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Abstract: The gut microbiota (GM) is able to modulate the human immune system. The
development of novel investigation methods has provided better characterization of the
GM, increasing our knowledge of the role of GM in the context of hematopoietic stem-cell
transplantation (HSCT). In particular, the GM influences the development of the major
complications seen after HSCT, having an impact on overall survival.
In fact, this evidence highlights the possible therapeutic implications of modulation of the GM
during HSCT. Insights into the complex mechanisms and functions of the GM are essential
for the rational design of these therapeutics. To date, preemptive and curative approaches
have been tested. The current state of understanding of the impact of the GM on HSCT, and
therapies targeting the GM balance is reviewed herein.
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Introduction
The human body is colonized in different sites by
thousands of different bacterial species that have a
symbiotic relationship with the human host and
play a key role in maintaining our health or promoting disease.1 In the last 15 years, comprehension of
the human microbiome has increased exponentially. In fact, identification of microbes, primarily
from the gut, was achieved initially by means of cultures and characterization of microbial properties.
Newer methods, involving the use of next generation DNA sequencing, both considering the whole
metagenome and targeting a single marker gene,
that is, the 16S rRNA gene, have allowed a more
comprehensive evaluation of the composition and
functionality of the human microbiome.2 The study
of the gut microbiota (GM) has identified numerous microbial–host dynamics, which demonstrate
the close link between human wellness and intestinal commensals, most notably involving their substantial influence on adaptive immunity.3,4 In
contrast, dysbiosis, defined as a disruption of the
natural balance of the microbiome composition,
that is, changes in the healthy microbiota profile,
may prolong, exacerbate, or induce detrimental

health effects.5–8 Patients receiving allogeneic
hematopoietic stem-cell transplantation (HSCT)
are at high risk of infective, inflammatory, and
immune-related complications, due to their underlying malignancies or immune-dysregulation, and
to the extensive exposure to systemic antibiotics
and chemotherapeutic agents, possibly causing
major shifts in the GM. In particular, numerous
laboratory and clinical observations have described
the complex and multidirectional interplay between
inflammation, the GM, and immune reactivity in
the gut following HSCT.9,10 There is mounting evidence for the considerable effect of the human
intestinal microbiome on clinical course following
HSCT.
An understanding of these microbial shifts, and how
they can influence complications following HSCT
is crucial in understanding the deep relationship
and interplay between the GM, immunity, and the
intestinal barrier, and, subsequently, in developing
strategies to prevent and treat transplant-related
complications in this unique population. The following discussion will first provide a summary of
present knowledge regarding alterations in the GM
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during HSCT, and the impact of these modifications on the main transplant-related complications. Second, given the impact of dysbiosis of GM
on the clinical outcomes of HSCT, all microbiotabased strategies found in the literature to prevent
or treat this condition will be discussed.
Gut microbiota during HSCT
HSCT and related procedures (conditioning regimen, antibiotic exposure, diet, anti-acid prophylaxis) represent a combination of upsetting events
that profoundly modify the GM structure, leading to disruption of this mutualistic asset.9,11 In
fact, the high biodiversity that typically characterizes the GM of a healthy subject is usually
decreased after HSCT, and a significant increase
in Enterococcus or Streptococcus is frequently
observed.12 These changes in GM structure may
have a profound impact on HSCT outcomes,
affecting both transplant-related complications
after HSCT, that is, infections and graft-versushost-disease (GvHD) and the risk of relapse. In
particular, it has been demonstrated that lower
GM diversity at the engraftment is strictly related
to transplant-related mortality.13 These observations have led to increased research interest in
characterizing the role of the GM in the genesis of
the principle HSCT complications.12
A first potential means of monitoring microbiome
alterations was suggested by Weber and colleagues, who hypothesized that the decreased urinary excretion of 3-indoxyl sulfate, the major
conjugate of indole produced from l-tryptophan
by commensal bacteria, may be a marker of compromised GM.14 In their study, lower levels of
this metabolite were correlated to a condition of
intestinal dysbiosis characterized by a shift
towards Enterococcus domination, defined as
occupation of at least 30% of the microbiota by a
single predominating bacterial taxon. The reduction of plasma levels of 3-indoxyl sulfate was also
linked to reduced overall survival in the same
cohort of patients.
Gut microbiota and transplant-related
complications
Infections
Studies on gut microbiota and transplant-related
complications are listed in Table 1. Preparative
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chemotherapy prior to transplant ablates circulating granulocytes and monocytes, while damage to
gut epithelial cells mediated by radiation and
chemotherapy enables commensal microbes to
invade the underlying submucosa and eventually
reach the bloodstream. As a result, systemic bacterial infections are frequent during the early
post-transplant period, and may compromise the
outcome of HSCT.15 Interestingly, patients with
Escherichia coli and Klebsiella pneumoniae bloodstream infections have concomitant gut colonization with these organisms, suggesting that the
damaged gut may possibly be the primary source
of these infections.16
In 2012, Taur and colleagues observed extreme
shifts in the intestinal microbiota composition in
two-thirds of 94 patients after HSCT, with a
domination of either vancomycin-resistant
Enterococcus, Streptococcus, or aerobic gram-
negative bacteria belonging to the phylum
Proteobacteria. These perturbations correlated
with the development of a corresponding bloodstream infection caused either by vancomycinresistant Enterococcus or gram-negative bacteria,
suggesting that intestinal domination in a subset
of HSCT patients may precede a bloodstream
infection (Figure 1).12 Regarding the importance
of
vancomycin-resistant
Enterococcus/gram-
negative infections, Ford and colleagues obtained
some interesting results, observing that preHSCT colonization was not associated with
increases in HSCT mortality, but with a higher
risk of vancomycin-resistant Enterococcus bacteremia, and, possibly, bacteremia from other organisms. On the other hand, postengraftment
vancomycin-resistant Enterococcus colonization
was associated with increased mortality, explained
largely by associated severe GvHD and relapsed
leukemia.18
Pulmonary complications
Intestinal permeability and microbiome modifications may also be implicated in the translocation
of bacteria or bacterial-derived molecules, such as
lipopolysaccharides, to the lung, causing acute
lung injury and sepsis-associated acute respiratory distress syndrome, events that are frequent
after engraftment, and may compromise patient
outcome. Harris and colleagues investigated the
role of the microbiome in gut–lung crosstalk after
HSCT, aiming to evaluate its role in the onset of
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Table 1. Review of the studies on GM in HSCT patients.

Infections

GvHD

Study

Patients

Aim

Main results

Taur12

94 patients
undergoing allo-HSCT

Characterizing the fecal
microbiota of patients
undergoing HSCT

Shift in intestinal diversity with domination
by Enterococcus, Streptococcus, and various
Proteobacteria

Harris17

94 patients
undergoing allo-HSCT

To investigate whether
changes in the GM are
associated with pulmonary
complications after HSCT

112 PCs occurred in 66 (70.2%) patients
and proteobacteria domination of fecal
microbiota (HR, 2.64; 95% CI,1.10–5.65;
p = 0.031) predicted PCs

Ford18

161 patients with
acute leukemia
undergoing allo-HSCT

Association between VRE
bacteremia and HSCT
mortality

Mortality associated with postengraftment
VRE bacteremia was higher than preengraftment bacteremia

Tamburini16

30 patients who had
bloodestram infection
during HSCT

To define the gut
microbiome as a potential
reservoir of bloodstream
pathogens in a cohort of
HSCT recipients

Escherichia coli and Klebsiella pneumoniae
bloodstream infections have concomitant
gut colonization with these organisms.
Typically nonenteric pathogens, such as
Pseudomonas aeruginosa and Staphylococcus
epidermidis were also found in the GM

Jenq10

18 Patients
undergoing HSCT and
GvHD murine models

To define variations in gut
microbiome during GvHD

Shifts in both the human and the mouse
microbiomes: loss of overall diversity and
expansion of Lactobacillales and loss of
Clostridiales. Eliminating Lactobacillales
from the flora of mice before BMT aGvHD,
whereas reintroducing the predominant
species of Lactobacillus mediated
significant protection against GvHD

Levine19

116 patients with gut
GvHD

Evaluation of Paneth cells in
duodenal biopsies

Lower numbers of Paneth cells at diagnosis
correlated with clinically more severe GI
GvHD (p < 0.0001) and less likelihood of
response to GvHD treatment (p < 0.0001)

Holler9

31 patients receiving
HSCT

To analyze variations in the
composition of the intestinal
microbiome in the course of
HSCT with next generation
sequencing

Profound switch to Enterococcal domination
in patients who subsequently developed or
suffered from active gastrointestinal GvHD

Jenq20

64 patients
undergoing HSCT

To evaluate the role of
intestinal bacteria in GvHD
pathophysiology

Bacteria belonging to the genus Blautia
were associated with reduced GvHD
lethality while loss of Blautia was associated
with treatment with antibiotics and
receiving total parenteral nutrition

Biagi11

10 pediatric patients
undergoing HSCT

To define microbiome
reconstruction in patients
who suffered from gut GvHD

Non-GvHD and GvHD patients had different
microbiome recovery after HSCT, the latter
having a decrease in Faecalibacterium and
an increase in Enterococcus

D’Amico21

8 pediatric patients
undergoing HSCT

To define the pattern
of antibiotic resistance
genes provided by the gut
microbiome in patients
undergoing HSCT

Patients developing aGvHD were
characterised by post-HSCT expansion of
their gut resistome, with the acquisition
of new resistances as well as the
consolidation of those already present
before HSCT
(Continued)
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Table 1. (Continued)

Relapse

Study

Patients

Aim

Main results

Biagi22

36 pediatric patients
undergoing HSCT.

To explore the GM trajectory
in 36 pediatric HSCT
recipients in relation to
aGvHD onset.

Children developing gut aGvHD had a
dysbiotic GM layout before undergoing
HSCT. This state was characterised by
reduced diversity, lower Blautia content and
an increase in Fusobacterium abundance. At
the time of engraftment, the GM structure
underwent a deep rearrangement in all
patients. Regardless of the occurrence
of aGvHD, it reacquired an eubiotic
configuration from day 30.

Peled23

541 patients
undergoing HSCT

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

Higher abundance of a bacterial group, for
the most part composed of Eubacterium
limosum in the validation set was
associated with a decreased risk of relapse/
progression of disease

aGvHD, acute graft versus host disease; BMT, bone marrow transplant; CI, confidence interval; GI, gastrointestinal; GM, gut microbiota; GvHD, graft
versus host disease; HR, hazard rate; HSCT, hematopoietic stem-cells transplantation; PCs, pulmonary complications; VRE, Vancomycin-resistant
enterccoccal.

Figure 1. Example of the extreme shift in GM composition characterized by intestinal domination of
Enterobacteriaceae 71 days after HSCT, resulting in a bloodstream infection in a patient with gut GvHD (Black
plot: day of HSCT, arrow: day of onset of GvHD).
GM, gut microbiota; GvHD, graft-versus-host disease; HSCT, hematopoietic stem-cell transplantation.
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pulmonary complications.17 They found 112 pulmonary complications (defined by radiographic
parenchymal abnormalities in the setting of respiratory signs/symptoms and associated mortality)
in 66 allotransplanted patients: high comorbidity
index, exposure to fluoroquinolones, low-baseline
diversity, and, interestingly, Gammaproteobacteria
domination of GM were predictors of pulmonary
complications. Gammaproteobacteria is a class of
bacteria that includes respiratory pathogens, such
as K. pneumoniae. These findings may indicate
direct translocation of bacteria to the lungs during
the early post-transplant phase, or indirect lung
injury caused by microbiota stimulation of an
inflammatory response as a possible mechanism;
alternatively, this association might reflect overall
microbiota status or antimicrobial use.
Graft versus host disease
Gut GvHD is the result of conditioning toxicity
and immune activation associated with injury of
the stem-cell compartments along with Paneth
and goblet cells in the intestinal mucosa.24 This
leads to increased intestinal permeability, inflammation, and reduction of the mucous membrane.25 In addition, the concurrent intensive
antibiotic exposure in these patients can cause
additional gastrointestinal damage.
A possible impact of the GM on GvHD was proposed in the 1970s, when experiments on germfree mice demonstrated that, in this condition of
being germ free, the tendency to develop gut
GvHD was decreased.26,27
More recent studies on mice have demonstrated
that GvHD is associated with specific dysbiosis,
characterized by an increase in Enterobacteriales
and a reduction in obligate anaerobic bacteria
from the order Clostridiales.10,28,29 Data found in
adult, and recently also in pediatric patients
undergoing HSCT confirmed the results seen in
murine models. In particular, with respect to nonGvHD patients, GvHD onset in humans has been
associated with a drop in the abundance of the
known health-promoting Faecalibacterium belonging to the order Clostridiales and higher percentages of Enterococcus. These latter microorganisms
are potential contributors to increasing intestinal
inflammation in both mice and humans, by means
of the induction of interleukin (IL)-1 and IL-6
production, resulting in subsequent Th1 and
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Th17 activation.9 Another confirmation that bacteria of the order Clostridiales seems to protect
from lethal GvHD was provided by Jenq and colleagues, who discovered that a higher relative abundance of bacteria belonging to the Clostridiales
genus Blautia, a key contributor in maintaining an
anti-inflammatory milieu in the gut, was associated
with reduced GVHD lethality.20
Two different studies have found another interesting connection between dysbiosis and Paneth
cells; these latter cells have been demonstrated to
regulate microbial communities thanks to the
secretion of alfa-defensis, peptides that kill noncommensal bacteria. The Paneth cells are ‘targeted’ by GvHD, and their destruction causes a
drop in alfa-secretins, favoring the growth of
E. coli, a bacteria that causes septicemia and stimulates gut GvHD, creating a negative loop for
HSCT patients.19,28
Interestingly, patients with GvHD and inflammatory bowel disease share a similar pattern of dysbiosis, indicating that there might be a link
between the microbiome and autoimmune disease.6,30 As seen in Crohn’s disease, clinical and
experimental evidence suggests that TLR4 mutations (receptor for lipopolysaccharides) provide a
lower risk of acute GvHD (aGvHD), and host
mutations in the gene encoding intracellular peptidoglycan receptor nucleotide-binding oligomerization domain-containing 2 (NOD2/CARD15)
have been associated with aGvHD. This association was reduced in patients with gram-positive
decontamination, suggesting the important role
of the interaction between immunity and the GM
in GvHD.31–33
It should also be considered that the distinctive trajectory of post-HSCT GM reconstruction in GvHD
and non-GvHD subjects is influenced by the preHSCT GM signature.11,22 Non-GvHD subjects
have a higher abundance of bacterial groups known
to produce short chain fatty acids (SCFAs), that is,
propionate-producing Bacteroidetes and acetateproducing Blautia. SCFAs are well-studied end
products of microbial fermentation of complex
plant polysaccharides that cannot be digested by
humans because of the insufficient repertoire of
glycoside hydrolases in the human genome.
SCFAs have shown a diverse array of immunemodulatory functions, both locally and systemically,34 and are one of the clearest examples of
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Figure 2. Potential strategies, preemptive and therapeutic, used for preventing or treating GM dysbiosis
during HSCT are summarized.
GM, gut microbiota; HSCT, hematopoietic stem-cell transplantation.

how diet and nutrient processing by the microbiota combine to shape immune responses.35
Finally, D’Amico and colleagues explored the gut
resistome, that is, the total load of antibiotic
resistance genes provided by the GM, in eight
pediatric HSCT recipients, half of whom developed aGvHD. According to their findings,
patients developing aGvHD showed post-HSCT
expansion of their gut resistome, involving the
acquisition of resistance not already present at the
time of transplant, such as to macrolides, aminoglycosides, tetracyclines, and beta-lactams, stressing that alterations of the microbiome during
GvHD might play a significant role in the clinical
management of patients.21
Relapse
Since the close interaction between the GM and
the immune system has been thoroughly explored
and described during the last 15 years, the possible influence of the GM on the Graft versus
Leukemia effect, and, thus, on the risk of relapse
of the underlying malignancy following HSCT,
should be considered. In a retrospective study,
Peled and colleagues analyzed the abundance of
microbiota species or groups of related species in
541 patients undergoing HSCT. They examined
the relationship between the relapse/progression
6

rate of disease in the 2-year period after HSCT
and GM composition. Higher abundance of a
bacterial group composed for the most part of
Eubacterium limosum was associated with a
decreased risk of relapse/progression of disease.
These data suggested that the abundance or presence of some bacterial groups in the intestinal
ecosystem might serve as potential biomarkers or
therapeutic targets to prevent relapse and improve
survival after HSCT.23
Modulation of gut microbiota in HSCT
The confirmation of the strong impact of the GM
on all aspects of HSCT led to the idea of modulating GM composition in order to improve clinical outcomes. The main interventions described
in the literature are reviewed herein (Figure 2).
Antibiotics
As already mentioned,26,27 the observation that
germ-free mice were less likely to develop GvHD
introduced the idea of gastrointestinal decontamination in HSCT recipients using nonabsorbable
antibiotics as well as isolation in a protective environment; however, this showed mixed results.36–38
GM dynamics were analyzed in patients undergoing gut decontamination, comparing results in children receiving total or selective decontamination.
journals.sagepub.com/home/tah
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In both groups, GM richness and diversity
decreased markedly, but were restored gradually
after cessation of antibiotics. In the selective
group, GM composition was relatively more stable and dominated by Bacteroides, while, in some
of the patients receiving total decontamination, a
shift towards Enterococcus or Streptococcus domination was observed.39 Weber and colleagues
compared gut decontamination using ciprolfloxacin and metronidazole, or rifaxim only, which is
a poorly absorbed oral antibiotic already used in
inflammatory bowel disease.40–42 This latter
antibiotic has some activity against Entero
bacteriaceae,43 and may induce eubiotic changes
in the intestinal ecosystem.44 These authors found
a significant reduction in gut GvHD and 1-year
transplant related mortality, and a significant
increase in overall survival, with less enterococcal
load and higher urinary 3-indoxyl sulfate concentrations in the rifaximin group. Furthermore,
treatment of infectious complications with systemic antibiotics did not abrogate the beneficial
effects of rifaximin on GM composition and on
HSCT outcomes.45
All this evidence suggests that different classes of
antibiotics have significantly diverse impacts on
GM structure, leading to different respective
impacts on clinical outcomes. First, extreme
shifts in the GM composition and development of
intestinal domination were found in a significant
number of transplanted patients. In fact, vancomycin and metronidazole, both active against
anaerobes, have been associated with Enterococcus
domination, while the use of fluoroquinolonics
decreased the risk of proteobacteria domination.12,46 A potential role for anaerobic bacteria,
in particular Clostridiales, was supported by the
observation that Blautia concentration was correlated inversely with the risk of developing gut
GvHD.20 Clindamycin, an antianaerobic agent,
increased the risk of GvHD by depleting antiinflammatory clostridia.47 Moreover, cumulative
antibiotic exposure with penicillin derivatives and
carbapenems, both antibiotics active against
anaerobic bacteria, was associated with a higher
incidence of intestinal aGvHD.48 In particular,
piperacillin-tazobactam and imipenem-cilastatin
were associated with increased incidence, severity, and mortality in gut GvHD. Piperacillintazobactam also reduced Bacteroidetes and
Lactobacillus.49 Furthermore, the cumulative incidence of aGvHD was significantly higher in
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patients receiving fourth-generation cephalosporins.50 On the other hand, the use of antibiotics that preserve anaerobic commensal bacteria,
such as aztreonam or cefepime, reduced GvHDrelated mortality. All these findings have suggested that the use of antibiotics sparing anaerobic
bacteria may potentially reduce the risk of developing gut GvHD. This was obtained by different
strategies involving narrow-spectrum antibiotics
and modulating the timing and duration of
treatment.
New specific molecules preventing dysbiosis
Lactoferrin is an iron-binding protein with pleiotropic functions, such as antimicrobial, antiinflammatory, immunoregulatory, and anticancer
activity, and is also involved in intestinal epithelial
regeneration and iron homeostasis. Lactoferrin
and N-terminal peptide-derivatives have been
studied in preclinical models, and seem to reduce
bacterial translocation, improving GM eubiosis.51,52 Rota and colleagues tested the administration of lactoferrin in an HSCT patient, and
showed that symptoms of gut GvHD disappeared
soon after lactoferrin therapy was started.53,54
Nutrition and prebiotics
Type of nutritional supplementation
The connection between nutrition and the human
microbiome in maintaining human health has
been reported in great detail.55–59 On the contrary, the effect of parenteral nutrition and starvation on the intestinal ecosystem during HSCT
has been poorly evaluated. The role of fasting on
GM is difficult to assess in healthy subjects, but it
has been shown to decrease microbial richness
and diversity.60,61 Parenteral nutrition for more
than 10 days has been associated with the loss of
commensal bacteria belonging to the genus
Blautia. Moreover, parenteral nutrition induces
gut mucosal atrophy, promoting bacterial translocation and altering SCFA production.20,62–69
Although there are no studies comparing microbiome composition between patients receiving
enteral nutrition and parenteral nutrition, clinical
data show that enteral nutrition is associated with
better outcomes in terms of survival, infection,
and aGvHD.70–75 Certainly, the role of the type of
nutritional support in preserving GM during
HSCT is worth exploring in future studies.
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Prebiotics
Prebiotics are defined as ‘a substrate which is
selectively utilized by host microorganisms conferring a health benefit’.76 This term usually refers
to indigestible carbohydrates that are fermented
in the colon by commensal bacteria, resulting in
the production of SCFAs, metabolites with a
potential immunomodulatory role.43 Several
nutritional strategies have been studied in settings
other than HSCT in order to modify the GM,
such as supplementation of inulin and fructooligosaccharides, xylo-oligosaccharides, galacto-oligosaccharides, and potato starch. Tavil and
colleagues utilized a diet richer in fibre in a patient
in the pre-HSCT period, which correlated with
earlier neutrophil engraftment and a shorter duration of febrile neutropenia.77 The retrospective
trial of Iyama and colleagues evaluated enteral
supplementation with prebiotics in HSCT. They
found that preemptive enteral supplementation
with a combination of glutamine, fiber, and oligosaccharides reduced days of moderate and severe
intestinal involvement and was associated with
better survival at day +100. In particular, a reduction in the severity of mucositis and the need for
intravenous alimentation, as well as a reduction in
weight loss and the gut bacterial translocation of
Enterococcus species, thus lowering the gastrointestinal mucosal damage, was described.78
Probiotic and fecal microbiota
transplantation
Single probiotics
Probiotics are defined as ‘live microorganisms,
which, when administered in adequate amounts,
confer a health benefit on the host’.79 Their use
has been studied in a variety of gastrointestinal
diseases with mixed results.80–84
Probiotics consist of traditional and commonly
eaten foods; a probiotic-rich diet prior to HSCT
is associated with earlier neutrophil engraftment
and a shorter duration of febrile neutropenia.77
There are two studies in the literature regarding
HSCT recipients that focus on the use of single
strains of microorganisms. Gorshein and colleagues started a randomized probiotic enteric
regimen trial in which allogeneic HSCT patients
were supplemented with Lactobacillus rhamnosus
GG, and found no appreciable alteration in the
GM or protection against GvHD.85 Sharma and
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colleagues conducted a phase II trial, lacking a
control group, in which the preventive use of
Lactobacillus brevis CD2 lozenges seemed to
reduce the incidence, duration, and severity of
oral mucositis.86
On the other hand, there are some concerns
regarding the safety of administering living microorganisms to immunocompromised patients presenting with, in addition to other symptoms,
altered gut permeability. For instance, some
authors have reported bacteremia and sepsis sustained by pathogens normally considered probiotics,87–90 and, in one report of a child undergoing
HSCT, the infection resulted in meningitis.91
However, the analysis by Cohen and colleagues
regarding HSCT patients supports the safety of
probiotics, showing that organisms frequently
incorporated in available over-the-counter probiotics are infrequent causes of bacteremia after
HSCT.92 The study also evaluated the safety and
feasibility of the probiotic Lactobacillus plantarum
in 30 children and adolescents undergoing
HSCT, and found no related bacteremia or
adverse event.93
Fecal microbiota transplantation
Fecal microbiota transplantation (FMT) consists
of the infusion of fecal matter from a healthy
donor into the gastrointestinal tract of a recipient
patient harboring dysbiotic GM. It is considered
by some authors to be the ‘ultimate probiotic’,
because it directly modifies the host’s intestinal
microbiome composition in order to restore eubiosis and gut homeostasis.94–96
Fecal microbiota transplantation was first used for
the treatment of recurrent Clostridium difficile infections (rCDI), and was found to be effective; it is
being evaluated in other fields of medicine, including HSCT.97,98 Table 2 summarizes the main
studies regarding FMT in HSCT. Some practical
issues are addressed in order to better contextualize the topic. The source of fecal material can be
either the patient themselves or a healthy donor.
For patients receiving autologous FMT, stool
samples should be collected in a period of clinical
history with relatively good health, ensuring
enough time to collect, screen, and process the
patient’s stool for the moment of administration.
For patients receiving FMT from a donor, the
choice is between a related or an unrelated donor.
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Table 2. Review of the studies about FMT in HSCT patients.

PREEMPTIVE

ARB

Dysbiosis

Therapeutic

rCDI

Study

Patients

Route of
administration

Main results

Bilinski102

20 with blood
disorders
colonized with ARB

Nasoduodenal
tube

60% of patients achieved complete ARB
decolonization at 1 month after FMT

Innes103

1 in preparation for
HSCT for Ph+ ALL

Nasogastric
tube

Repeat rectal screening 7 days after FMT
showed no evidence of GES-5 K. oxytoca
CPE or C. difficile. By day +16 after FMT,
neither CPE nor ESBL was detected on
rectal screening swabs

Battipaglia104

10 colonized
by multidrugresistant bacteria
in preparation for
HSCT

Enema or
nasogastric
tube

Decolonization was achieved in 7 out of
10 patients. No serious adverse events
were reported; 1 case of grade III gut
aGvHD occurred after FMT performed
before HSCT

Taur105

25 HSCTs with
high pre-HSCT
microbial diversity
and without rCDI

Enema

14 patients revealed boosted microbial
diversity after FMT and reestablished
the intestinal microbiota composition
they had before antibiotic treatment and
allo-HSCT

DeFelilpp106

13 HSCTs for AML,
MDS, NHL, CML

Oral capsules

Improving intestinal microbiome diversity
associated with expansion of stool-donor
taxa; 1 treatment-related abdominal
pain. Two patients subsequently
developed gut aGvHD, one patient
presented concurrent bacteremia

Neemann107

1 HSCT for ALL

Nasojejunal
tube

Patient symptoms resolved within 48 h
and did not show signs of recurrence in
2 months of follow up

De Castro108

1 HSCT for ALL

Push
enteroscopy

Patient symptoms resolved within 48 h
without any adverse effects, and no
recurrence of symptoms in 10 months
after the FMT

Mittal109

1 auto-HSCT for
B-cell lymphoma

Enema

Resolution of symptoms. After 6 months,
the rCDI recurred and was treated
successfully with another FMT

Webb110

7 HSCTs

Nasojejunal
tube

Six patients (85.7%) had no recurrence
after the first FMT. One patient needed
two FMTs to reach the absence of
recurrence

Bluestone111

3 HSCTs for
AML, DiGeorge
Syndrome and
Hurler Syndrome

Nasogastric
tube and
colonoscopy

In three patients, the infection resolved
but, in two patients, the rCDI recurred
and required additional FMT

Moss112

8 HSCTs for AML,
ALL, NHL, DLBCL

Oral capsules

All the patients treated achieved
resolution in 8 weeks, and only 1 had a
recurrence
(Continued)
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Table 2. (Continued)

Steroid R-D
Gut aGvHD

Study

Patients

Route of
administration

Main results

Kakihana113

4 HSCTs for AML.
Grade II-IV GvHD

Nasoduodenal
tube

All patients responded to FMT, 3 had
a complete response and 1 a partial
response within 7–14 days; in 3 cases, a
second FMT was needed

Spindelboeck114

3 HCSTs for AML
and MDS. Grade IV
GvHD

Instillation into
the terminal
ileum and
cecum via
colonoscopy

Two patients achieved complete
response with multiple FMTs while the
third obtained a partial response still
presenting a grade I GvHD after one
course of FMT

Qi115

8 HSCTs for AML,
ALL, CML, MDS.
Grade IV gut GvHD

Nasoduodenal
tube

All patient symptoms were relieved; 5 of
them achieved complete response and
had no recurrence

Von Lier116

15 HSCTs

Nasoduodenal
tube

11 patients showed a complete
remission; however, 5 relapsed during
cortisone therapy tapering

Kaito117

1 HSCT for Ph+
ALL

Oral capsules

Digestive symptoms improved soon after
the initiation of FMT; GvHD improved to
stage 1 after the second cycle of FMT
with improvement in the endoscopic
findings

Zhang118

1 HSCT for AML

Nasoduodenal
tube

Improvement of symptoms with 3
recurrences and the need for additional
FMT

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; ARB, antibiotic resistant bacteria; CML, chronic myelogenous leukemia; DLBCL,
diffuse large B-cell lymphoma; FMT, fecal microbiotic transplantation; HSCT, hematopoietic stem-cells transplantation; MDS, myelodysplastic
syndromes; NHL, non-Hodgkin lymphoma; Ph, Philadelphia; rCDI, recurrent Clostridium difficile infections; Steroid r-d gut aGvHD, steroid refractory
or resistant gut acute GvHD.

Because of the genetic similarity and shared environment, a related FMT donor may have a GM
composition closer to the recipient’s before the
HSCT-induced dysbiosis. However, time to
screen, collect, and process is needed for related
donors, whereas unrelated healthy FMT donors
fecal material can be collected and stored frozen in
a stool bank, ready to use when needed.95,96 Donor
screening is a key factor in the safety of the procedure in order to prevent iatrogenic infectious diseases potentially transmittable to the recipient.94
There are different ways of administering FMT,
such as colonoscopy, esophago-gastro-duodenoscopy, nasogastric or nasoduodenal tube, enema,
and oral capsule; however, none of them have
shown clear superiority.99 The choice must be
based on the balance of risk and benefits for each
method, considering the clinical setting in which
FMT is performed. It is worth mentioning that an
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oral capsule seems to maintain the efficacy and
safety of other routes, and is less invasive for the
patient,100 even if a substantial number of capsules
is required to achieve the necessary microbial
load.101 Optimization of all these practical aspects
still needs to be addressed in the future.
In the literature, FMT during HSCT has been
used as either a preventive or a therapeutic strategy. The former has the aim of reducing dysbiosis
and the growth of antibiotic-resistant bacterial
strains. Bilinski and colleagues treated patients
with blood disorders (40% neutropenic, 8% with
chronic GvHD) colonized with antibiotic-resistant bacteria who underwent FMT via a nasoduodenal tube from unrelated donors; 60% of patients
achieved complete decolonization of resistant
species at 1 month after FMT.102 Innes and colleagues showed the possibility of performing
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FMT before HSCT to extensively eradicate drugresistant organisms.103 After these two encouraging reports, 10 adult patients colonized by
multidrug-resistant bacteria underwent FMT
after (n = 6) or before (n = 4) HSCT, with stools
either from related or unrelated donors, delivered
via enema or nasogastric tube. Three patients
needed a second transplant from the same donor
due to initial failure of the procedure.
Decolonization was achieved in 7 out of 10
patients. No serious adverse events were reported.
Interestingly, one case of grade III gut aGvHD
occurred after FMT performed before HSCT.104
FMT to prevent and decrease dysbiosis is more
difficult to assess because there is no clear endpoint as in other indications. Autologous FMT
after HSCT was performed in a randomized,
controlled clinical trial. Compared with the control group without treatment, 16S rRNA gene
sequencing of 14 patients after FMT revealed
boosted microbial diversity and reestablishment
of the GM composition they had before antibiotic
treatment and allo-HSCT.105 A similar result was
obtained using FMT from unrelated donors,
administered orally in 13 patients, resulting in
improved GM diversity associated with expansion of the stool-donor taxa. One treatmentrelated significant adverse event (abdominal pain)
occurred, two patients subsequently developed
acute gut GvHD, and one patient presented concurrent bacteremia.106
As mentioned before, FMT can be used with a
therapeutic aim both in the context of rCDI and
as a second line agent for aGvHD of the gut.
Regarding rCDI, six studies have addressed this
topic in the HSCT setting. Neeman and colleagues and De Castro and colleagues published
two case reports regarding the successful treatment of rCDI after HSCT by injecting FMT via a
nasojejunal tube, one from a related donor and the
other from two different unrelated donors. In both
cases, remission was obtained without adverse
effects.107,108 Mittal and colleagues described the
case of a patient who had undergone HSCT 1
year previously, receiving FMT from an unrelated
donor via enema, which provided resolution of
symptoms. At 6 months after the first FMT, a second FMT was performed using a different donor
due to a second episode of rCDI, again achieving
complete resolution.109 Since then, three small
series have been published. Webb and colleagues
published a study in which seven HSCT recipients underwent FMT from an unrelated donor
journals.sagepub.com/home/tah

after a median time of 635 days from HSCT; five
of these patients were still under immunosuppressive therapy. Fecal microbiota transplantation was
administered via nasojejunal tube or colonoscopy
with only minor post-FMT adverse effects and no
serious events. Six patients had no relapse, while
one needed another FMT to obtain remission.110
Another series by Bluestone and colleagues
reported FMT administration in three pediatric
HSCT recipients from related and unrelated
donors via a gastric tube or colonoscopy. No
adverse events were reported, but only one
achieved rCDI remission.111 Finally, Moss and
colleagues published a study in which FMT was
delivered as oral, encapsulated therapy using
stools from unrelated donors in eight patients. All
the patients treated achieved resolution in 8 weeks,
and only one had a recurrence at a later time.
Interestingly, metagenomic analysis of the stools
in two patients suggested limited durability of the
specific bacterial composition introduced with
FMT, with short-term similarity and long-term
dissimilarity between donor and recipient GM
composition.112
Due to the link between GM and GvHD, FMT
has been investigated as a potential therapeutic
strategy for steroid-resistant or steroid-dependent
gut GvHD. At present, four case series exist in
the literature. Kakihana and colleagues performed
FMT via a nasoduodenal tube from a related
donor a median of 92 days after HSCT in four
patients affected by steroid-resistant GvHD.
Complete response was observed in three patients
and partial response in one case. Improvement of
gastrointestinal symptoms was observed within
several days, and, in three cases, a second FMT
was needed. An increase in peripheral effector
regulatory T cells during response to FMT was
also observed.113 Subsequently, Spindelboeck
and colleagues reported the use of FMT from
related and unrelated donors, delivered by colonoscopy, in three patients with refractory grade
IV gut GvHD. Two patients achieved complete
response with multiple FMT, while the other
obtained a partial response, still presenting grade I
GvHD after one course of FMT. A 16S rRNA
gene analysis seemed to correlate FMT response
to increased microbial diversity and richness.114
Another study by Qi and colleagues involved
eight patients with refractory grade IV gut GvHD
receiving one or two courses of FMT from unrelated donors via a nasoduodenal tube. All symptoms were relieved, and, in particular, five patients
11
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experienced complete response and no relapse.
These eight patients achieved higher progressionfree survival as compared with the control group.
After FMT, the diversity of microbiota of the
patients showed similarities with that of the
donors, particularly in the composition of beneficial bacteria.115 A last case series by Von Lier and
colleagues reported 15 patients who received a
single FMT via nasoduodenal infusion from an
unrelated donor. The FMT was well tolerated,
and there were no serious adverse events. A total
of 11 patients showed complete remission; however, 5 of them relapsed during cortisone therapy
tapering. One week after FMT, the fecal microbial composition of patients with complete
response, defined as resolution of all GvHD
symptoms 4 weeks after FMT without other
interventions to alleviate symptoms, resembled
that of the donors.116 Two more case reports
deserve mention: Kaito and colleagues reported a
case of refractory gut GvHD treated effectively
and safely using FMT with oral capsules, representing the only case to date in the literature.117
Zhang and colleagues treated a case of postHSCT diarrhoea in an adult patient with repeated
FMTs from two unrelated infants, one with
mixed feeding (formula and complementary
food) and one exclusively breastfed, leading to an
improvement in symptoms. After FMT, both
bacterial richness and diversity improved, but, in
the case of the donor with mixed feeding, a greater
proportion of Lactobacillus and Bifidobacterium
among others was observed.118
FMT is an up-and-coming strategy that can be
used in different situations and with different purposes in HSCT recipients. Despite being deemed
safe by all the case reports or case series revised in
this study, there are still some concerns regarding
the administration of living microorganisms to
immunocompromised patients with altered intestinal permeability.101,119 For example, infectious
complications after FMT have been reported in
other settings,120,121 and they may be of key relevance regarding the risk and benefit balance of
this procedure in HSCT recipients.
Conclusions and future strategies
The ever-growing field of research regarding the
role of the microbiome during HSCT has shed
light on the complex interaction between the
GM, the intestinal mucosa, and the immune system, allowing a better understanding of the
12

influence of the GM on HSCT outcomes, Some
topics that the authors believe could represent
important strategies of research in the near future
are discussed herein.
The major effort until now has been concentrated
on characterization of the GM; however, new evidence shows the important correlation between
the immune system and the symbiont microbial
communities living in the human body, which are
found in district-specific microbiomes. As suggested by the Human Microbiome Project, in the
future, it will be necessary to study oral, skin, and
airway microbiota in HSCT to improve the understanding of the correlation between the different
microbiotas and their role in the development of
the main complications of HSCT.122–124,137
In addition, thanks to next-generation DNA
sequencing, metabolomics and the utilization of
gnotobiotic models, it has been possible to dissect
compositional and functional microbiome structures, as well as infer the mechanisms underlying
the role of the microbiome in human biology.
The study of microbial genes and metabolic pathways with newer methods, such as shotgun
metagenomic sequencing, metabolomics, and
metaproteomics, will further elucidate the mechanism of interaction between the GM and the
host, expanding it beyond bacterial taxonomy. An
interesting field of research which the authors
believe will be a center of focus in the next few
years is the characterization of the gut resistome,21
the virome,125 and the microbial interaction and
metabolism of bile acids.126
The clinical translation of all the data coming
from a better comprehension of microbiota could
potentially help in developing biomarkers, aimed
at precociously identifying HSCT complications
and guiding clinical intervention. Some proposed
methods of monitoring microbiome alterations
that need to be additionally validated are the
already mentioned measurement of urinary excretion of 3-indoxyl sulfate,14 serum concentrations
of Reg3α,127 and fecal levels of alpha defensin.128
New studies are needed to assess the clinical and
microbial impact of specific antibiotic molecules
and new microbiome-sparing antibiotic strategies.
A novel approach to protect the microbiome from
antibiotic-mediated dysbiosis could be the use of
beta-lactamase enzymes to degrade residual antibiotics in the gastrointestinal tract before the flora
journals.sagepub.com/home/tah
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is harmed,129 or preventing the local action of antibiotic residuals at the colonic level by sequestering
them, while leaving their small intestine absorption intact.130,131 Nutritional strategies, either by
changing the route of nutritional supplementation
or by the administration of specific molecules, are
also promising cost- and risk-effective methods of
modulating the gut microbiome. Supplementation
using prebiotics, such as inulin, fructooligosaccharides, xylo-oligosaccharides, galacto-oligosaccharides, and potato starch132–134 or SCFAs, are
strategies worth exploring. Another interesting
area of research is the interaction between nutritional intervention and the GM, such as how
enteral nutrition affects gut homeostasis. Finally,
the authors believe that there is a gap in the comprehension of the exact mechanism of FMT
action, and additional biological studies may provide insights for better implementing this procedure in clinical practice. Another challenge that
needs to be addressed is its safety in immunecompromised patients. An interesting approach
that may be of interest in reducing the risks is sterile fecal filtrate. Sterile fecal filtrate is obtained
from the stool with a procedure of sterile-filtering
to remove small particles and bacteria. The result
contains bacterial debris, proteins, antimicrobial
compounds, metabolic products, and oligonucleotides/DNA rather than intact microorganisms,
and was shown to be effective in the treatment of
rCDI.135 Other possible additional research strategies are a better understanding of donor microbial
composition and its relationship with the outcome
of FMT, and the implementation of genetic engineering techniques to manipulate the graft towards
a more protective configuration.136
There is still much work to be done in order to
better comprehend the precise biological mechanism and the overall clinical impact of a specific
dysbiosis pattern. Regarding the possible microbiota-altering preventive and therapeutic strategies, the potential of modulating the microbiome
to improve outcome is starting to be understood.
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