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Mounting evidence has demonstrated the critical role of the gut microbiome in different cancer treatment mo-
dalities showing intensive crosstalk between microbiota and the host immune system. In cancer patients
receiving hematopoietic stem cell transplantation (HSCT), conditioning regimens including chemotherapy,
radiotherapy, and immunosuppressive therapy, as well as antimicrobial prophylaxis, result in intestinal barrier
disruption and massive changes in microbiota composition. According to clinical studies, a drastic loss of mi-
crobial diversity during HSCT is associated with enhanced pro-inflammatory immune response and an increased
risk of transplant-related complications such as graft-versus-host disease (GvHD) and mortality. In this review,
we outline the current understanding of the role of microbiota diversity in the patient response to cancer
therapies and highlight the impact of changes in the gut microbiome on clinical outcomes in post-HSCT patients.
Moreover, the therapeutic implications of microbiota modulation by probiotics, prebiotics, and fecal microbiota

transplantation (FMT) in hematologic cancer patients receiving HSCT are discussed.

1. Introduction

Host physiology may be affected by a dynamic balance between
eubiosis and dysbiosis of intestinal microbiota. The microbial commu-
nity and host factors together influence nutritional biotransformation,
immune response, and xenobiotic metabolism [1]. Joshua Lederberg
firstly designated the microbiome as “the ecological community of
commensal, symbiotic, and pathogenic microorganisms that literally
share our body space and have been all but ignored as determinants of
health and disease” [2]. In current understanding, the human micro-
biome comprises all the genetic material within the microbiota that
resides in the human body. Predominantly, there are three methods of
obtaining microbiome data: i) 16S rRNA gene sequencing defining
microbiome diversity, ii) metagenomic analysis used to portray func-
tional potential, and iii) metatranscriptomic approach assessing active
gene expression [3]. Progress in comprehensive multi-omics technolo-
gies, together with the development of sophisticated bioinformatics

algorithms have allowed extensive microbial analyses to identify even
uncultivated microorganisms, and brought us closer to understanding
the true influence of the microbiome on human health [4-6].

The Human Microbiome Project (HMP) Consortium, as well as the
MetaHIT Consortium, found that the microbiome diversity with strong
niche specialization varies within a single subject and among healthy
subjects [7,8]. Enterotypes, body mass index, as well as lifestyle, dietary
and cultural conventions, are among the main factors explaining the
inter-individual differences [9]. However, specific tissue sites are asso-
ciated with the preservation of an established eco-system to exert
distinct functions. Due to its enormous impact on the host’s homeostasis,
the gut microbiota is the most extensively studied human microbial
community [10]. As reported previously, Bacteroidetes and the Firmi-
cutes are two major predominant phyla constituting over 90% of the
known phylogenetic categories [11]. Combining fecal metagenomes of
subjects from European countries with previously published datasets of
Japanese and American individuals, three robust enterotypes that are
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not a nation- or continent-specific were identified. According to these
results, “the dominant gut microbial phyla are Firmicutes, Bacter-
oidetes, Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomi-
crobiat. The Firmicutes phylum is composed of more than 200 different
genera such as Lactobacillus, Bacillus, Clostridium, Enterococcus, and
Ruminicoccus. Clostridium genera represent 95% of the Firmicutes phyla.
Bacteroidetes consist of predominant genera such as Bacteroides and
Prevotella. The Actinobacteria phylum is proportionally less abundant
and mainly represented by the Bifidobacterium genus” [12]. Geography
has been identified as one of the main factors contributing to large-scale
microbiome alterations. International studies comparing the microbial
data between North and South America [13], Europe and Africa [14],
Korea and Japan [15], rural vs. urban populations of Russia [16] and
China [17] showed systematic differences in healthy human microbial
composition among studied populations. Accordingly, by comparison of
the three largest cohorts— MetaHIT (European), HMP (American), and a
Chinese diabetes gene catalogs—the variation in taxonomic composition
was revealed [18].

A large body of evidence has linked the human gut microbiota to
cancer, so targeting the microbiome in cancer treatment faces mounting
research interest. Cancer patients undergoing allogeneic hematopoietic
stem-cell transplantation (HSCT) are characterized by an elevated risk of
immune-related complications resulting from the nature of the disease
and undergoing therapy. Due to its interaction with the host immune
system, intestinal microbiota and its considerable effect on the clinical
outcome of post-HSCT patients have been intensively studied. To erad-
icate cancer cells and induce immunosuppression, a preparative condi-
tioning regimen including high-dose chemotherapy/radiation therapy is
given to HSCT patients. However, both treatments result in massive
microbiota reconstruction, and disruption of the homeostatic dialog
between the gut microbiota and the host immune system leads to dys-
biosis followed by serious complications [19]. Here we provide the
current knowledge concerning the role of the microbiome in cancer
treatment with the main focus on the most recent data related to HSCT
preceded by extensive conditioning regimens. Importantly, the impact
of microbiome modifications on clinical outcomes of post-HSCT patients
will be discussed. A deep understanding of HSCT-related microbial
changes and their associations with severe post-transplant complica-
tions might bring new perspectives for microbiota-mediated
interventions.

2. Hematopoietic stem cell transplantation

HSCT has gone through great development since the 1990s and
thanks to its curative potential, it became a routine therapeutic option
for a wide variety of malignant and non-malignant diseases. Bone
marrow, peripheral blood stem cells, and umbilical cord blood are all
potential sources of hematopoietic stem cells. HSCT allows the use of
high-dose cytotoxic drugs sometimes in combination with radiotherapy,
which provides sufficient immunoablation, significant antitumor effect,
and clearance of “space” in the bone marrow. Severe hematological
toxicity is eliminated by consecutive administration of stem cells,
helping to restore hematopoiesis. Chemotherapy regimens vary ac-
cording to the type of transplantation, autologous (auto-) vs. allogeneic
(allo-) HSCT, or primary disease. Moreover, a combination of regimens
is often used, except solo melphalan in multiple myeloma, with alky-
lating agents, platinum analogs, topoisomerase inhibitors, adenosine
deaminase inhibitors, and pyrimidine antagonist cytarabine among the
most frequent drugs used. Conditioning regimens have been classified as
high-dose- myeloablative, reduced-intensity, and/or nonmyeloablative
[20]. In allogeneic-HSCT (allo-HSCT), the immune response of donor
cells against host cancer cells - the so-called graft-versus-tumor (GvT)
effect - enhance the antitumor activity. Reduced-intensity and non-
myeloablative conditioning regimens have therefore come to the fore-
ground in order to reduce acute and late toxicity and thus make HSCT
available to older and frail patients [21]. HSCT recipients are at
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substantial risk for a variety of acute and late complications that impair
quality of life and increase mortality, including recurrence of the un-
derlying disease, infections, second cancers, and organ system
dysfunction. The complications are more severe for those who have
received allogeneic transplants, especially imminent graft-versus-host
disease (GVHD), occurring when the donor’s white blood cells attack
the healthy recipient’s tissues. GVHD is thought to be primarily initiated
by hematopoietic dendritic cells. Interestingly, animal studies have
shown recipient non-hematopoietic antigen-presenting cells (APCs) are
able to induce CD4+ T cell-dependent acute GvHD as well [22]. Life
expectancy after HSCT differs from that of the general population. The
mortality rate among HSCT patients remains elevated for decades after
treatment, approaching that of the general population over time
[23-25].

In the last decades, the outcome of patients undergoing auto- or allo-
HSCT has been improved due to better supportive care, improvements in
conditioning regimens, and a better understanding the mechanism of
toxicity and restoration of hematopoiesis. At the same time, due to these
advances, there is an increase in the number of HSCT with a higher risk
of toxicity, like HSCT in older patients, or allogeneic stem cell trans-
plantation from unrelated donors. This trend further emphasizes the
need for further comprehension of the underlying pathophysiology and
the role that the gut microbiome plays in these processes.

3. The gut microbiome and cancer

The growing evidence support the association between disruptive
changes in the gut microbiome and tumor development. The study of
microbiome alterations during tumorigenesis in a mouse model of the
inflammation-driven colon cancer revealed that the microbiome profile
in the tumor-bearing and non-tumor-bearing animals differ to a large
extent. Moreover, these changes were directly responsible for tumori-
genesis as introducing gut microbiota from tumor-bearing mice to germ-
free (GF) ones resulted in significantly more frequent tumor develop-
ment [26].

Several factors influence the microbiome in cancer patients leading
to the microbial changes that might affect different aspects of patient
outcomes (Fig. 1). Preclinical in vitro research and animal models,
together with the clinical studies, have shown the microbiome is
extensively modified by cancer treatments such as chemotherapy,
radiotherapy, and immunotherapy. At the same time, it has been
observed that the individual composition of bacterial microbiota can
potentiate the immune system and acts synergistically with cancer
treatment [27].

3.1. Cancer treatment modifies the gut microbiome

Treatment with DNA-alkylating agent cyclophosphamide (CY) dis-
rupted gut barrier integrity and perturbed intestinal homeostasis, lead-
ing to host immunization against some bacterial strains [28]. Viaud et al.
showed CY-induced changes in the microbial composition of the small
intestine and significant translocation of selected Gram-positive bacteria
(Lactobacillus johnsonii, Lactobacillus murinus, and Enterococcus hirae)
into mesenteric lymph nodes and spleen in sarcoma mouse models.
Moreover, CY treatment increased the frequency of “pathogenic” Th17
(pTh17) cells expressing hallmarks of both Thland Th17 cells within the
spleen. The gut microbiota-dependent manner was confirmed by treat-
ment with antibiotics towards Gram-positive bacteria, while GF tumor-
bearing mice were resistant to CY and reported reduced levels of pTh17
cells [29].

The resistance of GF mice to radiation-induced enteritis, as well as
post-radiotherapy changes in gut microbial diversity, point out to the
role of gut microbiota in regulating the response and repair of
irradiation-induced damage [30,31]. The results of a study among
irradiated and control mice demonstrated dysbiosis after rectal radia-
tion, showing enhanced IL-1f and TNFa expression in post-radiation
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Fig. 1. The emerging role of the microbiome in cancer patients. A schematic diagram summarizing the main factors affecting the patients’ microbiome (left panels),
as well as the factors which might be affected by microbiome changes (right panels) in cancer patients treated with currently available anticancer therapy.

microbiota. GF mice colonized by irradiated microbiota were predis-
posed to radiation injury and colitis. According to the authors, “micro-
bial-induced radiation tissue damage was at least in part mediated by IL-
1B, considering microbiota manipulation or direct inhibition of IL-1 may
represent a potential therapeutic approach for reducing intestinal
radiation-induced mucosal toxicity” [32]. The radiation-induced shift in
gut microbiota composition has been detected not only in mouse models
but also in human pathologies. A prospective study on gynecological
cancer patients receiving pelvic radiotherapy showed significant gut
microbiota alterations and reduction in species-level taxa in cancer pa-
tients comparing to healthy subjects. According to the findings, radia-
tion therapy decreased Firmicutes phyla by 10%. In contrast, the phyla
Fusobacterium was increased by 3% [33]. In accordance, the use of 16S
rRNA gene sequencing confirmed a decrease in diversity and richness of
gut microbiota in a cohort of 11 patients with different cancer types five-
week post-pelvic radiotherapy. Importantly, the study results suggested
using pre-existing changes in Firmicutes/Bacteroidetes ratio as a pre-
dictive tool for developing post-treatment diarrhea [34]. Recently,
remarkable changes in gut microbiota profiles following radiation en-
teritis (RE) were reported on fecal samples from 18 cervical cancer pa-
tients showing a significant reduction of a-diversity, while B-diversity
was increased. The patients with RE were characterized by a relatively
higher abundance of Proteobacteria and Gammaproteobacteria, and a
lower abundance of Bacteroides spp. Additionally, RE patient-derived
bacterial-epithelial co-cultures confirmed enhanced TNF-a and IL-1B
expression previously reported in mice studies [35]. The largest clinical
study recruited 134 patients treated by radiotherapy without cytotoxic
systemic therapies, presented an association of low bacterial diversity
and higher counts of Clostridium IV, Roseburia, and Phascolarctobacterium
with delayed radiation-induced enteropathy [36].

Taken together, these data suggest that anticancer and supportive
treatments modify the microbiome composition in cancer patients, and
vice versa, microbiome modifies treatment effectivity and toxicity. A
better understanding of this relationship and its subsequent therapeutic
modification is important to improve the outcome of cancer patients.

3.2. Microbiome modifies the response to cancer treatment

The impact of gut microbiota on chemotherapy effects was described
by the “TIMER mechanistic framework describing Translocation,

Immunomodulation, Metabolism, Enzymatic degradation, and Reduced
diversity and ecological variation” [37]. The breakthrough findings
coming from animal studies showed that disruption of the microbiota in
antibiotic-treated or GF mice impaired the response of subcutaneous
tumors to platinum chemotherapy. These studies showed that GF mice
did not respond to oxaliplatin drug treatment due to the decreased
cytotoxicity and deficiency in reactive oxygen species (ROS) production.
However, chemotherapeutic efficiency was restored after the adminis-
tration of lipopolysaccharide. As the authors concluded, particular
members of intestinal microbiota might promote increased oxidative
stress and tumor cell death by the production of toll-like receptor (TLR)
agonists [38]. Accordingly, bigger tumors and reduced survival were
observed in mice treated with cisplatin coupled with antibiotics
comparing to the animals treated with cisplatin alone. Gene expression
study indicated that antibiotics-induced upregulation of VEGF-A
expression and downregulation of BAX and CDKN1B expression can
partially diminish the efficacy of cisplatin. Moreover, antibiotic treat-
ment reduced the expression of IFN-y, GZMB, and PRF1 in the CD8(+) T
cells of treated mice. On the other hand, the combination of cisplatin
with probiotics showed an increased therapeutic response, smaller tu-
mors, and an improved survival rate due to the induction of pro-
apoptotic genes and enhanced host immune response [39].

Cancer immunotherapy represents a therapeutic modality success-
fully used in the treatment of hematological and solid metastatic cancers
[40-42]. However, studies on GF mice as well as in mice treated with
broad-spectrum antibiotics show reduced therapeutic effects of immu-
notherapy due to a combination of TLR9 antagonist and antibody to
interleukin-10R [38], or administration of antibodies against CTLA-4
[43] and/or receptor/ligand system programmed death-1 (PD-1/PD-
L1) [44]. As lida et al. reported, the intact gut microbiota has mediated
thetherapeutic effects of CpG-oligonucleotide immunotherapy by
modulating myeloid-derived cell functions in the tumor microenviron-
ment [38]. Vétizou et al. revealed immunotherapy directed against
CTLA-4, a major negative regulator of T cell activation, was not efficient
in the treatment of tumors in antibiotic-treated or GF animals. The
antitumor therapeutic efficacy of the CTLA-4 blockade was shown to be
dependent on distinct Bacteroides spp., particularly B. thetaiotaomicron
or B. fragilis via activation of IL-12-producing dendritic cell and T-cell
helper (Th1) responses. Moreover, microbial fecal transplantation of
Bacteroides spp.-rich feces from humans into GF mice induced a
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significant response to CTLA-4 blockade, and negatively correlated with
tumor size in recipient mice [43]. Interestingly, the study on melanoma-
bearing mouse models revealed the role of Bifidobacterium spp. in
enhancing anti-tumor immunity and raising the efficacy of PD-L1
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blocking therapy. According to the findings, cohousing or fecal trans-
fer eliminated the differences in spontaneous antitumor immunity be-
tween mice harboring distinct commensal microbiota [44]. Very
recently, Mager et al. have showed a link between the response to cancer

Table 1

Modifications of gut microbiome during Hematopoetic Stem Cell Transplantation (HSCT).

Study Study design Disease Purpose Patients Intervention Study status
()

NCT03529825 A pilot, single-arm Hematologic malignancies,  To see if rifaximin can help to 66 Experimental arm: Rifaximin Recruiting
prospective study with  allo-HSCT balance gut bacteria and improve (children orally 15 mg/kg divided BID
a retrospective control transplant outcomes, reduce therisk  only) during HSCT
arm of infection

NCT04111471  An interventional Hematologic malignancies, Compare the effect of oral inulinvs. 40 Prebiotics cohort will receive 10 Recruiting
randomized allo-HSCT placebo on bacterial diversity in the  (children g of inulin product daily for a
prospective study, two stool and short-chain fatty acids only) total of 21 days during HSCT
cohorts: Inulin/ levels
placebo

NCT04281797  An observational Recipients of kidney To investigate the alterations of the 90 / Enrolling by
prospective pilot transplantation, liver gut microbiome throughout invitation
study transplantation, allo-HSCT,  transplantation in association with

and mesenchymal SCT the clinical outcomes
NCT01371656  An interventional Acute leukemia patients Comparison of the incidence of 624 Levofloxacin receiving orally or Completed

randomized
controlled phase 3
study

and HSCT recipients
receiving intensive
chemotherapy

bacteremia between levofloxacin vs.
no prophylaxis arm

intravenously after
chemotherapy administration 2
consecutive courses or during
HSCT

Study results: “Usage of levofloxacin resulted in a significant reduction in bacteremia among children with acute leukemia receiving intensive chemotherapy (21.9% vs 43.4%; risk
difference, 21.6%; 95% CI, 8.8%-34.4%, P = 0.001). There was no significant reduction in bacteremia among children undergoing HSCT.” [55]

NCT02966457

An interventional
randomized phase 4
study

Hematologic malignancies
and recipients of HSCT
with ESBL-producing or
carbapenem-resistant
bacteria

To evaluate the efficacy and safety
of selective MDR gram-negative
bacteria decolonization

62

Intestinal decolonization with
colistin (2 mln I.U. 4x/day
orally) for 14 days in the
experimental arm

Completed

Study results: “The incidence of bloodstream infections was lower in the first 30 days after the intervention (3.2% vs. 12.9%), but overall, it did not show any advantages within the 90-
day observation period.” [56]

NCT03557749  An observational Recipients of HSCT and Monitoring of immune and 1600 / Recruiting
prospective study their donors, patients microbial reconstitution in HSCT
treated with novel and novel immunotherapies
immunotherapy
NCT00398411 A pilot, double-blind, Lymphoma, multiple To assess the efficacy and safety of 66 Moxifloxacin 400 mg orally once ~ Completed

randomized, placebo-
controlled study

myeloma or solid tumor
patients undergoing auto-
HSCT

moxifloxacin in the prevention of
bacteremia after HSCT, its effect on
overall survival and antibiotic
sensitivity of blood isolates

daily during auto-HSCT in the
experimental arm

Study results: “Moxifloxacin prevented bacteremia (8.8% vs 28.1%, P = 0.042) and shortened febrile episodes (9.5 days vs. 7.69 days, P = 0.0499) in patients receiving auto-HSCT. No

significant increase in adverse events in the moxifloxacin arm was observed, possibly due to the rather small sample size.” [57]

NCT03922035  An interventional Recipients of allo-HSCT To study the efficacy, side effects, 36 Clostridium butyricum CBM 588 Recruiting
randomized open and impact of CBM588 on probiotic strain orally BID from a
label pilot study improving the clinical outcomes, day of admission to day 28 (with
increase in bacterial biodiversity, the absence of disease
and gastrointestinal toxicity progression or unacceptable
prevention toxicity)
NCT03078010  An interventional Recipients of allo-HSCT To investigate the effect of 144 Cefepime (2 g IV q 8 h) used for Recruiting
randomized open- antibiotics on inflammatory the treatment of febrile
label phase 2 study reactions and the community of neutropenia in the experimental
intestinal Clostridiales spp. arm
NCT02763033  An interventional Recipients of allo-HSCT To evaluate the feasibility and 70 In the experimental arm, the Recruiting
randomized phase 2 efficacy of a dietary supplement resistant potato-based starch will
study containing potato-based resistant be added to the standard HSCT
starch to increase the intestinal diet compared to placebo non-
levels of butyrate and reduce resistant starch
aGVHD
NCT02641236  An interventional Pediatric recipients of allo-  To study post-HSCT effects of gut 28 Participants in the experimental Recruiting
randomized phase 2 HSCT decontamination with vancomycin- (children arm will receive non-absorbable,
study polymyxin B and the impact on only) oral vancomycin-polymyxin B
aGVHD incidence
NCT03942159  An observational Recipients of allo-HSCT To investigate the microbiome 15 / Recruiting

prospective study

and donors

composition in both recipients and
donors, and reveal the changes in
post-HSCT biodiversity

Abbreviations: ATB, antibiotics; BID, twice a day; ESBL-producing bacteria, extended spectrum beta-lactamase-producing bacteria; HSCT, hematopoietic stem cell

transplantation; MDR, multidrug resistance; SCT, stem cell transplantation.

The table summarizes the list of ongoing and completed clinical trials evaluating the effect of novel immunotherapy, gut microbiota modifications by antibiotics,
probiotics or prebiotics on bacterial diversity, prevention of bacteremia, improvement of clinical outcomes, and overall survival in post-HSCT patients (according to

https://clinicaltrials.gov/).
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immunotherapy in mice and microbiota-derived metabolite inosine
[45].

Animal models highlight the importance of the microbiome in im-
mune checkpoint blockade (ICB) immunotherapy and contribute to the
growing consensus of the existing link between gut microbiota and ICB
immunotherapy efficacy in cancer patients. Results from a study that
included 249 patients with metastatic melanoma, non-small cell lung
cancer, and renal cell carcinoma on ICB treatment demonstrated that
antibiotic usage inhibited the clinical benefit of immune checkpoint
inhibitors (ICIs) targeting the coinhibitory PD-1/PD-L1 [46]. The dif-
ferences in systemic and anti-tumor immune responses depending on the
gut microbiome status were also detected among 112 melanoma pa-
tients treated with PD-1 blockade showing enhanced responses in pa-
tients with high diversity and abundance of Ruminococcaceae/
Faecalibacterium genus [47].

These data suggest, that the microbiome composition modulates the
response to cancer treatment and this is especially true for currently
used immunotherapeutic strategies. With a high probability, a single
change in microbiome composition is not responsible for these condi-
tions, but this interaction will be more complex. Further research should
focus on patients and microbiome-related factors that modulate thera-
peutic response, including interactions between microbiome, host im-
mune system, intestine, food composition as well as the influence of
anticancer and supportive therapy.

4. The microbiome and HSCT

Considering the important role of the microbiome and its modulation
in cancer patients treated with chemotherapy, radiation therapy, and
immunotherapy, the connection between microbiota and HSCT has been
evaluated. Mucosal barrier disruption due to extensive conditioning
regimens allows translocation of bacteria to the intestinal mucosa,
inducing excessive immune responses via inflammatory cytokines,
which result in intestinal inflammation. Moreover, damaged integrity of
the intestinal epithelial barrier allows microbes to enter the blood cir-
culation resulting in bloodstream infections (BSI) and sepsis. Entero-
bacteriaceae and staphylococci followed by enterococci, Pseudomonas
aeruginosa, and viridans streptococci represent the most common BSI
pathogens [48]. BSI has been shown to occur in 20-60% of patients
receiving high-dose chemotherapy, with sepsis-associated mortality
ranging from 9% to 31% [49-51]. A large number of studies have
demonstrated an association between antibiotic prophylaxis and the risk
of antibiotic-resistant bacterial infections. Interestingly, metagenomic
analysis of the human gut and saliva microbiota discovered previously
unknown resistance genes [52]. Broad-spectrum antibiotic prophylaxis
reduced the number of transmigrated bacteria in HSCT patients during
the early phase, but long-term administration caused remarkable shifts
and losses of microbial diversity leading to unfavorable effects. More-
over, individual variations in resembling pre-treatment microbiota
community after the treatment have been observed [53,54]. Numerous
clinical trials evaluating the effect of gut microbiome modifications on
the prevention of bacteremia and improved clinical outcome of HSCT
are currently ongoing (Table 1), some of them have been already
completed [55-57].

As shown earlier, anticancer and supportive treatment actively
modified the microbiome composition. However, these changes are
more pronounced in the setting of HSCT with the direct implication for
the effectivity and toxicity of this approach. Therefore, the processes of
microbiome modification become the emerging field of HSCT research.

4.1. Allogeneic HSCT

Acute GvHD (aGvHD) is a major cause of non-relapse mortality in
patients after allo-HSCT [58]. According to the findings, aGVHD is
linked to the disruption of intestinal microbiota diversity, showing the
higher mortality and aGvHD incidence in patients receiving
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prophylactic antibiotic treatment [59-61]. The use of microbial bio-
markers and targeted antibiotics, respecting the results from patients’
microbiome analysis, might be an option. Studies assessing the varia-
tions in pre- and post-transplant composition of gut microbiota reported
an extremely reduced bacterial diversity after treatment, associated with
an increased risk of GvHD and mortality (Table 2).

According to Taur et al., multivariate adjustment for clinical pre-
dictors detected a strong effect of low microbial diversity on mortality in
allo-HSCT recipients. Interestingly, lower diversity was characterized by
the dominance of single bacterial genus mostly of genera Enterococcus,
Streptococcus, Enterobacteriaceae (Escherichia and Kluyvera), and
Lactobacillus [62]. Pre-HSCT microbial profiling of patients receiving
allo-HSCT and the healthy donors showed lower fecal bacterial diversity
and different phylogenetic membership in HSCT recipients. Importantly,
the association between high bacterial donor diversity and decreased
risk of aGvHD was evaluated [63]. In the study monitoring the micro-
biome of pediatric cancer patients during allo-HSCT, some differences
were observed in the diversity indices in affected children compared
with those not affected by GvHD [64]. A clinical study of 107 allo-HSCT
recipients analyzing fecal microbiota composition 2 weeks prior condi-
tioning regimen reported significant differences in abundance of phylum
Firmicutes and Bacteroidetes between aGVHD and non-aGvHD patients.
As the authors concluded, a possible preventive strategy against aGvHD
might be the maintenance of Bacteroidetes throughout the treatment
[65]. Furthermore, a large retrospective single-center study of stool
samples from 541 allo-HSCT patients showed an association between a
higher abundance of Eubacterium limosum and a decreased risk of disease
relapse/progression [66]. However, some findings indicated that
reduced GvHD-related mortality and improved overall survival in allo-
HSCT patients might be associated with the presence of Blautia spp.
[67]. In the latest multi-center international study, Peled et al. observed
the association between higher microbial diversity and lower risk of
mortality in an extensive cohort of allo-HSCT patients. Importantly, the
geographic location of patients did not change the pattern of microbial
disruption [68].

Gut microbiota and its metabolites promote intestinal tissue ho-
meostasis and promote immune tolerance to infections post-allo-HSCT
[69]. A relative shift towards enterococci in post-transplant stool spec-
imens has been observed, resulting in a mean enterococci proportion
corresponding to 21% within non-GvHD patients compared to 46% in
patients developing GvHD. Moreover, the mean proportion raised to
74% at the time of aGvHD, while Enterococcus faecium was the most
significantly increased bacterium [70]. Similarly, a multicenter inter-
national study on a large cohort consisting of more than 1300 patients
receiving allo-HSCT detected the high fecal appearance of enterococci in
the early post-HSCT period. The results confirmed and extended previ-
ous findings of the correlation between Enterococcus spp. domination
and GVHD-related mortality and worse outcome of HSCT patients,
suggesting a potential therapeutical implication of this observation [71].
Very recently, findings of Kusakabe et al. have encouraged the detection
of increased enterococci relative abundance as a prognostic predictor of
poor prognosis in patients receiving allo-HSCT. The results showed
worse overall survival for those allo-HSCT patients with Enterococcus
relative abundance equal to or higher than 1% [72].

The predominance of enterococcal strains may diminish various
Clostridiales spp., the most abundant non-pathogenic commensal gut
bacteria, and thus lead to an increased incidence of GvHD. The majority
of Clostridiales were considered to play an important role in maintaining
tolerance against the intestinal microbiome by inducing regulatory T
cells via butyrate production [73,74]. Butyrate, a bacterial metabolite of
anaerobic fermentation, serves as an important substrate for intestinal
epithelial cells [75] and influences enteric immune tolerance against
pathogens [76]. Moreover, butyrate is associated with increased histone
acetylation followed by raised expression of anti-apoptotic proteins
JAM, and occludins participating in barrier integrity and tight junction
assembly [77]. In accordance, the study on mouse models reported
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Table 2
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Microbiome changes in patients receiving hematopoetic stem cell transplantation (HSCT) and the impact on GvHD and/or clinical outcome.

Purpose

Study design

Patients (n)

Major findings

Study [Ref.]

To investigate the epidemiology and clinical
impact of gut colonization resistance on OS
of HSCT-patients

To evaluate the associations between
antibiotics use to treat neutropenic fever
and GvHD-related mortality

To assess the impact of MDRO colonization on
overall survival of auto-HSCT patients

To find out whether microbiota changes in
auto-HSCT patients would reflect dysbiosis
seen in allo-HSCT patients

To determine the impact of intestinal
biodiversity on post-transplant mortality
outcomes

To elucidate the variations in the gut
microbiome among HSCT patients

To evaluate the role of gut bacteria in GvHD
pathophysiology

To analyze the gut microbiome of patients
undergoing allo-HSCT and describe the
microbial changes

To study the associations between aGvHD and
bacterial profiles before preparative
conditioning in patients and their paired
HLA-matched sibling donors

To analyze the impact of the fecal microbiota
before allo-HSCT on clinical outcome of
patients receiving HSCT

To examine the relationship between the
abundance of microbiota species and
relapse/progression of disease during
2years of follow-up

To characterize the intestinal microbiota of
GvHD and non-GvHD pediatric patients
undergoing allo-HSCT

To monitor the changes in the microbiome
among children patients post-allo-HSCT

To investigate post-HSCT composition of gut
microbiota

A single-center retrospective
study

A single-center retrospective
study

A single-center retrospective
study

Two centers retrospective study

A prospective study, 16S rRNA
sequencing of fecal samples

A prospective study, 16S rRNA
sequencing of fecal samples

A prospective study, 16S rRNA
sequencing of fecal samples

A prospective study, metagenomic
and metatranscriptomic analysis
of fecal samples

A prospective study, 16S rRNA
sequencing of fecal samples

A prospective study, 16S rRNA
sequencing of fecal samples

A prospective study, 16S rRNA
sequencing of fecal samples

A prospective study, 16S rRNA
sequencing of fecal samples

A prospective study, 16S rRNA
sequencing of fecal and oral
samples

A prospective observational
study, 16S rRNA sequencing of
fecal samples

107 patients
undergoing allo-
HSCT

857 recipients
undergoing allo-
HSCT

184 patients
receiving auto-
HSCT

365 patients
undergoing auto-
HSCT

80 recipients
undergoing allo-
HSCT

31 patients
receiving allo-
HSCT

64 patients
undergoing allo-
HSCT

16 patients
undergoing allo-
HSCT

57 patients
receiving allo-
HSCT

22 paired HLA-
matched sibling
donors

107 recipients
undergoing allo-
HSCT

541 patients
undergoing allo-
HSCT

15 pediatric
patients
undergoing allo-
HSCT

10 children
receiving allo-
HSCT

16 patients
receiving allo-
HSCT

8 patients after
auto-HSCT

Gut colonization resistance decreased OS of allo-
HSCT patients by increasing nonrelapse mortality
and the incidence of systemic infection and aGVHD
Selecting antibiotics to treat neutropenic fever could
prevent dysbiosis and reduce mortality associated
with GvHD in allo-HSCT patients

Outpatient care of auto-HSCT patients with MDRO
colonization is highly recommended after discharge
from the hospital

Auto-HSCT patients showed significantly lower pre-
transplant diversity than healthy controls. Loss of
diversity and dysbiosis was comparable after auto-
and allo-HSCT, but auto-HSCT patients exhibited a
more rapid recovery

The intestinal microbiota might be an important
factor in the success or failure of allo-HSCT. Low
diversity was strongly associated with the mortality
A relative shift towards Enterococcal domination in
patients with aGvHD

An association between increased bacterial diversity
and reduced GvHD-related mortality. A link
between genus Blautia and reduced GvHD lethality
and improved OS was observed

Reduction of bacterial diversity in post-allo-HSCT
patients and adverse effect of prophylactic antibiotic
administration on the treatment outcomes
Different phylogenetic membership and lower
bacterial diversity in recipients compared to healthy
transplant donors. High bacterial donor diversity
was linked to decreased aGvHD risk

aGVHD patients showed a significantly higher pre-
HSCT abundance of Firmicutes and a lower level of
Bacteroidetes in comparison with non-aGVHD
patients

A correlation between a higher abundance of
Eubacterium limosum and a decreased risk of disease
relapse/progression

Pediatric patients developing GvHD had
significantly higher antibiotic loads in comparison
with non-GvHD patients

The data showed an impact of microbial
metabolome on GvHD in post-HSCT pediatric
patients

Differences in the intestinal microbiota of allo-HSCT
patients, auto-HSCT recipients, and healthy
controls. Proportions of Bifidobacterium were
significantly lower in allo-HSCT patients compared
to healthy controls

Bilinski et al.
[59]

Shono et al.
[61]

Scheich et al.
[81]

Khan et al.
[82]

Taur et al.
[62]

Holler et al.
[70]

Jenq et al.
[67]
Kaysen et al.

[60]

Liu et al. [63]

Doki et al.
[65]

Peled et al.
[66]

Simms-
Waldrip et al.
[74]

Parco et al.
[64]

Kusakabe
etal. [79]

Abbreviations: aGvHD, acute graft-versus-host disease; allo-HSCT, allogeneic hematopoietic stem cell transplantation; auto-HSCT, autologous hematopoietic stem cell
transplantation; HLA, human leukocyte antigens; HSCT, hematopoietic stem cell transplantation; MDRO, multi-drug resistant organisms; OS, overall survival; rRNA,

ribosomal ribonucleic acid.

The table summarizes the major findings from retrospective and prospective studies in hematologic cancer patients receiving HSCT.

improved survival linked to increased gut epithelial integrity and
reduced GvHD after administration of butyrate-producing species of the
class Clostridia [78]. A recent analysis from Kusakabe et al. confirmed
the previously identified correlation between a low microbiota diversity
in patients and a high frequency of complications and mortalityrate after
transplantation. Moreover, significantly lower proportions of Bifido-
bacterium and butyrate-producing bacteria in allo-HSCT patients
compared to healthy controls has been observed. Current findings sug-
gest the important role of microbiota stability for the outcome of allo-
HSCT patients [79].

A prospective single-center study of 131 adult patients undergoing
allo-HSCT indicated a negative correlation between high urinary levels
of 3-indoxyl sulfate produced by commensals (ie, Lachnospiraceae spp.

and Ruminococcaceae spp.) and transplant-related mortality. Thereafter,
3-indoxyl sulfate might serve as a predictor, as its low urinary levels
have been associated with gut microbiota disruption, treatment com-
plications, and poor patient outcomes [80].

4.2. Autologous HSCT

Fewer data from the studies concerning the role of microbiota in
autologous hematopoietic stem cell transplantation (auto-HSCT) pa-
tients are available (Table 2). In a recent study, Kusakabe with col-
leagues demonstrated substantial differences in gut microbiota between
patients receiving allo-HSCT, healthy controls, and auto-HSCT re-
cipients using weighted uniFrac distance analysis [79]. A single-center
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retrospective trial analyzing 184 cancer patients undergoing auto-HSCT
has evaluated the impact of colonization with multidrug-resistant or-
ganisms (MDRO) on overall survival. MDRO colonization was confirmed
in 21.7% of patients. Non-relapse mortality (NRM) was statistically
higher in MDRO-positive patients compared to the uncolonized group,
representing 25.4% and 3%, respectively. While NRM in post-
transplantation neutropenia did not differ between both groups, the
authors pointed to the critical importance of the period after discharge
from the hospital. Thus, MDRO colonized patients should be monitored
in outpatient care and checked for the infections in the post-HSCT period
[81].

A retrospective two-centers study analyzing microbiota diversity in a
cohort of 365 cancer patients detected loss of diversity after auto-HSCT
across both centers compared to healthy volunteers and public HMP
datasets. Microbiome alterations between auto- and allo-HSCT patients
showed that diversity decreased comparably between both groups.
However, the microbiota of auto-HSCT patients recovered more rapidly
after 30 days. Preliminary analysis suggested a correlation between
lower diversity and shorter progression-free survival in myeloma pa-
tients undergoing auto-HSCT [82].

Currently, we have more data on the microbiome role in allo-
opposite auto-HSCT, as the majority of studies are focused on allo-HSCT.
Existing findings suggest, that the microbiome role in allo-HSCT is more
complex, mainly due to the major effect of donor graft on the immune
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system, especially due to GvHD. However, we are still just at the
beginning of understanding this process. For translation into the clinic, it
is essential to capture comprehensively the relationship between
microbiome, HSCT, and host variables, as there could be several un-
known confounders that could influence the results of clinical trials,
where only limited variables are taken into account. Larger trials,
especially in auto-HSCT patients, with detailed characterization of
multiple factors that could affect patients’ microbiome, are warranted.
Moreover, data from metagenomic analyses monitoring the long-term
gut microbiome changes in patients receiving HSCT are still limited.

5. Therapeutic implications

Disruption of microbiota during cancer treatment increases the risk
of secondary complications to a great extent. A growing body of
experimental data has emerged the clinical potential of microbiota
restoration [83], although its clinical use in oncology is still cautious
considering the possible risk of further infection. Nevertheless, pub-
lished results suggest that microbial modulation by fecal microbiota
transplantation (FMT) or probiotics might improve the clinical out-
comes of post-HSCT patients compared to the patients with no inter-
vention to the gut microbiome (Fig. 2).
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Fig. 2. A schematic overview of the link between gut microbiota changes (a) and the promising trend of FMT or probiotics modulation (b) in hematopoietic stem cell
transplantation (HSCT). Microbiota restoration by FMT or probiotics might lead to an increased mucosal barrier reconstitution, eradication of MDRO, and a decrease
of aGVHD and infectious complications in post-HSCT patients. A more pronounced color means that the relevant factor is higher (more red) or lower (more blue).
Abbreviations: aGvHD, acute graft-versus-host disease; ATB, antibiotics; cGVHD, chronic graft-versus- host disease; CHT, chemotherapy; DFS, disease-free survival;
FMT, fecal microbiota transplantation; HSCT, hematopoietic stem cell transplantation; IgA, Immunoglobulin A; MDRO, multi-drug resistant organisms; WBC, white
blood cells. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (continued).

5.1. Fecal microbiota transplantation

FMT, representing a transfer of healthy donor stool to a recipient, has
become a promising treatment of recurrent Clostridium difficile in-
fections. The effectiveness of gut microbiota reconstitution after FMT is
caused by competing with pathogens on one side, and also by microbial
modulation of the recipient’s immune system [84]. Murine models
investigating the impact of FMT on reducing the toxicity of chemo-
therapy or radiation therapy showed the reconstitution of gut micro-
biota disrupted by cancer therapy to pretreatment state after FMT from
untreated mice. Moreover, comparison of taxonomic and functional
profiles did not reveal differences between pretreatment feces and
samples collected one-week post-FMT [85,86]. Recent knowledge con-
cerning the topic of efficacy, safety, clinical indications, and the best
way of FMT delivery from a practical point of view is nicely reviewed in
Krajicek et al. [87].

The loss of gut microbiota diversity during transplantation is asso-
ciated with enhanced host immune response via inflammatory cyto-
kines, BSI, and GvHD. However, the approach to reestablish depleted
commensal bacteria by FMT or probiotics and prebiotics showed the
encouraging results (Fig. 3).

Several small studies have demonstrated a beneficial effect of FMT
on remission of GVHD in allo-HSCT patients. A case study with 4 patients
has shown donor FMT was efficient in the therapy of acute intestinal
steroid-refractory and -dependent GvHD [88]. Successful treatment of
GvHD with encapsulated FMT confirmed the feasibility of this way of
delivery [89]. Another pilot study consisting of 8 patients revealed that

nasogastric tube delivery of donor FMT restored microbiota composition
and increased diversity with the abundance of Bacteroidetes, Bacter-
oidaceae, Ruminococcaeae, and Desulfovibrionaceae in 6 patients.
Consequently, patients undergoing FMT exhibited improved clinical
symptoms regarding stool volume, abdominal pain, and achieved longer
progression-free survival [90]. Similarly, analysis of gut microbiota
compositional changes in 25 allo-HSCT patients (14 receiving
autologous-FMT (auto-FMT) treatment and 11 controls) demonstrated
that auto-FMT was an effective intervention restoring gut microbial
diversity. In addition, reestablishing pre-allo-HSCT diversity and
composition was associated with the reduction of transplant-related
complications [91]. FMT was shown efficient also in the safe eradica-
tion of MDRO in a more recent study involving 10 allo-HSCT patients
[92].

The small sample size and discrepancies in FMT delivery between
reported studies are among the factors that have to be be taken into
account when considering the safety and efficacy of FMT in patients
receiving HSCT. Moreover, occasionally reported serious adverse
events, force us to think about the potential risks of introducing live
biotherapeutics. A recent report described two elderly patients with
beta-lactamase (ESBL)-producing Escherichia coli bacteremia, trans-
mitted from the same donor by FMT oral capsules in two different
clinical trials. The first of them with advanced cirrhosis enrolled in a
clinical trial concerning FMT in refractory hepatic encephalopathy
treatment became clinically stable after a series of antibiotic regimens.
However, the patient with myelodysplastic syndrome participating in a
clinical trial on pre- and post- allo-HSCT administration of FMT capsules
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Fig. 3. Gut microbiota and immune system crosstalk during hematopoietic stem cell transplantation (HSCT) in hematologic cancer patients. (a) In a patient with
healthy pre-HSCT microbiota, plasma cells located in the lamina propria secrete IgA into the gut lumen. Dendritic cells (DCs) activated by microbiota subsequently
migrate to the lymph nodes and change naive CD4+ T cells to regulatory or pro-inflammatory T cells (Tregs or Th17 cells, particularly). The maintenance of intestinal
homeostasis is enabled by a delicate balance between secretion of anti- and pro-inflammatory cytokines (e.g. IL-10, TGFB, and IL-12, IL-17, IL-22, IL-23, IFNy,
respectively). Conditioning regimen including high dose chemotherapy, radiotherapy, as well as antimicrobial prophylaxis, and symptomatic treatment (PPI, an-
tiemetics, laxatives) disrupt pre-HSCT gut microbial diversity leading to a massive pro-inflammatory immune response (cytokines storm) and mucositis. Moreover,
injured epithelia secrete uric acid and adenosine triphosphate (ATP), activating antigen-presenting cells (APCs) resulting in the production of pro-inflammatory
cytokines. In the early post-transplant period, the presence of neutropenia and mucosal barrier damage predisposes patients to severe infectious complications
and sepsis. Translocation of luminal bacteria activates APCs by pathogen-associated molecular patterns (PAMPs) leading to donor T-cell activation and releasing of
pro-inflammatory cytokines (IL-22, IL-17, IL-23) which aggravate acute GVHD (aGvHD). Particularly, bacteremia with MDRO is associated with an increase of both
mortality and incidence of GvHD in allo-HSCT recipients. Interestingly, animal studies have shown recipient non-hematopoietic APCs are able to induce CD4-+ T cell-
dependent aGVHD as well. Broad-spectrum antibiotics in the early post-HSCT period can reduce the number of transmigrated bacteria in neutropenic patients, but
the long-term administration leads to unfavorable effects due to the remarkable shift in microbial diversity and the risk of resistant pathogens selection. (b)
Modulation of microbiota by FMT or prebiotics/probiotics reduce dysbiosis associated with poor post-transplantation outcomes. Probiotics help to boost microbial
diversity and reverse the disruptive effects after conditioning regimen and broad-spectrum antibiotics, restore intestinal homeostasis via the production of anti-
microbial substances and stimulation of anti-inflammatory cytokines secretion. Probiotic bacteria alter the DCs in a way to support Treg over Th17 phenotype.
Moreover, beneficial bacteria provide an energy source for enterocytes via SCFA production leading to the improvement of barrier integrity. Altering luminal pH
results in an unfavorable environment for pathogen colonization. Importantly, antibiotic-resistant bacterial strains might be diminished by FMT or prebiotics/
probiotics via inhibition of pathogen adhesion and competition for nutrients (the results are promising mainly regarding Gram-positive organisms). Therefore, the
reestablishment of depleted commensal bacteria might help to achieve the optimal therapeutic outcome, while decreasing the risk of severe post-transplant com-
plications as bacteremias and GvHD.

Abbreviations: aGvHD, acute graft-versus-host disease; allo-HSCT, allogeneic hematopoietic stem cell transplantation; APC, antigen-presenting cell; ATB, antibiotics;
ATP, adenosine triphosphate; DAMPs, damage-associated molecular patterns; DC, dendritic cell; FMT, fecal microbiota transplantation; GVHD, graft-versus-host
disease; HSCT, hematopoietic stem cell transplantation; IFNy, interferon-gamma; IgA, immunoglobulin A; IL, interleukin; MDRO, multi-drug resistant organisms;
MHC class II, major histocompatibility complex class II; PAMPs, pathogen-associated molecular patterns; PPI, proton-pump inhibitor; ROS, reactive oxygen species;
SCFA, short-chain fatty acid; SFB, segmented filamentous bacteria; T cells, a type of lymphocyte developing in the thymus; TCR, the T cell receptor; TGFB, trans-
f‘orming growth factor-beta; Th17 cells, T helper cells; TLR, toll-like receptor; TNFa, tumor necrosis factor-alpha; T reg cells, regulatory T cells.

died from severe sepsis a week after stem-cell infusion, 10 days after one of the major concerns for probiotic administration in immuno-
final FMT dose [93]. These findings undoubtedly highlight the crucial compromised patients [104]. The risk of bacteremia might be even
need for more comprehensive donor-screening practices and careful greater in HSCT patients with mucosal barrier disruption. A study
benefit-risk assessment in the study design. In this context, randomized evaluating the safety and feasibility of Lactobacillus plantarum (LBP) in
control trials investigating the impact of FMT in large cohorts are needed pediatric patients undergoing allo-HSCT reported no case of LBP
for further evaluations. Currently, several ongoing trials evaluate the bacteremia through the first 14 days post-HSCT [105]. Furthermore, a
impact of FMT on post-HSCT patient therapy (Table 3), and some results large retrospective analysis of HSCT patients receiving probiotic sup-
have been already published [94]. plementation showed that 19 of 3796 (0.5%) patients developed a BSI,

mostly from Lactobacillus spp. These data suggest that available pro-
biotic supplements appear to be rarely associated with BSI and mortality

5.2. Probiotics and prebiotics after HSCT [106]. Recently, a single-center retrospective study sup-
ported the safety of probiotics in high-risk pediatric allo-HSCT patients,
Probiotics are viable organisms for healthy gut restoration. Their  wijth no patients developing BSI with Lactobacillus or other probiotic
administration in cancer patients is common and primarily focused on strains [107].
the mitigation of adverse effects of treatment. A single-center probiotic In comparison with probiotics, dietary fibers fermented by gut
survey among 499 cancer patients reported probiotic use in 28,5% of all  mjcrobiota (such as starches, fructooligosaccharides, and gal-
respondents [95]. Side effects of multiple chemotherapeutics were  actooligosaccharides) commonly known as prebiotics, alter microbiota
shown to be directly associated with gut microbiota. Some metabolites composition while minimizing the risk of bacteremia in severely
of chemotherapeutic agents affect the intestinal mucosa leading to se- immunocompromised populations. A retrospective cohort study in
vere diarrhea [96]. For instance, the colon cancer drug irinotecan is HSCT patients reported that the combination of glutamine, fiber, and a
converted to the active metabolite SN-38 by beta-glucuronidase pro-  fryctooligosaccharide effectively decreased the severity of mucosal
duced by commensal bacteria in the intestine, worsening treatment-  gdamage post-transplant. However, no effect on GvHD has been detected.
associated diarrhea through epithelial barrier damage and mucositis In patients receiving prebiotics, reduction in days of diarrhea grade 3-4,
[97-99]. Guthrie et al. demonstrated that specific bacterial B-glucu- as well as in days of mucositis grade 3-4 were observed. Accordingly,
ronidases and transporters were in correlation with a distinct SN-38G survival at day 100, weight loss, and the number of intravenous hy-
reactivation studied ex vivo in healthy individuals [100]. Importantly, peralimentation days were better in patients on prebiotics compared to
we observed reduced gastrointestinal toxicity in terms of incidence and those who did not receive the supplementation. It is worth mentioning,
severity, after modification of gut microbiota by probiotics in colon the patients enrolled also received Lactobacillus spp. [108]. The results of
cancer patients treated with irinotecan [101]. two clinical trials, specifically NCT027630331 investigating the associ-
Preclinical and clinical studies of probiotic usage in HSCT patients ation between potato starch and risk of GvHD, and NCT02805075
have shown inconsistent clinical outcomes. Therefore, patients’ unique  determining the tolerability of HSCT patients to fructooligosaccharides
microbiota variability should be taken into account to overcome the are still awaited [109].
resistance to probiotic colonization, a major contributing factor of
insufficient probiotic efficacy in many cases. Administration of the 6. Conclusions and future directions
probiotic Lactobacillus rhamnosus GG reduced the incidence of aGvHD in
mouse models [102]. Nevertheless, the first randomized clinical trial on Nowadays, there is considerable evidence for the effect of the
allo-HSCT patients supplemented with Lactobacillus rhamnosus GG microbiome in carcinogenesis and cancer treatment. An ample amount
confirmed neither probiotic-related associations nor changes in the of published data suggests that an individual’s response to cancer
incidence of GvHD, and had to be terminated [103]. The possibility of therapy might be linked with the microbiome via reciprocal interaction

bacterial translocation followed by Lactobacillus bacteremia represents
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Therapeutic implication of Fecal Microbiota Transplantation (FMT) in Hematopoietic Stem Cell Transplantation (HSCT).

Study Study design Disease Purpose Patients Intervention Study status
()
NCT02733744 A pilot Allo-HSCT recipients To determine the feasibility of 18 FMT from healthy donors will be given ~ Completed
interventional study FMT in capsule form and its adults orally in 30 capsules (15 capsules daily

clinical benefits

x 2 consecutive days) in the first 3
weeks after recovery of white blood
cells after HSCT

Study results: “The study indicates that empiric third-party FMT after allo-HCT appears to be feasible, safe, and associated with the expansion of recipient microbiome diversity.” [94]

NCT03862079 A randomized phase Allo-HSCT recipients To investigate if FMT with or 120 Standardly treated patients will be Withdrawn
2 trial receiving the broad- without total gut adults compared to patients in the
spectrum antibiotics decontamination works in experimental arm I who will receive
preventing GVHD piperacillin/tazobactam and nystatin
orally than FMT via enema after HSCT
and in the experimental arm II solo
FMT
NCT03678493 A randomized, Acute myeloid leukemia To assess the efficacy of capsule 120 Participants will receive up to 3 Recruiting
double-blind, patients receiving form of FMT on the incidence of  adults treatments of FMT vs. placebo after
placebo-controlled intensive chemotherapy, infections, aGvHD, rate of antibiotic therapy until 3 months post-
phase 2 study and allo-HSCT patients engraftment of FMT randomization
NCT03214289  An interventional Patients with steroid- To evaluate the safety and 4 adults FMT will be given through the Unknown
phase 1 study resistant or steroid- feasibility of FMT with frozen ingestion of 30 capsules (15 capsules
dependent gut aGvHD capsules from healthy donors daily x 2 consecutive days) in the
experimental arm
NCT03359980  An interventional Patients with steroid- To investigate the efficacy of 32 Transfer of fecal microbiota from Active, not
phase 2 study resistant gut aGvHD FMT adults healthy donors recruiting
NCT03492502  An Interventional Patients with acute To assess the safety and efficacy 70 Autologous FMT by nasogastric tube Withdrawn
single-arm study steroid-resistant gut of autologous FMT adults will be given once daily for two (slow
GvHD consecutive days recruitment)
NCT03549676 A pilot single-arm Allo-HSCT patients with To assess the safety and efficacy 15 Patients will receive FMT from Not yet
open label study acute steroid-resistant GI-  of FMT children unrelated healthy donors through a recruiting
related GvHD nasojejunal tube, a second-time FMT
using a different donor should be
considered for patients without a
respond
NCT03720392 A interventional Allo-HSCT recipients To examine the microbial flora 48 Oral FMT in capsules before and after Active, not
randomized phase 2 diversity after FMT adults HSCT recruiting
study administration and incidence
rate of GVHD and other post-
HSCT complications
NCT02398708  An observational, Allo-HSCT recipients with ~ To estimate inflammatory 38 / Completed —
case-control, cross- and without cGvHD markers, diversity, and levels of adults results not
sectional study fecal microbes of individuals posted
post-allo-HSCT
NCT02269150 A randomized, open-  Hematologic To see if autologous FMT will 926 Experimental arm: Patients undergo Active, not
label, controlled malignancies, allo-HSCT prevent the future development adults FMT with the pre-transplantation recruiting

study

recipients

of CDI

during the engraftment phase

Abbreviations: aGVHD - acute graft-versus-host disease; allo-HSCT, allogeneic hematopoietic stem cell transplantation; CDI, Clostridium difficile Infection; cGvHD,
chronic graft-versus-host disease; FMT, fecal microbiota transplantation; GI, gastrointestinal; HSCT, hematopoietic stem cell transplantation.
The table summarizes the list of ongoing and completed clinical trials dealing with the safety and efficacy of FMT and its impact on microbial diversity, incidence rate

of GvHD and other complications in post-HSCT patients (according to https://clinicaltrials.gov/).

between host and environmental factors. Specific bacterial species can
potentiate the immune system and are associated with a favorable
tumor-immune microenvironment. Currently, a connection between
particular changes in microbiota composition and post-HSCT compli-
cations has been documented. Microbial therapy that both promotes
anticancer treatment and reduces systemic toxicity taking into account
the specific microbiome of cancer patients, influenced by their lifestyle
and other factors, could help clinicians to select the patients for partic-
ular treatment modality. However, metagenomic analyses monitoring
the microbiome in the long-term are still needed. Detailed investigation
of both the microbiome and the host immune system may help find
microbiome markers useful for early identification of patients with a
higher risk of post-transplant complications, particularly GvHD. This
might make it possible to modulate the gut microbiota via targeted
antibiotics, the use of probiotics and prebiotics, genetically modified
phages, or FMT in a patient-specific manner. According to encouraging
results, targeted modification of the intestinal immune system is likely to
be used as a future trend in standard care for HSCT patients to achieve
optimal therapeutic outcomes and follow-up, while avoiding severe
transplant-related complications.
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Practice points

e Growing evidence highlighting the critical role of microbiome
composition in hematologic cancer patients receiving HSCT.
Conditioning regimens disturb the homeostatic dialog between the
gut microbiota and the host immune system leading to intestinal
dysbiosis.

Mucosal barrier disruption and reduced microbial diversity are
associated with severe infectious complications and GvHD.
Long-term prophylaxis with broad-spectrum antibiotics causes
remarkable shifts in microbiome composition and losses of microbial
diversity leading to unfavorable side effects.

Gut microbiota modulation by FMT or probiotics might be an option
to improve the clinical outcomes of hematologic cancer patients.

Research agenda

e Due to the limiting data, further research is warranted to evaluate the
associations between the microbiome changes and post-transplant
complications in auto-HSCT patients.


https://clinicaltrials.gov/
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e The impact of microbiota alterations on host immune system cross-
talk via cytokine levels, as well as the studies of liquid biopsy bio-
markers such as miRNA, cell-free DNA in HSCT patients are
encouraged.

e Metagenomic analyses monitoring the long-term gut microbiome
changes in patients receiving HSCT are still needed.

e Clinical trials concerning the safety and efficacy of gut microbiota
modulation by probiotics and prebiotics or FMT with a larger num-
ber of participants are highly recommended.
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