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Allogeneic hematopoietic stem cell transplantation (allo-
SCT) offers cure for a variety of conditions, in particular,
but not limited to, hematologic malignancies. However, it
can be associated with life-threatening complications,
including graft-versus-host disease (GVHD) and infec-
tions, which are factors limiting its widespread use.
Technical advances in the field of microbiome research
have allowed for a better understanding of the microbial
flora of the human intestine, as well as dissection of their
interactions with the host immune system in allo-SCT and
posttransplant complications. There is growing evidence
that the commensal microbiome is frequently dysregulated

following allo-SCT and that this dysbiosis can predispose to
adverse clinical outcomes, especially including acute in-
testinal GVHD and reduced overall survival. In this review,
we discuss the interactions between the microbiome and
the components of the immune system that play a major
role in the pathways leading to the inflammatory state of
acute intestinal GVHD. We also discuss the microbiome-
centered strategies that have been devised or are actively
being investigated to improve the outcomes of allo-SCT
patients in regard to acute intestinal GVHD. (Blood. 2020;
136(4):401-409)

Introduction
Acute graft-versus-host disease (GVHD) remains a major limi-
tation to the wide application of allogeneic stem cell trans-
plantation (allo-SCT). Resulting primarily from alloreactive T cells
attacking healthy tissues, GVHD remains a major source of
morbidity and mortality.1 Recent work has identified the
microbiome as a key modulator of GVHD, particularly acute
intestinal GVHD. In this review, we summarize the state of the
field regarding the microbiome, intestinal immunity, and GVHD
(Figure 1).

The microbiome is a complex and dynamic community of di-
verse organisms that can include bacteria, viruses, fungi, ar-
chaea, and other eukaryotes that include;1013 to 1014 microbial
organisms across the human body.2-4 The lower intestinal tract is
the site of heaviest colonization by microbes and is typically
dominated by bacteria.5 The metabolic activities of commensal
microbes and their host interactions can protect against path-
ogens and contribute to normal immune function.6 Disruption of
this normal homeostasis, or dysbiosis, has the potential to
perturb the balance between immune tolerance and activation
and has been associated with a variety of disease states.7-12

The cross talk between the microbiome and acute intestinal
GVHD, in particular, has long been investigated.13-15 Studies in
the 1970s demonstrated that mice maintained in microbiome-
devoid isolators13 or treated with antibiotics effective against gut
microbes14 develop a very mild form of acute intestinal GVHD.
More recent studies have implicated the microbiome, especially

the loss of microbial diversity, in the development of acute in-
testinal GVHD.16,17 Next-generation sequencing technologies
have broadened our understanding of the complex interplay
between the microbial repertoire and the pathophysiology of
acute intestinal GVHD, paving the road for translation of novel
strategies targeting the microbiome in clinical practice.18,19

Alterationof themicrobiomebyaspects of
SCT and role in GVHD
Effect of conditioning regimen
The interplay between the microbiome and the host immune
system starts at the level of the first host defense mechanism, the
mucosal intestinal barrier. The intestinal epithelium includes
many cell types that comprise intestinal epithelial cells (IECs),
including intestinal stem cells (ISCs), goblet cells, and Paneth
cells, which assume different functions. The IECs provide the
physical and biochemical barriers that separate the intestinal
lining from luminal components and are primarily responsible for
nutrient absorption, whereas goblet cells secrete mucus that
further solidifies the intestinal barrier.20 Thus, a primary function
of the intestinal barrier is to limit penetration of microbes and
their products into host tissues. In allo-SCT, total body irradiation
and chemotherapy cause intestinal mucosal damage that may
lead to bacterial translocation and subsequent infection and
bacteremia.21 In fact, intestinal radiosensitivity is significantly
linked to the gut microbiota. Germ-free stem cell transplantation
(SCT) mouse models treated with g-irradiation have fewer
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apoptotic endothelial cells and reduced infiltration by lym-
phocytes in their small intestinal villi compared with animals that
have acquired a microbiota.22

Paneth cells, an epithelial cell subset predominantly residing in
the base of small intestinal crypts,23 have been particularly well
studied in the setting of GVHD. Paneth cells are best known for
secretory granules rich in microbicidal peptides.24 Upon sensing
bacteria or bacterial products, Paneth cells release antimicrobial
proteins, such as a-defensins, which play a role in suppressing
potentially pathogenic organisms while relatively preserving
commensals.25 Paneth cells also provide an epithelial niche for
leucine-rich repeat-containing G-protein–coupled receptor 5–
positive ISCs that maintain the epithelium. They exert trophic
effects on ISCs through epidermal growth factor, transforming
growth factor-a, WNT3, and NOTCH signaling pathways.26

Paneth cells are exquisitely targeted during GVHD, resulting in
a dramatic reduction in the expression of a-defensins in the
small intestines and associated alterations in the normal mi-
crobial environment, with expansions of potential pathogens (eg,
Escherichia coli) that normally constitute only a small proportion
of the intestinal microbiota.27 Although these changes can oc-
cur in the absence of irradiation, suggesting an alloreactive
T-cell–dependent mechanism, Paneth cell loss occurs earlier and
is more prolonged in mice receiving irradiation-based condi-
tioning, suggesting that conditioning enhances Paneth cell
damage directly and indirectly, contributing to subsequent
GVHD.27 In a separate study, the enumeration of duodenal
Paneth cells was demonstrated to correlate with GVHD out-
comes.28 Regenerating islet-derived 3-a is another antimicrobial
protein secreted by Paneth cells that has been identified as a
plasma biomarker indicative of acute GVHD of the lower gas-
trointestinal (GI) tract.29

Disruption of gut microbiome diversity
Intestinal inflammation due to GVHD can lead to a major shift in
the composition of the intestinal microbiota, which has been
linked, in turn, to adverse outcomes after allo-SCT.30 Using
mouse models, 1 study showed that experimentally induced
GVHD led to a large shift within the phylum Firmicutes, with an
increase in Lactobacillales and a decrease in Clostridiales.31

Interestingly, elimination of Lactobacillales from the flora of mice
before SCT aggravated GVHD, whereas reintroduction of the
predominant species of Lactobacillus resulted in significant
protection against GVHD.31 Similar microbiome changes were
observed in patients who developed GVHD following allo-
SCT.31 The loss in diversity with expansion of Lactobacillus
spp. has been observed in other studies,32 supporting the notion
that maintaining a diverse population of commensal organisms
may improve outcomes after allo-SCT.32-34 The diversity of the
intestinal microbiota at the time of engraftment can serve as an
independent predictor of mortality in allo-SCT, with worse
outcomes associated with decreased intestinal diversity. In-
creased microbial diversity from low to intermediate to high
increased 3-year overall survival rates in recipients of allo-SCT
from 36% to 60% to 67%, respectively.33 A recently published
article examined the microbial composition of fecal samples
from 1362 patients undergoing allo-SCT at 4 centers; it revealed
patterns of dysbiosis characterized by loss of diversity and domi-
nation of single taxa.35 Greater diversity in intestinal microbiota was
associated with a lower mortality.35 Altered microbial diversity
during the process of allo-SCT facilitates the intestinal luminal
expansion of pathogenic organisms that have been associated with
bacteremia post allo-SCT, including viridans streptococci, vancomycin-
resistant Enterococcus (VRE), and facultative anaerobic gram-negative
bacteria.36 Enterococcal domination of the gut flora was found to be
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Figure 1. The cross talk of the microbiome and the intestinal
immune system in acute GVHD. Under physiologic conditions,
the intestinal epithelial cell (IEC) surface maintains an intact
barrier that prevents bacterial translocation into host tissue. In
addition, Paneth cells produce antimicrobial proteins (AMPs),
such as a-defensins and regenerating islet-derived 3a (REG-3a),
that further protect against pathogenic organisms and provide
trophic signals to intestinal stem cells (ISC). Goblet cells secrete
mucus that solidifies the barrier separating the microbiota and
host tissues. In allo-SCT, a conditioning regimen often consisting
of chemotherapy, with or without total body irradiation (TBI),
interrupts the integrity of the intestinal barrier bacterial trans-
location into host tissue. This leads to neutrophil infiltration into
the small intestine producing reactive oxygen species that fur-
ther contribute to the barrier damage. Bacterial translocation
also leads to monocyte activation that mediates T helper 17 cell
(Th17) differentiation, which, in turn, leads to macrophage and
neutrophil accumulation into the inflammatory sites, as well as
dendritic cell (DC) activation that leads to alloreactive cytotoxic
T-cell homing. Microbiota-derived short-chain fatty acids
(SCFAs) serve as an energy source for IECs and play a protective
role in GVHD by inducing regulatory T cells (Treg) that secrete
the anti-inflammatory cytokines transforming growth factor-b
(TGF-b) and interleukin-10 (IL-10), as well as group 3 innate
lymphoid cells (ILC3) that secrete interleukin-22 (IL-22) and,
again, mediate anti-inflammatory effects. Th1, T helper 1 cell;
Th2, T helper 2 cell.
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associated with a ninefold increase in the risk of VRE bacteremia, and
proteobacterial domination led toafivefold increase in the riskofgram-
negative bacteremia.37

Although the bacterial microbiome has been studied most ex-
tensively with respect to GVHD, the virome andmycobiome also
likely play important roles and warrant further exploration.
Emerging data suggest that enteric viruses are regulated and, in
turn, regulate other microbial constituents of the intestine, such
as bacteria, fungi, and parasites, through a series of processes
called “transkingdom interactions.”38 Similarly, the role of fungi
cannot be underestimated. Fungal wall components, such as
a-mannan recognition by C-type lectin receptor and mediation
of T helper 17 (Th17) cell responses in GVHD, have been linked
to the pathogenesis of GVHD.39 Different pathogen recognition
receptors (PRRs), such as dectin-1, dectin-2, mannose receptor,
and Toll-like receptor-2 (TLR2), are known to be implicated in
inducing these responses,40 but many questions regarding
fungal compositions and infections in SCT patients and corre-
lation with outcomes require further investigation and large-
scale profiling.

Impact of antibiotics
The exact mechanisms underlying alterations in microbial flora
leading to acute intestinal GVHD are still incompletely un-
derstood, although certain clinical parameters in the peritrans-
plant setting can explain some of these changes. These include
the low oral food intake of SCT patients, the oral medications
they are receiving, the disruption of the intestinal epithelium
integrity as will be detailed later, changes in organ function and
subsequent effects on metabolism, and changes in gut ab-
sorption and transit time.20 Antibiotics can also have a profound
impact on the intestinal microbiome. Prophylactic and thera-
peutic antibiotics are commonly used in the SCT process, and
alterations in themicrobial flora vary depending on the antibiotic
regimen and their corresponding spectrum of microbial cover-
age. Agents with relatively narrow coverage have been asso-
ciated with decreased acute GVHD severity.41,42 For instance,
compared with ciprofloxacin and metronidazole, prophylaxis
with rifaximin better preserves the microbial flora in patients
undergoing allo-SCT.42 An ongoing phase 2 clinical trial is
currently exploring different antibiotic regimens for prevention
or treatment of infections in neutropenic patients while avoiding
major shifts in the gut bacterial flora (NCT02641236).

Role of nutrition
The impaired nutritional status that patients experience after
allo-SCT due to associated nausea, vomiting, anorexia, and
mucositis is associated with an adverse prognosis.43,44 Poor
nutrition can be linked to reducedmicrobial diversity and, during
allo-SCT, may mediate an increased risk for acute GVHD. Total
parenteral nutrition (TPN) is commonly used in allo-SCT patients,
including patients with acute intestinal GVHD, to improve their
nutritional status.45 It is still debatable whether oral nutrition is
preferred over TPN in the setting of GI GVHD.46 General
guidelines recommend the use of a graded GVHD diet, which
gradually transitions patients from a liquid diet to solid foods
once the volume of diarrhea has decreased to,500mL/d.45 The
exact effect of TPN on the microbiome has not been well
established. Some studies suggested that oral nutritionmight be
more beneficial than TPN in preserving the digestive tract and
barrier function and decreasing the incidence of severe acute

GVHD.47,48 In another study, receiving TPN for .10 days was
associated with loss of Blautia spp. and increased GVHD
mortality.32 The NEPHA trial is a randomized multicenter clinical
trial that compares the effects of enteral nutrition vs parenteral
nutrition on early toxicity after allo-SCT, including mortality and
early immunological and infectious toxicities.49

A commonly recommended diet for SCT patients with acute
intestinal GVHD includes limited amounts of fats, fiber, lactose,
acidic foods, and other potential irritants.45 However, there are
limited data to support this recommendation, and given our
understanding of the role of microbiome in healthy patients and
extrapolating from research done in patients with inflammatory
bowel disease, patients undergoing SCT may benefit from the
earlier dietary addition of fibers, vegetables, and fruits to prevent
GVHD and to assist in mucosal healing after GI GVHD. Immu-
nomodulating diets, including those rich in nutrients, such as
omega-3 polyunsaturated long-chain fatty acids, antioxidants,
and specific amino acids (eg, arginine), have been shown to
improve immune system cell function and reduce inflammation
through regulation of T-cell responses.50 In a recent study,
lactose was shown to provide a substrate for Enteroccocus
growth that was associated with a greater incidence of GVHD
and mortality. A lactose-free diet limits Enteroccocus growth,
reduces the severity of GVHD, and improves survival in murine
allo-SCT recipients with GVHD.51

Mechanisms of dysbiosis-mediated
GVHD
PRRs
Epithelial damage caused by conditioning regimens prior to
allo-SCT can lead to pathogen-associated molecular patterns
(PAMPs) crossing the intestinal barrier and activating the innate
immune system.52 In turn, the innate immune system activates
alloreactive donor T cells, which are the principal mediators in
the development of GVHD. The host innate immune cells detect
PAMPs through certain PRRs that exist in distinct forms, depending
on the cell type and the cellular compartment. TLRs are a type of
PRRs recognizing various PAMPs, including bacterial lipoproteins
recognized by TLR2, lipopolysaccharide recognized by TLR4, fla-
gellin recognized by TLR5, immune complexes containing DNA
recognized by TLR9, and RNA recognized by TLR3, TLR7, and
TLR13.53-55

NOD-like receptors (NLRs) are another type of PRRs that are
primarily found in the intracellular compartment, as opposed to
TLRs that can be intracellular and extracellular,56 and function
through recognizing intracellular PAMPs and danger-associated
molecular patterns.57 Examples of NLRs include NOD1, NOD2,
and NALPs.58 Although NOD1 is ubiquitously expressed, NOD2
expression is restricted to intestinal Paneth cells and innate
immune cells.56 Signaling through NLRs is essential for the function
of the inflammasome, a multiprotein complex that mediates in-
flammatory responses. NLRs are involved in upregulating a subset
of inflammatory cytokines, including interleukin-1a (IL-1a) and IL-
18.58 A recent article showed that, on theother hand, hostNOD-like
receptor family pyrin domain-containing 6, which is known to
regulate innate immune responses and GI homeostasis, plays a
pathogenic role in GI GVHD, independently of the composition of
the gut microbiome.59
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Other types of PRRs include sialic acid–binding Ig-like lectins,
which are expressed by monocytes, neutrophils, natural killer
cells, eosinophils, and basophils and are characterized by their
inhibitory effects, attenuating danger-associated molecular pattern–
mediated inflammation and, thus, serving an important regulatory
function.60

Microbial metabolites
The microbiome can also influence the integrity of protective
IECs through metabolites produced as byproducts of fermen-
tation of dietary components and host-derived glycans. Butyrate
is 1 intestinal microbiota-derived short-chain fatty acid (SCFA)
that serves as an important energy source for IECs61; it can be
diminished following allo-SCT.62 Local administration of exog-
enous butyrate was shown to restore histone acetylation and
improve IEC junctional integrity, limit apoptosis, and mitigate
GVHD.63 Moreover, rationally altering the composition of the
intestinal microbiome toward high-butyrate producers was also
shown to mitigate GVHD.63 In another study, the administration
of high butyrate–producing Clostridia organisms results in in-
creased intestinal regulatory T cells (Tregs), which play an im-
portant role in regulating gut inflammatory responses through
several mechanisms, including the release of anti-inflammatory
cytokines, such as IL-10.64,65 Tregs are protective against GVHD,
likely through suppression of alloreactive T cells that mediate
GVHD.66 Furthermore, SCFAs can induce IL-22 responses in
innate lymphoid cells (ILCs), which can exert anti-inflammatory
and regenerative effects on IECs.67

Indole is another important metabolite derived from tryptophan
by tryptophanase-expressing commensal bacteria. Indole can
regulate biofilm formation and mucosal barrier function, and it
can also modulate the expression of pro- and anti-inflammatory
genes by IECs.34 Indole-3-aldehyde activates the aryl hydro-
carbon receptor on ILCs, mediates colonization resistance, and
induces IL-22 secretion,68,69 which contributes to epithelial
regeneration and improves GVHD-related mortality in mice
models.70 A study showed that early exposure to antibiotics was
associated with lower levels of 3-indoxyl sulfate in the urine of
allo-SCT recipients, which was further associated with a higher
transplant-related mortality.71 Similarly, stool specimens from
patients with active GVHD were shown to have reduced
3-indoxyl sulfate levels and a prominent shift of the microbial
flora from commensal bacteria toward Enterococci.34 Together,
these findings indicate that the microbial metabolome can
significantly impact on the pathogenesis of GVHD, although
more research in this field needs to be conducted.

Innate immune system and T-cell differentiation
Different arms of the immune system modulate intestinal in-
flammation during the process of acute GVHD. The exposure to
gut microbial flora and bacterial translocation during acute in-
testinal GVHD leads to neutrophil infiltration in the small in-
testine, which contributes to tissue damage partially through the
production of reactive oxygen species; this, in turn, contributes
to the pathogenesis of GVHD.72 Antigen-producing cells also
play a critical role in mediating GVHD, primarily through
directing T-cell activation and differentiation.73 Dendritic cells
from mesenteric lymph nodes mediate homing of T cells to the
intestines and focal intestinal damage.74,75 Monocytes also play a
role in GVHD through promoting Th17 cell differentiation that, in
turn, can recruit macrophages and neutrophils to inflammatory

sites.76 In addition to these cell populations, ILCs are a group of
immune cells that are of lymphoid lineage and assume innate
immune roles.77 Group 3 ILCs play a particularly important role in
maintaining the intestinal barrier function and were found to be
reduced in GVHD.78 These tissue-resident cells produce Th17
family cytokines, such as IL-22.79 Group 3 ILCs express major
histocompatibility complex (MHC) class II, promote tolerance to
commensal bacteria by presenting commensal bacterial anti-
gens to T cells without associated costimulation and, hence,
limiting intestinal inflammation and T-cell hyperactivation.80

Recently, a study demonstrated that the microbiota influences
MHC class II expression on IECs, which, in turn, present antigens,
activate CD41 T cells, and mediate lethal GI GVHD. MHC class II
expression was found to depend on the IL-12/interferon-g axis,
representing a potential therapeutic strategy.81

Adaptive immune system
Activation of the adaptive immune system is an early event
during development of acute GVHD. Th1 cell–mediated tissue
damage can then sustain the inflammatory cycle of GVHD. The
exposure of intestinal tissues to bacterial products is also as-
sociated with recruitment of IL-10 and transforming growth
factor-b–secreting Tregs, as well as IL-22– and IL-17–secreting
Th17 cells.82,83 In germ-free animal models, there is a shift to a
predominantly Th2 cell response and a reduction in Th1 and
Th17 cells, which could be reversed by floral colonization of the
gut. For example, segmented filamentous bacteria, species
belonging to commensal clostridia-related bacteria, and
Lactobacillus johnsonii stimulate Th17 cells in the small
intestine.83-85 Th17 cells are an important player in intestinal
GVHD, as was revealed by the analysis of organ tissues at the
time of GVHD diagnosis showing Th17 cell differentiation and
STAT3 signaling in cases of severe GVHD.86,87 Moreover, the
cytokine IL-6 that acts upstream of Th17 cell differentiation has
also been identified as a potential target to prevent GVHD in
murine models.88 The anti–IL-6 monoclonal antibody tocilizu-
mab showed promising results in GVHD prophylaxis in a phase
1/2 study. Interestingly, effector CD81 T cells also undergo Th17
cell–like differentiation under the key direction of IL-6, con-
tributing to the pathogenesis of GVHD.89,90

B cells are also influenced by alterations in the microbiota and
may play an important role in acute GVHD. The intestinal mu-
cosa is essential for B-cell development, where extracellular
signals from commensal organisms lead to a diverse repertoire
of gut immunoglobulins.91 The intestinal flora continuously
stimulates gut-associated lymphoid tissues, such as Peyer’s
patches and lymphoid follicles where germinal center formation
is induced, leading to immunoglobulin A production, particularly
through NOD1-mediated signaling.92

Potential of microbiota as therapeutic
intervention
In light of the strong association of the microbiota with allo-SCT
outcomes and the pathogenesis of acute intestinal GVHD, there
is a growing body of research developing strategies to target the
microbiome as part of clinical practice. Interventions that target
the microbiome in the setting of allo-SCT can be categorized
into antibiotics, probiotics, prebiotics, and postbiotics. Fecal
microbiota transplantation (FMT) has also been investigated as a
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strategy to directly transfer bacteria, bacterial products, and
metabolites.

Antibiotic and immunoglobulin therapy
Antibiotic interventional strategies to minimize microbial alter-
ations in the allo-SCT setting include the use of narrow-spectrum
antibiotics, such as rifaximin, and minimizing the duration of
antibiotic use. This is especially important in the preservation of
commensal bacteria that exert anti-inflammatory effects post-SCT,
such as Blautia spp.,32 as well as potentially preventing the growth
of mucus-degrading bacteria, such as Akkermansia muciniphila.93

Oral immunoglobulin administration has been investigated as a
strategy to reduce pathogenic bacteria, such as E coli, while
increasing beneficial bacteria, such as Lactobacillus reuteri,
to improve GVHD outcomes. In a haploidentical SCT murine
model, immunoglobulin yolk antibodies from hens immunized
with heat-inactivated E coli, Clostridium perfringens, and Sal-
monella typhimurium were administered starting 2 days before
allo-SCT through day 28 after allo-SCT; treatment resulted in a
decrease in acute GVHD scores and improved survival.94

Immunoglobulin therapies are promising alternatives to tradi-
tional broad-spectrum antibiotics that could help to reduce
collateral damage to the microbiome owing to their targeted
effects, although their role in reducing dysbiosis remains to be
investigated.

Prebiotics, probiotics, and postbiotics
Prebiotics are indigestible carbohydrates that are preferentially
metabolized by commensal gut bacteria producing nutrients
used by IECs.95,96 The beneficial impact of fiber prebiotics on
intestinal immunity has been demonstrated in a variety of
studies. The indigestible oligo- and polysaccharides are made of
chains of sugars that are fermented by commensal intestinal
bacteria, resulting in the production of SCFA serving as a nutrient
and energy source.97 As discussed above, SCFAs, including bu-
tyrate, acetate, andpropionate,mediate anti-inflammatory cytokine
production, preserve intestinal barrier integrity, and play an im-
portant role in regulating intestinal immune function.97-99 Other
prebiotics include the polysaccharide inulin (derived from vege-
tables such as the Jerusalem artichoke), its fructo-oligosaccharide
derivative (known as inulin-type fructans), as well as some oligo-
saccharides (eg, xylo-oligosaccharides and galacto-oligosaccharides).
These have been shown in randomized clinical trials to be
associated with increased Bifidobacterium growth and SCFA
concentrations.100-102

Probiotics are selected beneficial live microorganisms that are
introduced to the intestinal tract orally. Administration of Lac-
tobacillus spp. has been shown to improve GVHD in mice
models.31,103 Based in part on these results, a randomized trial
evaluating supplementation with Lactobacillus rhamnosus GG
was performed in allo-SCT patients; however, probiotic ad-
ministration did not significantly modify gut microbiome di-
versity or impact on the incidence or severity of GVHD.104

Notably, possible negative effects from probiotic use have also
been reported, such as Lactobacillus acidophilus sepsis in an
immunocompromised patient with mantle cell lymphoma un-
dergoing autologous SCT after excessive consumption of
L acidophilus–enriched yogurt.105 Other probiotic bacteria have
also been used, such as Bifidobacterium spp., which have been

associated with resistance to infection by E coli in mice106 and
improved response to immunotherapy with checkpoint inhibi-
tors.107 The advent of genetic engineering technologies could
allow genetic engineering of probiotic bacteria to secrete
compounds with beneficial effects, such as antimicrobial mol-
ecules that help to kill pathogenic organisms while preserving
commensal bacteria. Indeed, a recent study showed that the
commensal bacteria Blautia producta BPSCSK secrete a lanti-
biotic that reduces intestinal colonization by VRE.108

Postbiotics are metabolite-based therapies that aim to identify
the molecules depleted in a certain disease and supplement the
diet with the molecule itself or a precursor molecule that the
microbial organisms convert into the bioactive molecule.109

SCFAs, indole, and indole derivatives are previously discussed
metabolites that may be beneficial as postbiotics, especially with
encouraging recent reports showing that increasing the level of
indole or its derivatives in the gut following SCT remarkably
reduced the risk of GVHD in murine models without compro-
mising the graft-versus-leukemia effect of alloreactive T cells.110

FMT
Going beyond introducing selected beneficial organisms, FMT
as the ultimate probiotic therapy has experienced increasing
interest, especially with its successful use in refractory Clos-
tridium difficile infection. This disease has become the classical
example of a dysbiosis-associated syndrome.111 In a pilot study,
13 patients who underwent allo-SCT received third-party FMT
capsules at amedian of 27 days after allo-SCT. FMTwas found to
be feasible and well tolerated, with 1 treatment-related adverse
event: abdominal pain. Analysis of stool composition and urine
3-indoxyl sulfate concentration indicated improvement in in-
testinal microbiome diversity after FMT that was associated with
expansion of stool-donor taxa.112 The optimal systematic ap-
proach to the administration of FMT remains unclear. One of the
most extensive experiences with FMT in the allo-SCT setting
evaluated transplantation of a patient’s own microbiome (auto-
FMT) that was collected and preserved pre-SCT (NCT02269150).113

Although clinical results have yet to be reported, the investigators
found that, in this study of 25 patients, those randomized to receive
auto-FMT exhibited effective restoration of microbial diversity to
pre–allo-SCT levels.113

Notably, however, concerns over possible FMT-related sepsis in
immunocompromised hosts through bacterial translocation or
norovirus infection have been reported in the setting of FMT for
inflammatory bowel disease and in patients with C difficile
infection.114,115 Another case report described post-FMT irritable
bowel syndrome–like symptoms, such as bloating and con-
stipation, that were thought to be due to methane-predominant
bacterial overgrowth contracted from the FMT donor.116 A re-
cent report describes 2 cases of bacteremia with extended-
spectrum b-lactamase–producing E coli after FMT performed
in 2 independent clinical trials, leading to the death of 1 of the
2 patients.117 Both cases were linked to the same stool donor,
by means of genomic sequencing, who was qualified for fecal
material donation before routine tests for extended-spectrum
b-lactamase–producing organisms were included in the donor-
screening protocol.117 Long-term follow-up and larger studies to
evaluate outcomes of allo-SCT patients undergoing FMT and
strategies to improve donor screening to prevent adverse events
are needed to elucidate the safety of this approach.
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Conclusions and future perspectives
The role of the microbiota in SCT has long been investigated,
but the past decade has witnessed great advances in our un-
derstanding of the intricacies of the cross talk between the
microbiome and the immune system in SCT, in general, and in
acute intestinal GVHD, in particular. There seem to be major
microbial shifts that commonly occur during the course of allo-
SCT and specifically around the period of antibiotic use. Mi-
crobial diversity appears to play a crucial and independent role
in predicting survival in allo-SCT and the incidence and severity
of acute GVHD. Although more research is warranted, beneficial
associations of Lactobacillales, Clostridiales, the Eubacterium
limosum group and genus Blautia, Bacteroidetes species, and
Clostridium clusters IV and XIVa have been observed in multiple
studies. In contrast, enterococcal spp., proteobacterial spp., and
C difficile have been associated with worsened GVHD out-
comes. The role of the microbiota in immune-mediated tumor
control remains to be fully established. In a retrospective single-
center study of patients who underwent allo-SCT, the composition
of the intestinal microbiota was analyzed, and an association
between the abundance of E limosum and a decreased risk
for relapse/progression of disease post-SCT was identified.118

However, the overall diversity of the intestinal microbiota was
not found to be associated with relapse and progression of
disease.118 It is likely that new high-throughput technologies will
transform the field, because they are already showing us the limit
of our knowledge. A recent study recapitulated thousands of
species-level genome bins, 77% of which have never been
described before, using large-scale metagenomics, cautioning
us that we have a long way to go before deciphering all the
intricacies of the microbiome and its role in health and dis-
eases.119 The National Institutes of Health Human Microbiome
Project is 1 of the first large-scale initiatives to characterize
the human microbiome and its dynamic changes in relation to
health-related outcomes.120 Integrating the microbiome and
multi-omics studies is the subject of intense development, in-
cluding a recent analysis using high-throughput metabolomics
to characterize themajor changes in themetabolic profile of SCT
recipients showing significant variations in host- and microbiota-
derivedmetabolites potentially affecting allogeneic immune cell
reactivity.121

Novel strategies that have the potential to improve outcomes of
SCT and reduce GVHD have already entered the translational
phase and are being investigated in the clinic. These research
efforts will likely determine the potential roles for FMT, prebiotics,

probiotics, antibiotics, and other microbiome-centered therapies in
SCT and GVHD. Advances in molecular biology, next-generation
sequencing, and genetic engineering will likely revolutionize the
therapeutic applications of the microbiome by developing highly
specialized prebiotics that could precisely shift the microbiomes
toward predetermined organisms. Engineering probiotics could
increase safety by preventing off-target effects and allow for
therapeutic elimination of introduced bacteria should probiotic-
related septicemia develop. Further advances could come with
development of new powerful diagnostic strategies to detect and
quantify dysbiosis to allow early intervention. Finally, improving our
understanding of patient-specific ecosystems could allow the de-
sign of biomarkers of disease, as well as “precision” therapies. The
ultimate goal would be to profile a patient’s microbiome and
identify features that could predict incidence and severity of GVHD,
potentially allowing for an early microbiome-targeted intervention.
Future research efforts will further dissect the intricacies of the in-
teractions between the players of the immune system in acute
GVHD and the microbiome and better elucidate the mechanisms
underlying how the microbiome can modulate the immune system
to improve patients’ health and outcomes.
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