilaki, E. The Impact of Antibiotic-Mediated Modification of the Intestinal
Microbiome on Outcomes of Allogeneic Hematopoietic Cell Transplantation: Systematic Review and Meta-Analysis. Biol. Blood
Marrow Transplant. 2020, 26, 1738–1746. [CrossRef] [PubMed]

40. Gavriilaki, E.; Mallouri, D.; Laspa, E.; Papakonstantinou, A.; Lazaridou, A.; Varelas, C.; Baldoumi, E.; Giannakopoulou, A.;
Demosthenous, C.; Vardi, A.; et al. Open-Label Randomized Controlled Study of Ciprofloxacin vs Rifaximin as Neutropenia
Prophylaxis in Allogeneic Hematopoietic Stem Cell Transplantation. Transplant. Proc. 2024, 56, 380–385. [CrossRef]

41. Sakellari, I.; Gavriilaki, E.; Mallouri, D.; Batsis, I.; Varelas, C.; Tagara, S.; Bousiou, Z.; Papathanasiou, M.; Vardi, A.; Papalexandri,
A.; et al. Survival Advantage of Treosulfan Plus Fludarabine Before Allogeneic Hematopoietic Cell Transplantation for Older or
Comorbid Patients With Myeloid Malignancies. Transplant. Cell. Ther. 2021, 27, 916.e1–916.e6. [CrossRef] [PubMed]

42. Glucksberg, H.; Storb, R.; Fefer, A.; Buckner, C.D.; Neiman, P.E.; Clift, R.A.; Lerner, K.G.; Thomas, E.D. Clinical manifestations of
graft-versus-host disease in human recipients of marrow from HL-A-matched sibling donors. Transplantation 1974, 18, 295–304.
[CrossRef] [PubMed]

43. Filipovich, A.H.; Weisdorf, D.; Pavletic, S.; Socie, G.; Wingard, J.R.; Lee, S.J.; Martin, P.; Chien, J.; Przepiorka, D.; Couriel, D.; et al.
National Institutes of Health consensus development project on criteria for clinical trials in chronic graft-versus-host disease: I.
Diagnosis and staging working group report. Biol. Blood Marrow Transplant. 2005, 11, 945–956. [CrossRef] [PubMed]

44. R Development Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2008; ISBN 3-900051-07-0. Available online: https://www.r-project.org/ (accessed on 1 January 2024).

45. Oksanen, J.; Blanchet, F.G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchin, P.R.; O’Hara, R.B.; Simpson, G.L.; Solymos,
P.; et al. Vegan: Community Ecology Package. R package version 2.4-2. Available online: https://cran.r-project.org/web/
packages/vegan/index.html (accessed on 1 January 2024).

46. McMurdie, P.J.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data.
PLoS ONE 2013, 8, e61217. [CrossRef] [PubMed]

47. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016; Available online: https://link.
springer.com/book/10.1007/978-3-319-24277-4 (accessed on 1 January 2024).

48. Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery
and explanation. Genome Biol. 2011, 12, R60. [CrossRef] [PubMed]

49. Anderson, M.J. A new method for non-parametric multivariate analysis of variance. Austral Ecol. 2008, 26, 32–46. Available
online: https://onlinelibrary.wiley.com/doi/10.1111/j.1442-9993.2001.01070.pp.x (accessed on 1 January 2024). [CrossRef]

50. McInnes, P. Manual of Procedures for Human Microbiome Project. [online] Hmpdacc.org. 2010. Available online: https:
//hmpdacc.org/hmp/doc/HMP_MOP_Version12_0_072910.pdf (accessed on 10 October 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jtct.2020.12.027
https://www.ncbi.nlm.nih.gov/pubmed/34158154
https://doi.org/10.1158/1078-0432.Ccr-14-0586
https://www.ncbi.nlm.nih.gov/pubmed/25348512
https://doi.org/10.1016/j.bbmt.2020.05.011
https://www.ncbi.nlm.nih.gov/pubmed/32447043
https://doi.org/10.1016/j.transproceed.2023.12.010
https://doi.org/10.1016/j.jtct.2021.07.020
https://www.ncbi.nlm.nih.gov/pubmed/34320443
https://doi.org/10.1097/00007890-197410000-00001
https://www.ncbi.nlm.nih.gov/pubmed/4153799
https://doi.org/10.1016/j.bbmt.2005.09.004
https://www.ncbi.nlm.nih.gov/pubmed/16338616
https://www.r-project.org/
https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html
https://doi.org/10.1371/journal.pone.0061217
https://www.ncbi.nlm.nih.gov/pubmed/23630581
https://link.springer.com/book/10.1007/978-3-319-24277-4
https://link.springer.com/book/10.1007/978-3-319-24277-4
https://doi.org/10.1186/gb-2011-12-6-r60
https://www.ncbi.nlm.nih.gov/pubmed/21702898
https://onlinelibrary.wiley.com/doi/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1046/j.1442-9993.2001.01070.x
https://hmpdacc.org/hmp/doc/HMP_MOP_Version12_0_072910.pdf
https://hmpdacc.org/hmp/doc/HMP_MOP_Version12_0_072910.pdf

	Introduction 
	Results 
	Patient Characteristics 
	Abundance Analysis Results 
	Alpha Diversity Analysis Results 
	LEfSe Analysis Results 

	Discussion 
	Materials and Methods 
	Study Design 
	Study Endpoint 
	Study Population 
	Statistical Analysis 

	Conclusions 
	References

