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Abstract Graft-versus-host disease (GvHD) is the major
cause of mortality and morbidity after allogeneic stem cell
transplantation. Recently, deep sequencing of the hypervari-
able regions of the 16S rRNA gene in stool specimens signif-
icantly enhanced our understanding of a likely pathophysio-
logic role of the microbiome in GvHD. Here, we summarize
the indirect and direct evidence for a microbiome involve-
ment. Indirect evidence for a role of the intestinal microbiota
has been provided by experiments in germ-free mice and sin-
gle nucleotide polymorphism analysis of receptors of innate

immunity. Direct 16S rRNA sequencing showed a substantial
loss of diversity in stool specimens from patients with GvHD,
which is associated with inferior outcomes. We discuss mech-
anisms such as interference with antimicrobial peptides and
potential approaches to reduce complications by microbiome
modulation.
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Introduction

Graft-versus-host disease (GvHD) is the major cause of
transplant-related mortality and morbidity following allogene-
ic stem cell transplantation (SCT), which has become an oth-
erwise curative treatment for a variety of nonmalignant and
malignant hematologic diseases. GvHD results from the acti-
vation of donor T lymphocytes, which are transplanted togeth-
er with hematopoietic precursors and stem cells; activation is
initiated by histocompatibility antigens presented on host
antigen-presenting cells (APCs) and target tissues. Activated
donor T cells proliferate, expand, and induce apoptotic dam-
age in epithelial targets either directly or by induction of ef-
fector cells and cytokines [1]. However, for full antigen pre-
sentation and donor cell activation, inflammatory checkpoints
must be triggered, as elegantly shown byChakraverty et al. [2]
in a murine GvHD model, in which prior Toll-like receptor
(TLR) stimulation was needed to induce GvHD in target or-
gans. The broadest set of inflammatory triggers may be pro-
vided by the human microbiome; therefore, we summarize
here our current knowledge and concepts regarding its role
in GvHD.
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Historical Aspects: GvHD and the Intestinal Microflora

The observation that acute GvHD primarily targets the skin,
gastrointestinal tract, and liver—with chronic GvHD affecting
the oral cavity, urogenital tract, eyes, lungs, and other or-
gans—offered the first clue to a potential role of the microbial
environment in the pathogenesis of GvHD. Almost all these
target organs have epithelial interfaces between the microbial
environment and the host immune system, which might ex-
plain the tropism of GvHD to a large extent.

The first clear demonstration of a major role of the intesti-
nal microbiome or microbiota in GvHD, at least in gastroin-
testinal GvHD, came from the seminal observation by van
Bekkum et al. and van Bekkum and Knaan [3, 4] that mice
grown and kept under germ-free conditions up to 40 days after
transplantation did not develop GvHD, whereas early micro-
bial recolonization of the gut resulted in a marked increase in
mortality. However, the authors also showed an interplay be-
tween the dose of T cells and microbial activation, as mice
receiving bone marrow and splenocytes as an additional T cell
source were not fully protected by a germ-free environment
but showed delayed GvHD. van Bekkum’s observation pro-
vided a major argument for introducing gnotobiotic ap-
proaches to clinical transplantation in the early 1980s [5, 6],
and attempts toward either total or selective decontamination,
along with protective isolation of patients, have been the stan-
dard of clinical care for decades in most clinical transplant
centers [7, 8].

Indirect Evidence for a Role of the Microbiome in GvHD

Over the years, several hypotheses have been put forward
regarding the role of the microbiota in the pathogenesis of
GvHD. First, cross-reactions of bacterial and histocompatibil-
ity antigens were postulated. After the discovery of lipopoly-
saccharide (LPS), an LPS–APC axis resulting in excess acti-
vation of APCs was the favorite explanation [9, 10].
Description of TLRs and NOD-like receptors (NLRs) soon
suggested a far more complex interaction between different
microbial pathogen-associated molecular patterns (PAMPs)
and the immune system. Studies of TLR and NOD knockout
mice used as recipients and donors in SCTmodels [11, 12], as
well as human single nucleotide polymorphisms (SNPs)
resulting in functional defects of pathogen–receptor interac-
tion, have demonstrated an association of TLRs and NLRs
with GvHD [13–15]. Clinical studies with SNPs of
NOD2/CARD15 showed wide heterogeneity among individ-
ual center-specific cohorts [16–25], and differences in the
strategies used for intestinal decontamination, which seemed
to be a major discriminating factor among these centers [26].
This again suggests a major role of the intestinal microbiome.
Strategies to neutralize endotoxin via polyclonal and

monoclonal antibodies attenuated GvHD pathology in exper-
imental models [27, 28] and vice versa, and experimental
modulation of the gut bacteria via Lactobacillus rhamnosus
reduced the severity of GvHD pathology, prevented bacterial
translocation into mesenteric lymph nodes, and resulted in
increased survival [29].

Direct Evidence for a Role of the Microbiome in GvHD

In the past 10 years, metagenomic and other culture-
independent analyses of the microbiome became available
based on next-generation sequencing of the 16S ribosomal
RNA genes. This technique not only prompted a large series
of studies investigating the general role of the microbiome in
health and disease [30•] but also allowed a more specific ex-
amination of the role of the gastrointestinal microbiome in
allogeneic SCT. In a pivotal study, the group of van den
Brink [31••] reported the loss of microbiome diversity in mice
developing GvHD. Furthermore, antibiotic pretreatment be-
fore conditioning induced a microbiome shift that was aggra-
vated in GvHD and associated with an increased pathology
score as well as reduced survival. Similarly, stool specimens
collected from patients revealed a loss of diversity, as indicat-
ed by the Shannon index after transplantation, which was
more pronounced in patients with GvHD. A major loss oc-
curred within Clostridiales, whereas Lactobacillales signifi-
cantly increased in GvHD patients. In a pilot study assessing
microbiome changes in 32 patients undergoing allogeneic
SCTat our unit [32•], we also observed the near disappearance
of commensal bacteria such as clostridia and a shift toward
enterococci in the first weeks after SCT. These shifts were
partially induced by decontamination using quinolones and
metronidazole; however, enterococcal abundances also were
related to early intestinal GvHD. We used not only 16S rRNA
sequencing and Enterococcus-specific PCR but also analysis
of urine indoxyl sulfate (IS), which is synthesized in the liver
from indole produced by the intestinal microbiota that process
tryptophan in dietary proteins. Again, we observed suppres-
sion of urinary IS levels by decontamination and antibiotics,
which was most pronounced in patients developing intestinal
GvHD. Finally, Taur et al. [33••] extended their observations
to 82 patients and reported a strong association between
microbiome diversity soon after engraftment and 3-year
nonrelapse mortality, which also was significant in a multivar-
iate analysis, suggesting a strong pathophysiologic involve-
ment of loss of diversity of the microbiome. In their stool
specimens, patients with high diversity had heterogeneous
patterns of species, including a predominance of Blautia,
whereas similar to our study, enterococci—among other path-
ogenic species—frequently dominated in patients with low
diversity. We recently reanalyzed the original microbiome re-
sults of our pilot study, addressing the question of whether
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specific species were associated with improved surviv-
al. Interestingly, patients exhibiting a higher proportion
of Clostridiales, especially Eubacterium rectale, in the
first 4 weeks after transplantation had significantly
lower nonrelapse-related mortality than patients with
suppression (Fig. 1), thus supporting the data reported
by Taur et al. [33••]. Of course, our data need confirma-
tion in a larger, prospective study allowing multivariate
analysis.

Pathophysiologic Considerations

Although the association of loss of diversity in the intestinal
microbiome with GvHD and increased mortality is now con-
firmed by independent studies in both mice and humans, the
exact pathophysiology and sequence of events behind this
observation need clarification. The early occurrence of loss
of diversity makes it difficult to determine whether loss of
diversity precedes GvHD or rather is a consequence of it.
Current concepts, as summarized in Table 1, support both
theories.

Major determinants of microbiome composition are anti-
microbial peptides (AMPs), which are produced by special-
ized cells, such as the Paneth cells, in the small intestine but
also by neutrophils and, in the case of β-defensins, by epithe-
lial cells in general [34]. AMP induction is regulated by

commensal bacteria. Further, the broad-spectrum antibiotics
administered to most patients during the early neutropenic
period contribute to loss of diversity directly and indirectly
via alteration of AMPs. Similar effects occur in relation to
antibiotic decontamination, as shown in our study. Because
NOD2 SNPs also affect microbiome composition, again via
diminished activity of Paneth cell peptides, changes in
microbiome diversity may at least partially explain the asso-
ciation between NOD2/CARD15 SNPs and intestinal GvHD
[35, 36••, 37].

There is increasing evidence that a diverse microbiome is a
prerequisite for the maintenance of immunologic homeostasis
in epithelial tissues. Commensal bacteria are needed to induce
type 3 innate lymphoid cells (ILCs), which maintain epithelial
integrity via interleukin 22 [38, 39]. Recent studies strongly
suggest involvement of ILCs in GvHD [40• , 41].
Furthermore, the high proportion of regulatory T (Treg) cells
in epithelial tissues may be linked directly to the presence of
specific bacteria. Actual studies show that short-chain fatty
acids such as butyrate, which are produced by commensal
colonic bacteria, support not only expansion of nonthymic
Treg cells [42, 43, 44••] but also direct recognition of bacterial
antigens by Treg cells, suggesting that these cells are actively
involved in the immunologic tolerance of the healthy
microbiome [45, 46]. Interference with both ILCs and Treg
cells, by loss of diversity, should facilitate activation of
alloreactive T cells in GvHD, at least by amplifying
inflammation.

Paneth cells have been addressed only recently in GvHD
pathology. Eriguchi et al. [47••] were the first to describe the
role of these cells in murine models of SCT, and they

Fig. 1 Stool specimens from days 0 to 21 were subjected to deep
sequencing of the hypervariable region V3 of the 16S rRNA gene, and
the mean fraction of E. rectale was calculated for each patient. Patients
were grouped according to mean E. rectale content below (n=20) or
above (n=10) the mean of all patients, and nonrelapse related mortality
(NRM) was calculated for both groups. The outcome was of borderline
significance based on log-rank analysis (P=0.04)

Table 1 Potential pathophysiologic mechanisms explaining the
association between loss of diversity and poor outcome following
allogeneic SCT

Sequence Etiology Mechanism of action

Loss of diversity→
GvHD

Broad-spectrum
antibiotics

Suppression of commensal
bacteria required for AMPs

NOD2 deficiency Diminished and altered
production of AMPs

Conditioning Direct damage to epithelial
stem cells, including
Paneth cells

Loss of diversity Impaired ILC function and
impaired production of
protective IL-22

GvHD→loss of
diversity

Direct Paneth cell
damage

Diminished local protection
by AMPs

Loss of diversity Impaired Treg function (directly
and via suppression of
butyrate production by
commensal bacteria)
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demonstrated the direct destruction of Paneth cells by GvHD
with subsequent loss of AMPs and microbiome changes. In
clinical GvHD, Paneth cells were identified as potential tar-
gets by the description of Reg3alpha, a Paneth cell peptide, as
a highly specific marker of intestinal GvHD [48]. In a coop-
erative pathology study with colleagues from Ann Arbor, we
found direct evidence of GvHD-dependent Paneth cell dam-
age in upper gastrointestinal GvHD, which was highly predic-
tive of poor outcome [49•].

Thus, there is a mutual influence of loss of diversity on
intestinal immune regulation and of GvHD on loss of diversi-
ty, which may be considered a vicious circle amplifying
GvHD-related tissue damage, which may explain the strong
impact of loss of diversity on outcome.

Further Impact of Microbiome Changes: Infections

Besides involvement in inflammation and alloreaction, anoth-
er important aspect is the concept that the microbiome sets the
stage for infections in these heavily immunosuppressed pa-
tients. The New York group addressed this question and re-
ported that greater than 30 % domination of the intestinal
microbiome by enterococci increased the risk of bacteremia
with vancomycin-resistant enterococci ninefold, whereas
domination of the microbiome by Proteobacteria was associ-
ated with a fivefold risk of bacteremia with Gram-negative
rods [50]. These data further support the concept that translo-
cation of intestinal bacteria is a major mechanism of bacterial
infection in SCT patients. In a small pilot study addressing the
oral microbiome in 11 SCT patients, Ames et al. [51] did not
only observe major shifts of the oral microbiome after SCT
but also reported changes in the microbiome in association
with respiratory infections.

Future Directions

The Fate of Decontamination

An interesting but unanswered question is whether the afore-
mentioned observations argue against the concept of complete
decontamination to reduce GvHD and thus improve outcome
[52]. Whereas loss of diversity might indicate inappropriate
decontamination and loss of protective bacteria, the group of
Leiden recently reconfirmed their observation on complete
decontamination in children undergoing SCT [53]. Complete
decontamination, as documented by cultural approaches, also
was a predictive and independent factor preventingGvHD in a
series of children receiving allogeneic SCT between 1989 and
2003. However, molecular studies addressing the exact extent
of decontamination on the basis of 16S rRNA sequencing are
lacking and urgently needed to answer the question whether

complete decontamination can be achieved at all and, if so,
whether complete decontamination is more desirable than
maintenance of commensal protective bacteria. Considering
the increasing clinical relevance of multiresistant bacteria in
hospitalized patients and the potential selection of these bac-
teria by loss of diversity, decontamination and antibiotic pro-
phylaxis must be reconsidered and reevaluated urgently by
molecular approaches.

Microbiome Modulation to Prevent or Treat GvHD

If loss of diversity predicts poor outcome, any attempt to avoid
it or to restore diversity should lead to reduced intestinal in-
flammation and GvHD. Prophylactic use of probiotics is sug-
gested by our experimental data on the use of L. rhamnosus in
a murine model [29]. However, probiotics may carry the risk
of lethal septicemia in patients with neutropenia. Prebiotic
approaches, such as introducing plant fibers to promote
butyrate-producing colonic bacteria, may be safer [54]. An
interesting alternative explanation for the association of
microbiome changes with GvHD is the hypothesis that these
changes merely reflect the impaired oral uptake of nutrition,
which itself has a major impact on epithelial integrity and
inflammation; this hypothesis also needs further evaluation.
Protection by oral nutrition may partially explain the reduced
GvHD incidence and improved outcome in patients receiving
allogeneic transplantation under homecare conditions, as re-
ported by the Huddinge group [55, 56]. Direct microbiota
transplantation would be the ultimate approach to restore mi-
crobial diversity. If the immune system interacts directly with
the intestinal microbiome, the role of donor versus recipient
microbiota has to be evaluated in this context. So far, only one
murine study addressed the impact of donor microbiome on
GvHD, but it did not observe a major influence [57]. Other
options to modulate intestinal inflammation include restora-
tion of epithelial integrity, topical application of AMPs, and
promotion of regulatory immune cells, such as ILCs, as re-
ported by Hanash et al. [40•].

Conclusions and Other GvHD Target Organs
and Pathogens

As indicated in the “Introduction,” GvHD mainly targets ep-
ithelial tissues exposed to direct interaction with the respective
microbiome. Among these, the skin, lungs and bronchi, oral
mucosa, and urogenital tract are affected most severely by
both acute and chronic GvHD, and the impact of the
microbiome on the pathophysiology of organ GvHD must
be characterized in the coming years. Interestingly, the patho-
physiology of liver diseases increasingly is linked to changes
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in the gut microbiome and thus may reflect an impaired inter-
action with the intestinal microbiome or PAMPs released into
the portal vein [58].

Given the strong interaction of the host immune system not
only with bacteria but also with viruses and fungal species,
molecular techniques will have to be adapted to the character-
ization of both the microbiome and the virome and their inter-
action in GvHD.
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