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Laymen summary 
Haematopoietic stem cell transplantation is a medical treatment that replaces stem cells in the bone 
marrow with healthy stem cells. It is used to treat many types of blood cancers, such as leukaemia and 
myeloma, and other autoimmune and blood-related diseases. The patients that receive this kind of 
treatment do not have enough healthy blood cells themselves. Therefore, haematopoietic stem cells 
are used because they can develop into all types of blood cells, such as white and red blood cells. The 
stem cells used for the transplantation can either come from the patient’s own body or a donor. When 
donor stem cells are used, there must be a match between the human leukocyte antigens on the cell 
surface of the donor and the receiver because a mismatch can cause graft-versus-host disease. Graft-
versus-host disease occurs when the donor's T cells attack the patient’s tissue because they recognize 
it as foreign, causing an inflammation that can be life-threatening. Graft-versus-host disease can be 
treated with drugs that suppress the immune response. However, these drugs are often ineffective 
and as a consequence this disease might be lethal. Therefore, a lot of research is focused on limiting 
the occurrence of graft-versus-host disease and on finding new treatments. Research has identified 
that the gut microbiota might play a role in graft-versus-host disease. The gut microbiota consists of 
the trillions of microorganisms, including bacteria, that inhabit our gastrointestinal tract. The gut 
microbiota plays an important role in our health and disease status. Patients undergoing stem cell 
transplantation are exposed to chemotherapy, radiation, and antibiotics that together cause harm to 
the gut bacteria resulting in a bacterial disbalance, called dysbiosis. Dysbiosis has been linked to a 
higher chance of developing graft-versus-host disease. Therefore, research has focused on how 
dysbiosis can be diagnosed, prevented and treated. During dysbiosis in transplant patients, the 
changes in bacterial composition are characterized by a loss of good and an increase of harmful 
bacteria. Because there is a specific pattern found in these bacterial changes, studies examined if 
certain elements of the bacterial composition could be used as biomarker to diagnose dysbiosis or 
graft-versus-host disease. Diagnosis via biomarkers can help to earlier identify patients that are at risk 
or need treatment. In addition, due to the role of dysbiosis in graft-versus-host disease, studies 
investigated if it is possible to restore the bacterial balance by modulating the bacterial composition. 
Strategies that can be used to modulate the bacterial composition include growth stimulation or 
replenishment of good bacteria. These modulation strategies can be used to prevent the occurrence 
of dysbiosis and thus graft-versus-host disease development, treat dysbiosis to prevent graft-versus-
host disease development, or treat dysbiosis in patients who already developed graft-versus-host 
disease. In this review, we summarize the research that has been conducted on how the gut microbiota 
can be used to improve graft-versus-host disease outcomes by discussing potential biomarkers for 
diagnosis and microbiota modulation strategies for prevention or treatment.  
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Abstract 
Allogeneic haematopoietic stem cell transplantation (allo-HSCT) is the treatment of choice for many 
haematological malignancies and benign diseases. Outcomes of allo-HSCT have improved over the 
years; however, there is still a high rate of transplant-related mortality, with graft-versus-host disease 
(GVHD) as one of the key contributors. Currently, there is an unmet need for biomarkers and new 
therapeutic strategies to treat GVHD. In allo-HSCT, the preparative regimen and prophylactic 
antibiotics may cause significant changes to the gut microbiota and the gut. The resulting dysbiosis and 
gut injury has been linked to the occurrence of GVHD and other major complications. This highlights 
the possible function of the microbiota as a biomarker and microbiota modulation as an interventional 
strategy. Microbiota modulation strategies can be prophylactic and therapeutic with the goal to 
prevent or treat dysbiosis, respectively. Prophylactic strategies include enteral nutrition, anaerobic-
sparing antibiotics, prebiotics, probiotics, postbiotics, and faecal microbiota transplantation (FMT). 
Therapeutic strategies include FMT and lactoferrin. In this review, we outline our current 
understanding of how microbiota can be used as a biomarker and microbiota modulation can be used 
as a prophylactic or therapeutic strategy to improve GVHD outcomes following allo-HSCT. 
 
1. Introduction 

The human body harbours trillions of microorganisms, collectively referred to as the 
microbiota, of which the majority is located in the gastrointestinal (GI) tract1. The gut microbiota is 
also the most studied of all microbial niches in the body. Especially the introduction of next-generation 
sequencing technologies led to an explosion of research on the discovery of the microbial composition 
and its role in health and disease2. These studies revealed that the gut microbiota performs diverse 
functions for the host, such as nutrient metabolism, gut homeostasis, maintenance of the gut mucosal 
barrier, protection against pathogens, and immunomodulation3. Due to the close link between human 
health and gut microbiota, disturbances in the microbial composition, called dysbiosis, has been 
associated with a growing number of diseases4. Undergoing haematopoietic stem cell transplantation 
(HSCT) may induce significant microbial disturbances that have been linked to poor clinical outcomes. 
Studies have demonstrated the complex interplay between microbiota, intestinal inflammation, and 
immune reactivity after HSCT, providing mounting evidence for the effect of microbiota on clinical 
outcomes5–7. Evidence has been particularly convincing for the intestinal inflammatory graft-versus-
host disease (GVHD). GVHD is a major complication in HSCT that occurs in 40-50% of recipients and 
often results in transplant-related mortality8. While the overall outcomes in HSCT are continuously 
improving, the incidence of the chronic variant of GVHD is in fact increasing, which might be attributed 
to the longer life expectancy of the at-risk population9,10. This is particularly problematic because HSCT 
is the first-choice treatment for many types of malignant and benign haematological and autoimmune 
diseases11,12.  

The conventional management of GVHD has been disappointing and ineffective: more than 
half of the patients do not achieve complete remission and might develop resistance to or dependency 
on the first-line treatment, which are steroids13. Moreover, at this moment there is a lack of standard 
or consistently effective second-line therapy14. Thus, there is an urgent need for new therapeutic 
approaches. The increasing understanding of the role of gut microbiota in GVHD presents the 
modulation of the microbiota as an interesting therapeutic strategy. Moreover, prophylactic strategies 
that might prevent GVHD development are also gaining attention. Antibiotics, diet, prebiotics, 
probiotics, postbiotics, and faecal microbiota transplantation (FMT) are all areas of intense research 
regarding the improvement of clinical outcomes in HSCT patients. Finally, research is also focussing on 
the identification of microbial biomarkers for risk stratification, diagnosis and therapy guidance.  
 In this review, we will outline how the gut microbiota could be targeted to improve HSCT 
outcomes by discussing potential biomarkers and microbiota modulating strategies with a focus on 
GVHD prevention and treatment.   
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2. Haematopoietic stem cell transplantation 
 HSCT is a life-saving procedure most commonly used for treating haematological malignancies, 
of which acute myeloid leukaemia and acute lymphoblastic leukaemia are the most frequent 
indications, but is also used to treat benign conditions like autoimmune diseases11,12. Worldwide over 
50,000 HSCT procedures are performed each year15. The goal of HSCT is to replace native stem cells 
with healthy stem cells. The healthy stem cells can originate from the patient itself or from another 
individual, termed autologous-HSCT and allogenic-HSCT (allo-HSCT), respectively12. In this review, we 
will only focus on allo-HSCT, from now on referred to as HSCT. Donor stem cells can be obtained from 
three different sources: bone marrow, peripheral blood, or umbilical cord blood11.  

Prior to transplantation, the stem cells of the recipient need to be destroyed to make space 
for donor cells, a process called preparative regimen, which is achieved by chemotherapy with or 
without radiation16. In the case of malignant diseases, this preparative regimen also functions to 
destroy remaining cancer cells from the bone marrow17. Another element of the preparative regimen 
is immunosuppression, which is required to allow for the immunologic establishment of the donor 
stem cells18. Side effects of the preparative therapy include mucosal injury, lymphodepletion, and 
neutropenia in which the remaining neutrophils do not function properly due to immunosuppression19.  

When the preparative regimen is completed, the stem cells can be introduced into the 
patient’s body to eventually achieve engraftment. In the pre-engraftment phase, the lack of normal 
immunologic function is associated with a higher risk for infections that originate from bacterial 
translocation through the gut and oral mucosa19. The intensity of the preparative therapy is related to 
the severity of tissue injury and the duration of pancytopenia, as a consequence the intensity is 
predictive of the infection risk16,17. To prevent infections, antimicrobial prophylaxis based on the 
patient’s pre-transplant risk characteristics is initiated with the start of the preparative regimen17,19.  

Engraftment is the process by which the transplanted stem cells home to the patient’s bone 
marrow cavity, where each stem cell either produces a daughter stem cell or differentiates in order to 
establish a new bone marrow that generates all haematopoietic cell types. The engraftment is 
achieved when enough blood cells have been made. This is most commonly defined as the first of three 
consecutive days that a peripheral blood neutrophil count of >500 x 106/L is measured. Neutrophils 
are used as an indicator of new BM establishment because they play an important role in preventing 
infection20. The days to engraftment varies from 14-28 days depending on the graft source type used17. 

Although engraftment is defined by neutrophil recovery, the rest of the immune system is still 
gradually regaining its full function post-engraftment, which takes more than a year21. This recovery 
process is impaired by the use of immunosuppressors, which is only stopped 3-6 months post-
HSCT17,22. Consequently, the patient remains at extraordinarily high risk for infections until the immune 
system is recovered and the mucosal injury induced by the preparative therapy is healed19.  
 
3. Gut microbiota and haematopoietic stem cell transplantation 
 The gut microbiota consists of highly diverse microbial communities that inhabit the GI tract23. 
The majority of bacterial communities belong to phyla Proteobacteria, Bacteroidetes, Firmicutes, and 
Actinobacteria with only a few bacteria known to be pathogenic24,25. While the interpersonal variation 
of commensal bacteria is high, the microbial composition remains relatively stable over time26,27. In 
the GI tract, the microbiota is regulated by specialized intestinal epithelial cells, including Paneth cells 
and goblet cells28. Paneth cells regulate microbiota through the secretion of antimicrobial proteins 
(AMPs) that destroy non-commensal bacteria29,30. Goblet cells regulate the interaction between 
microbiota and the host through the production of the mucus layer that functions as a physical 
barrier31.  

The other way around, commensal bacteria play a key role in maintaining gut homeostasis32. 
Commensals can confer resistance to colonization by opportunistic pathogens through the direct 
modulation of AMP expression, nutrient limitation, and bacteriocins33,34. Microbiota also play a role in 
the maintenance and degradation of the protective mucus layer, such that an increase in mucus-
degrading bacteria can result in impaired barrier integrity35–37. 
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Next to nutrient absorption and microbiota regulation, the GI tract also plays an important role 
in the mucosal immune response. During immune homeostasis, the interaction of mutualistic microbial 
components with the intestinal epithelium and underlying lymphoid tissue favours a normal immune 
phenotype function without disease expression (Figure 1A)28. Local and systemic immunity can be 
influenced by direct interactions of commensals with immune cells and indirect interactions mediated 
via microbiota-derived metabolites38. Intestinal epithelial cells recognize microbe-associated 
molecular patterns, such as lipopolysaccharides by pathogen recognition receptors (PRRs). PRR 
activation causes pro-inflammatory cytokine response and antigen presentation to regulatory T cells 
(Treg). Subsequently, Treg activation results in the important mechanism of immune tolerance 
towards commensal bacteria38. The microbiota-derived metabolites can function as ligands of enzymes 
or receptors and affect the immune system via this interaction39–42.  

The gut microbiota of patients before HSCT closely resembles a healthy-like profile in terms of 
diversity and abundance5,7,43. However, the preparative regimen, prophylactic antibiotics and dietary 
changes often cause a modification of the microbiota in HSCT patients (Figure 1B)5,7. The composition 
of the microbiota can be characterized by quantifying alpha-diversity, which indicates the richness of 
distinct bacteria and their relative abundance44. When microbial modification occurs in HSCT patients, 
the alpha-diversity is found to rapidly decrease peri-HSCT resulting in a ~30% reduction in diversity 
compared to pre-HSCT7. This gut dysbiosis is characterized by a massive invasion of new species, 
conservation of less than 10% of the pre-existing species, and the burden of antibiotic-resistant 
bacteria (ARB)7,45. In addition, single taxon domination by members of Enterococcus, Streptococcus, 
and Proteobacteria accompanied by a loss of health-promoting species is frequently observed7,43,46. 
These extreme compositional shifts combined with the preparative regimen induced gut injury can 
lead to further GI damage by disrupting normal barrier function47. Moreover, the damaged intestinal 
barrier results in an increased activation of Th17 cells, enhancing tissue damage48–51. The dysbiosis and 
gut injury predisposes the patient to several complications, including GVHD, bloodstream infection, 
Clostridium difficile infection, respiratory complications, and relapse44. Notably, it was shown that 
mortality after HSCT might be predicted by the microbial diversity at engraftment. Depending on the 
degree of microbial diversity at engraftment that was classified as either high, intermediate, or low 
diversity an overall survival at 3 years of 67, 60, 36% was found, respectively. This decrease in survival 
rate is primarily attributed to transplant-related mortality, including mortality related to GVHD and 
infectious complications. These complications are individually associated with microbiota 
disturbances, which will be discussed in detail in the following paragraphs43. 
 
4. Graft-versus-host disease 
 GVHD is a major complication that might occur following HSCT. There is an acute and chronic 
form of GVHD. Acute GVHD (aGVHD) occurs within 100 days post-HSCT when donor T cells attack the 
tissue of the host due to a mismatch in histocompatibility antigens, with clinical manifestations in the 
GI tract, skin, and liver52. aGVHD is found in ~30-50% of patients undergoing HSCT, of which 14-36% 
develops severe aGVHD. Chronic GVHD (cGVHD) usually occurs 100 days after HSCT and has some 
features similar to autoimmune disease52. It has an incidence of ~42% within 3 years post-HSCT; in 66% 
of the cases it is a resolution or extension of aGVHD and in the rest of the cases it develops de novo53. 
If it is not specified if it is acute or chronic GVHD, we refer to GVHD in general.   

The relationship between microbiota and GVHD has long been studied. It started when the 
potential impact of microbiota on GVHD was first suggested in the 1970s when experiments on germ-
free mice showed that the development of GVHD was decreased in the absence of microbiota54,55. 
Although gut decontamination in humans to mimic the germ-free circumstances in mice was first 
believed to reduce the incidence of GVHD, a recent study indicated a higher risk of aGVHD 
development after decontamination56. This is in accordance with the current paradigm that a 
decreased alpha-diversity is correlated with an increased risk of mortality due to GVHD, which has 
been demonstrated by multiple studies5,43,57–59. It is suggested that the low microbial diversity 
combined with the preparative regimen induce aGVHD via a reduced Treg/Th17 balance (Figure 1B)60.  
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      A) Pre-HSCT                         B) Preparative regimen 

             
      C) aGVHD                           D) Dysbiosis patterns that predispose to aGVHD 

             
 

Figure 1 |The crosstalk between the gut microbiota and the intestinal immune system during HSCT and aGVHD - A) During 
homeostasis, the intestinal epithelial cell surface forms an intact barrier against bacterial translocation into host tissue with 
goblet cells secreting mucus to separate the gut microbiota and host tissue and Paneth cells secreting AMPs to protect against 
pathogens. Dendritic cells that come in contact with microbiota activate Treg and Th17 cells, which together maintain 
homeostasis by balancing the secretion between pro- and anti-inflammatory cytokines and inducing immune tolerance 
towards commensals. B) In HSCT, the preparative regimen damages the intestinal epithelium, goblet cells, and Paneth cells, 
which damages the epithelial barrier integrity. The use of antibiotics can lead to the depletion of health-promoting bacteria 
and single taxon domination resulting in a disruption of the pre-HSCT microbial diversity. There is an increased activation of 
Th17 cells, enhancing barrier damage and reducing the Treg/Th17 ratio. In addition, the increased abundance of mucus-
degrading bacteria results in bacterial mucus degradation. C) When the damage to the epithelial barrier continues it allows 
bacterial translocation, which leads to a massive pro-inflammatory immune response (cytokine storm). Bacterial 
translocation also leads to the activation of antigen presenting cells (APCs), which might result in the alloactivation of donor 
T cells. In turn the alloactivation of donor T cells can result in GVHD. D) Certain microbiota and microbiota-derived metabolites 
might play a role in aGVHD development. Higher abundance of Akkermansia muciniphila might predispose to GVHD by 
contributing to bacterial mucus degradation. Increased levels of TMAO might induce aGVHD by activating M1 macrophages, 
which activate Th1 and Th17 cells. Higher abundance of Enterococcus might contribute to aGVHD by inducing IL-1 and IL-6 
and as a consequence Th1 and Th17 cells are activated. The decrease in species that belong to the Clostridiales might result 
in an increased risk of aGVHD, due to their role in the production of the SCFAs butyrate and propionate, and 3-indoxyl 
sulphate. Subsequently, the lower abundance of Clostridiales might result in a decreased Treg cell activation. Treg, T 
regulatory cell; Th17, T helper 17 cell; DC, dendritic cell; AMP, antimicrobial peptides; APC, antigen presenting cell; PAMP, 
pathogen associated microbial peptide; Th1, T helper 1 cell; TMAO, trimethylamine N-oxide; M1, M1 macrophage; IL-1, 
interleukin 1; IL-6, interleukin 6; SCFA, short-chain fatty acids. Figure created with BioRender.com. 
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Another driver of aGVHD might be the translocation  of bacterial components that stimulate PPRs on 
antigen-presenting cells of the host and/or donor that secrete pro-inflammatory cytokines, which in 
turn results in the alloactivation of donor T cells (Figure 1C)48,49. Moreover, GVHD possibly predisposes 
to dysbiosis through ‘targeting’ Paneth cells. The injury of Paneth cells results in lower AMP expression 
allowing the expansion of harmful bacteria, which creates a downwards spiral for HSCT patients29,61. 
Other studies have identified specific members of the microbiota and microbiota-derived metabolites 
that have been associated with increased or decreased incidence of GVHD and its severity, which will 
be discussed in detail below (Figure 1D)5,39,69–74,40,62–68. 

Clostridiales have been found to protect against GVHD. This bacterial class includes short-chain 
fatty acid (SCFA) producing bacteria of the families Lachnospiraceae and Ruminococcaceae. The higher 
abundance of these families has been associated with reduced mortality related to GVHD 
development; consequently, their absence was correlated with an increased risk of aGVHD 
development62–65,70. These SCFA-producing bacteria might promote health by maintaining the balance  
between anti- and pro-inflammatory responses during GVHD, implied by the link between their high 
relative abundance and an increased Treg/Th17 ratio60,64. The genera Blautia and Faecalibacterium in 
specific, also belonging to the Clostridiales, are known to be important players in maintaining an anti-
inflammatory gut milieu. The high abundance of Blautia was associated with a decrease in aGVHD 
mortality and the reduced abundance of Faecalibacterium with the onset of aGVHD, confirming the 
protective function of Clostridiales7,62. 

While health-promoting bacteria might protect against GVHD, there are two bacterial genera 
that have been associated with GVHD onset and enhanced severity. One of these is Enterococcus that 
has been found in higher abundance at the onset of aGVHD5. This Enterococcus domination correlated 
with an elevated risk of severe aGVHD and aGVHD lethality in both HSCT patients and mice5,66. 
Enterococcus are potentially involved in enhancing intestinal inflammation through the induction of 
interleukin (IL)-1 and IL-6 production, which results in the activation of Th1 and Th1775. Lactose is a 
growth substrate for Enterococcus. Patients that have increased lactose availability in the gut lumen 
due to lactose malabsorption present with an increased risk of Enterococcus domination. Moreover, a 
lactose deprived diet resulted in the prevention of Enterococcus growth and improvement of GVHD-
related survival in an HSCT mouse model66. The higher abundance of Akkermansia muciniphila is also 
associated with an increased risk of aGVHD lethality in mice67. Moreover, the higher abundance of 
Akkermansia muciniphila has been linked to an elevated incidence of cGVHD in patients63. 
Akkermansia muciniphila has mucus-degrading capabilities, suggesting that it might contribute to 
GVHD through mucus degradation67.  

The extreme shifts in microbial composition consequently change the patient’s metabolomic 
profile68. The changes in concentration of specific metabolites derived from tryptophan, dietary fibre, 
and choline have been observed in patients with GVHD.  

3-indoxyl-sulphate (3-IS) is a metabolite of L-tryptophan produced by tryptophanase-
expressing commensal bacteria. In microbial communities, it functions as an intercellular signal that 
modulates intestinal barrier integrity and pro- and anti-inflammatory gene expression69. In active 
aGVHD urinary 3-IS levels are found to be reduced and this is associated with higher transplant-related 
mortality ascribed to the occurrence of aGVHD68,69. Interestingly, a link was observed between higher 
abundances of Clostridiales and higher urinary 3-IS levels, suggesting that a reduction in 3-IS might 
originate from a reduction in Clostridiales69. Indoles are other tryptophan-derived metabolites (e.g. 
indoleacetate, indoleacetylglutamine, and indolepropionate) that are found to be depleted during 
active aGVHD. Low levels of these metabolites can contribute to aGVHD pathophysiology due to their 
function as ligands of aryl hydrocarbon receptors and ability to regulate allogeneic T-cell reactivity68.  

The SCFAs butyrate, propionate and acetate have also been linked to GVHD. SCFAs are end-
products of dietary fibre fermentation by microbiota. While faecal butyrate is found to be reduced at 
the onset of aGVHD, the additional reduction of propionate and acetate is related to severe aGVHD70,71. 
Moreover, in patients with cGVHD lower plasma levels of butyrate and propionate are found63. 
Together, these studies suggest a protective function of butyrate, propionate and acetate. The 
protective function of butyrate was confirmed in a murine model of aGVHD, where the intragastric 
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administration of butyrate post-HSCT resulted in increased survival and mitigated aGVHD72,73. A 
reduction in aGVHD was also observed with the introduction of a consortium of Clostridia strains which 
collectively increased butyrate levels73. An explanation for this might be the effect of butyrate and 
propionate on Treg cells: butyrate and propionate are inhibitors of histone deacetylase and induce the 
differentiation of Treg in mice, but propionate has this effect to a lesser extent than butyrate39,40. 

Finally, high levels of choline-derived trimethylamine N-oxide (TMAO) has been demonstrated 
to lead to enhanced aGVHD-related mortality in mice through the induction of M1 macrophage 
polarization and subsequently activation of Th1 and Th17 differentiation and proliferation74. 

These findings demonstrate that some taxa and metabolites appear to have a protective effect, 
while others have a pathogenic effect on GVHD outcomes. Together, this emphasizes the critical role 
of gut microbiota stability during HSCT and highlights the need for novel approaches that maintain 
protective players or decrease pathogenic players. However, it should be noted that the majority of 
studies discussed have an observational nature; subsequently, the data can only imply correlations and 
lack causality.  
 
5. Other complications  
 Bloodstream infection is one of the potentially mortal complications found in HSCT patients. 
Bloodstream infections are frequent during the early post-transplantation period and occur when 
microbes invade underlying tissues and reach the bloodstream, which is possible due to loss of 
intestinal barrier integrity76,77. Patients who develop a bloodstream infection often display a low alpha-
diversity, a loss of anaerobic commensals, and gut domination by pathogens46. Gut domination with 
Enterococcus and Proteobacteria (Enterobacteriaceae and other aerobic Gram-negative bacteria) was 
found to increase the risk of bloodstream infection with the same organisms46. Moreover, another 
study demonstrated that bloodstream infections with Proteobacteria genera Escherichia coli and 
Klebsiella match the commensal bacteria found in the gut, strongly indicating the gut as a probable 
source of these infections78. 
 Clostridium difficile infection is one of the most common infections in the early post-transplant 
phase, which causes infectious diarrhoea79. The higher abundance of anaerobes, such as 
Lachnospiraceae and Ruminococcaceae has been associated with a 60% lower risk of  infection after 
engraftment and GVHD is a known risk factor for Clostridium difficile infection80,81. 
 Acute lung injury and sepsis-associated acute respiratory distress syndrome are pulmonary 
complications that frequently occur after engraftment. Pulmonary complications in HSCT patients 
were found to double the risk of mortality. Evidence has been found for a gut-lung axis: Harris et al. 
showed that low diversity and gut domination with Gammaproteobacteria are predictors of pulmonary 
complications. Interestingly, Gammaproteobacteria include respiratory pathogens suggesting a direct 
bacterial translocation to the lungs in the early transplant phase, indirect lung injury via microbiota-
stimulated inflammatory response, or the association might reflect overall microbial status or 
antimicrobial use82. In addition, Haak et al. suggested that intestinal butyrate might play a role in 
systemic antiviral immunity because they demonstrated that gut colonization with butyrate-producing 
bacteria protected from post-HSCT viral infection of the lower respiratory tract83. 
 The microbial composition might also be linked to the relapse rate after HSCT because 
microbiota affect the systemic immune response through which they could influence the graft-versus-
tumour activity. The only study that examined the relationship between microbiota and relapse 
reported an association between the higher abundance of Eubacterium limosum and decreased 
relapse risk 2 years post-HSCT. However, the presence of this association depends on the type of 
disease treated67. 
 
6. Biomarkers 
 Both acute and chronic GVHD still remain a significant cause of HSCT-related morbidity and 
mortality84. To optimize the prevention and treatment of GVHD, research has focused on the 
identification of biomarkers for risk stratification, diagnosis, prognosis, and therapy guidance. 
However, the complex pathophysiology of GVHD impedes the discovery of reliable biomarkers84. 
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Studies comparing the gut microbiota composition of patients before and after HSCT have presented 
biomarkers and surrogate markers with potential applications in risk stratification for GVHD 
development, GVHD diagnosis and severity assessment, and therapy guidance.  

Multiple studies have identified biomarkers and surrogate markers to predict the risk of GVHD 
risk. The rationale behind using the gut microbiota for risk stratification is to identify patients that can 
benefit from preventive therapy. In addition, some biomarkers could also be used to guide therapy.  
 The comparison of stool profiles from patients collected pre-HSCT until day 100 post-HSCT with 
stool samples of healthy donors revealed that impaired microbiota diversity in patients was associated 
with severe aGVHD, while patients with healthy-like microbiota did not develop GVHD58. Two 
subsequent studies confirmed these observations, demonstrating a link between aGVHD and reduced 
microbial diversity at neutrophil engraftment, and a low bacterial count and diversity at the onset of 
severe aGVHD, respectively64,70. Notably, all studies demonstrated a relation between aGVHD and the 
loss of Lachnospiraceae and the latter two studies observed the additional loss of 
Ruminococcaceae58,64,70. Both Lachnospiraceae and Ruminococcaceae belong to the health-promoting 
Clostridiales. Noor and colleagues suggested using the abundance of Clostridiales as a surrogate 
marker for gut microbiota diversity, which can be monitored in real-time to predict aGVHD risk8. The 
clinical data support the idea that reduced alpha-diversity is related to the loss of Clostridiales, which 
is found to predispose to GVHD both at the time of engraftment and GVHD onset58,64,70. The real-time 
monitoring of Clostridiales could be performed in a non-invasive manner with quantitative polymerase 
chain reaction (qPCR) or metabolomics. Moreover, Clostridiales monitoring could be used to provide 
direction in the choice to repopulate and/or sustain the microbiota by means of therapy and to 
monitor therapy success8. 

Another potential surrogate marker for microbial diversity is 3-IS because multiple studies 
have indicated a clear link between a drop in 3-IS, gut microbiota disruption, and aGVHD risk. In a pilot 
study of 31 HSCT patients, a drop in urinary 3-IS was observed as a consequence of bacterial diversity 
loss. Reduced levels of 3-IS were found in all post-transplant samples, but the greatest reduction of 3-
IS was found in samples from patients with active aGVHD5. Weber et al. found that low urinary 3-IS 
levels at the time of HSCT and just thereafter positively correlated with dysbiosis and transplant-
related mortality, with GVHD as the main cause69. Finally, Michonneau and colleagues demonstrated 
a significant decrease of urinary 3-IS at the onset of aGVHD68. Overall, these studies suggest that 
monitoring urinary 3-IS levels could be a feasible and non-invasive approach to monitor changes in the 
microbiome composition and predict the risk of developing aGVHD.  
 Recently, a model to predict the risk of developing severe aGVHD has been proposed. The risk 
stratification is based on an algorithm defined as a gut microbiota score that includes selected features 
of intestinal bacteria measured at engraftment. Interestingly, a gut microbiota score related to aGVHD 
was found to correlate with a lower Treg/Th17 ratio and a higher number of proinflammatory 
cytokines85.  

Studies have also been investigating the presence of a predictive baseline gut microbiota 
signature to enable risk stratification of aGVHD prior to the preparative regimen. Previously, a gut 
microbiota signature linked to aGVHD risk has been observed in children with aGVHD who presented 
dysbiosis before HSCT had taken place86. Although studies in adults have not identified a gut microbiota 
signature for aGVHD yet, a baseline immunoregulatory metabolic profile, including some microbiota-
derived metabolites, has been associated with aGVHD development87. In addition, a baseline gut 
microbiota signature was found to correlate with major infections (i.e. bloodstream infection and 
Clostridium difficile infection)88.  

As the treatment of GVHD is often only started after a definitive diagnosis, non-invasive 
diagnostic biomarkers are required to speed up the diagnosis of GVHD. Recent studies have identified 
faecal butyrate as a potential candidate for the diagnosis of aGVHD, and faecal propionate and acetate 
for aGVHD severity at its onset. Faecal butyrate concentrations have been found to be reduced at 
aGVHD onset in any stage of aGVHD, while a drop in faecal propionate and acetate was only found in 
severe aGVHD70. This is in accordance with a previous study, in which children that developed aGVHD 
presented lower faecal butyrate concentrations 14 days after transplantation compared to children 
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who did not develop aGVHD71. Moreover, lower plasma butyrate and propionate concentrations near 
day 100 post-HSCT have been linked to subsequent cGVHD development63. Thus, butyrate levels 
present as an interesting and non-invasive biomarker that enables earlier diagnosis of aGVHD, and  in 
combination with propionate levels it might serve to diagnose cGVHD.  

Monitoring of non-invasive markers presents a promising method for aGVHD risk stratification, 
earlier diagnosis of aGVHD and cGVHD, and therapy guidance. The earliest on risk stratification could 
be offered by a gut microbiota signature before the preparative regimen is initiated. Future studies 
should establish the feasibility of these biomarkers and how they can serve to prevent the 
development of aGVHD.   
 
7. Prophylactic and therapeutic strategies  
 The growing knowledge on the role of gut microbiota in GVHD has led to the investigation of 
strategies that modulate the microbiota to prevent dysbiosis or restore eubiosis, both with the goal to 
improve clinical outcomes. Subsequently, multiple prophylactic and therapeutic strategies have been 
suggested in the literature. The strategies that will be discussed below include antibiotics, nutritional 
support, prebiotics, probiotics, postbiotics, FMT, and lactoferrin.   
 
7.1 Antibiotics 
 Antibiotics are frequently administered to HSCT recipients, which can be either prophylactic 
for febrile neutropenia or therapeutic for known infections. Although prophylactic antibiotics are 
essential in many patients in order to avoid infections, the antibiotics combined with the epithelial 
barrier injury induced by the preparative regimen modify the microbiota in such a way that it can result 
in dysbiosis5,7. The collateral damage these antibiotics cause to the gut microbiota can vary depending 
on the regimen and spectrum of microbial coverage89. Taking into account the critical role microbiota 
play in clinical outcomes following HSCT, it is increasingly acknowledged that the agents used should 
be those that minimize collateral damage to microbiota and prevent disease.  
 Conversely, many of the currently recommended broad-spectrum antibiotics used for the 
treatment of febrile neutropenia are in fact linked to increased GVHD in HSCT patients. In specific, 
antibiotics with a higher activity against anaerobic commensals, including carbapenem, piperacillin-
tazobactam, imipenem-cilastatin, fourth generation cephalosporins, and clindamycin59,90–93. 
Moreover, gut dysbiosis with a predominance of Enterococcus was found with the use of the antibiotic 
agents ciprofloxacin, metronidazole, and vancomycin that also deplete anaerobic commensal 
bacteria5,46. In contrast, aztreonam and cefepime both preserve anaerobic commensal bacteria and 
are found to reduce GVHD-related mortality90. It must be noted that the timing of antibiotic 
administration also has an effect on aGVHD, as patients who began with their prophylactic antibiotics 
regimen pre-HSCT had worsened outcomes than those who began post-HSCT94.  

Fluoroquinolones are the preferred prophylaxis in neutropenic fever, which is started a few 
days pre-HSCT and continued until neutrophil engraftment95. The fluoroquinolone levofloxacin 
effectively reduced infections and bloodstream infections in high-risk neutropenic patients96. 
Prophylaxis with quinolone was linked to decreased Gram-negative bacteria domination in the gut46. 
Quinolones might induce this benefit by selectively targeting potential pro-inflammatory bacteria, 
while maintaining anaerobic commensals44. Rifaximin has been suggested as a possible alternative to 
fluoroquinolones. A retrospective study in a transplant centre that switched from prophylaxis with 
ciprofloxacin-metronidazole to rifaximin has shown beneficial effects of rifaximin: reduced GI aGVHD, 
reduced 1-year transplant-related mortality, increased overall survival, lower abundance of 
Enterococcus, and elevated urinary 3-IS levels. These effects were observed irrespective of additional 
systemic antibiotic use97. Although fluoroquinolone and systemic broad-spectrum antibiotic 
treatments are widely accepted, these data demonstrate that the use of alternative antibiotics can 
spare beneficial anaerobic commensals in the gut and is associated with reduced incidence of aGVHD 
and other improved clinical outcomes.  

In the same line of thought that beneficial anaerobic commensal bacteria should be spared, 
antibiotic-independent approaches that have a targeted approach have been suggested for application 
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in HSCT patients. The first strategy involves oral immunoglobulin therapy. A study in an HSCT murine 
model revealed that immunoglobulin yolk antibodies immunized with heat-inactivated Escherichia  
coli, Clostridium perfringens, and Salmonella typhimurium decreased aGVHD and improved overall 
survival, when administered for 30 days starting 2 days before HSCT98. This suggests that oral 
immunoglobulins might be an attractive strategy for passive bacterial modification and with their 
targeted effects they present an alternative to broad-spectrum antibiotics, although their role in 
restoring eubiosis must still be examined. Two other suggested targeted approaches are bacteriocins 
and bacteriophages, which are bacterial AMPs and viruses that infect bacteria to kill them, 
respectively. Due to their bacteria specific effects, they may be utilized to control specific pathogens 
in the gut. Although studies with these natural components are being conducted for other gut 
dysfunctions, there is limited to no information on their application in HSCT recipients8.  

Overall, the available data on antibiotics use in HSCT patients suggest that antibiotic strategies 
should focus on sparing anaerobic commensals. Points of attention for antibiotics use are the preferred 
use of agents with a narrow spectrum and a minimized duration. The monitoring of gut microbiota 
biomarkers such as Clostridiales and 3-IS might enable to track if anaerobic commensal bacteria are 
not depleted below a critical range. Moreover, the use of antibiotic-independent strategies might 
allow the targeted depletion of pathogenic bacteria.  
 
7.2 Nutritional support  

Multiple studies have confirmed the direct connection between diet and microbiota in 
maintaining health99–103. There are two different options for nutritional support in HSCT patients; 
enteral nutrition and parental nutrition. Enteral nutrition is the delivery of nutrients via a feeding tube 
and oral intake of dietary foods that pass the GI tract, while parental nutrition is the intravenous 
administration of nutrition surpassing the GI tract104,105. Traditionally, parental nutrition was the first 
nutritional approach in patients after HSCT. However, parental nutrition in HSCT has been associated 
with a loss of Blautia after more than 10 days of parental nutrition, induced gut mucosal atrophy, 
promotion of bacterial translation, and altered SCFA production62,106–108. On the other hand, enteral 
nutrition in HSCT patients has been associated with an increase in overall survival, and better outcomes 
regarding infection and aGVHD109–114. Recently, EN demonstrated to be feasible and nutritionally 
adequate for children undergoing HSCT115,116. When compared to parental nutrition, only subjects 
receiving enteral nutrition presented with a prompt restoration of eubiosis post-HSCT, possibly 
reducing the risk of GVHD and infections115. Additionally, enteral nutrition was found to protect 
children from bloodstream infections116.  

These studies support the current recommendation of enteral nutrition as the first line 
nutritional approach for HSCT patients instead of parental nutrition. However, additional studies are 
required to further explore the role of the type of nutritional support that should also take the effect 
of prebiotics, probiotics, postbiotics, antibiotics and lactoferrin into account.  
 
7.3 Prebiotics 

Prebiotics are defined as ‘a substrate which is selectively utilized by host microorganisms 
conferring a health benefit’117. Traditionally prebiotics refer to indigestible carbohydrates that are 
metabolized by commensal bacteria in the gut to produce metabolites that can serve as nutrients for 
intestinal epithelial cells or potentially modulate the immune system118. Examples of indigestible 
carbohydrates include fibers like resistant starches, fructo-oligosaccharides, and galacto-
oligosaccharides and SCFA are an example of metabolites produced upon fermentation of 
prebiotics119.  

A few studies have explored the effect of prebiotics on clinical outcomes in HSCT patients. In 
an observational study (n=41), Tavil et al. examined how diet in the pre-HSCT period correlated with 
clinical outcomes after HSCT in children. They found that a fibre richer diet correlated with earlier 
engraftment and a shorter period of febrile neutropenia120. Iyama et al. studied the pre-emptive effect 
of glutamine, fibre, and oligosaccharide (GFO) on mucosal injury in HSCT. This retrospective controlled 
study (n=44; 22/group) revealed that GFO alleviated mucosal injury, reduced Enterococcus 
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translocation, and led to 100% survival rates at day 100 compared to 77.3% in the control group121. A 
third study (treatment group: n=34, control group: n=151) prospectively assessed the effect of GFO 
and resistant starch on mucosal injury and gut microbiota diversity to alleviate aGVHD. GFO and 
resistant starch intake mitigated mucosal injury, maintained microbial diversity with preservation of 
butyrate-producing bacteria, and reduced the aGVHD incidence122. Prebiotic resistant starch is known 
to increase intestinal levels of SCFAs among which butyrate, and the abundance of butyrate-producing 
bacteria123–125. Regarding the protective function of butyrate for aGVHD, the increase of butyrate levels 
might explain the positive effect found of resistant starch combined with GFO72,73,122.  

Vitamin A, which can be used as a non-fibre prebiotic, has also been linked to the incidence of 
aGVHD. One study demonstrated that lower levels of vitamin A 30 days post-HSCT was associated with 
increased aGVHD in children. This effect might be ascribed to role of vitamin A in the differentiation of 
naïve T-cells towards Tregs instead of Th17 cells, promoting mucosal tolerance and barrier integrity126. 
Additionally, there is the possibility that commensal bacteria suppress retinoid metabolism in intestinal 
epithelial cells to prevent dysbiosis by decreasing IL-22 levels of which the levels are increased in 
children with GI aGVHD127,128.  

Together, the presented data indicate that prophylactic prebiotics might play an important 
role in improving clinical outcomes after HSCT. Especially, the intake of GFO and resistant starch might 
be an effective strategy for aGVHD prevention and should be studied further. At this moment there 
are two ongoing trials to assess the effect of vitamin A supplementation on preventing aGVHD 
(NCT03202849, NCT03719092) 
 
7.4 Probiotics 

Another frequently used nutritional intervention is probiotics. Probiotics are defined as ‘live 
microorganisms which when administered in adequate amounts, confer a health benefit on the 
host’129. Lactobacillus spp. and Bifidobacterium spp. are the most commonly used probiotic 
microorganisms130. The suggested mechanisms underlying probiotic efficacy include microbial 
community remodelling, pathogen suppression via either direct antimicrobial effects or immune 
response stimulation to increase anti-inflammatory cytokines, and intestinal barrier function 
promotion131,132. 

There is a preclinical and clinical study addressing probiotics use in HSCT, which have 
demonstrated inconsistent results. In a murine model of HSCT, an administration regimen of 
Lactobacillus rhamnosus GG started before transplantation reduced aGVHD, bacterial translocation, 
and improved survival rates133. In contrast, the administration of the same probiotic Lactobacillus 
rhamnosus GG at time of engraftment in HSCT patients did not modify the gut microbiota diversity nor 
impacted the incidence of aGVHD134. A probable factor contributing to the demonstrated lack of 
efficacy is colonization resistance by the existing microbiota135. It can also be suggested that the timing 
of probiotic administration might play a role in the lack of effectivity because probiotic administration 
is started before transplantation in mice and at the time of engraftment in patients. The importance 
of timing has been demonstrated previously with antibiotics use, where starting before transplantation 
resulted in worse clinical outcomes compared to after transplantation94.  

Although probiotics might have a clinical benefit, there are safety concerns regarding the use 
of probiotics in the severely immunocompromised HSCT patients. Multiple studies have been 
conducted to address this concern, demonstrating that Lactobacillus plantarum was safe and feasible 
in both children and adults undergoing HSCT, probiotics rarely causes bloodstream infection (19/3796 
patients) after HSCT as assessed by a large retrospective study, and probiotics use was safe in high-risk 
paediatric HSCT patients demonstrated by a single-centre retrospective study136–138. In addition, the 
study addressed above also showed to be safe with no unexpected adverse events134. 

Currently, there is no direct evidence for probiotic efficacy in the prevention or treatment of 
GVHD. It is expected that in the future more targeted probiotic therapies with specific 
immunomodulatory effects will become available. Targeted probiotics that take the unique microbiota 
composition of each patient into account may also help to overcome colonization resistance135.  
 

https://clinicaltrials.gov/ct2/show/NCT03202849?term=NCT03202849&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT03719092?term=NCT03719092&draw=2&rank=1
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7.5 Postbiotics  
Postbiotics entails the administration of metabolites that are similar to microbiota-derived 

metabolites to promote health. This strategy completely bypasses the bacteria and might be safer and 
have a more direct effect compared to prebiotics and probiotics. As in HSCT patients certain 
metabolites are found to be depleted, supplementation with these metabolites might protect against 
aGVHD. The effect of indole and butyrate administration on aGVHD has been studies in mice73,139. The 
oral administration of indoles was found to limit aGVHD through the protection and reparation of 
mucosal barrier integrity139. A similar beneficial effect was found with the intragastric administration 
of butyrate73.  
 These two studies demonstrate that postbiotics can mitigate aGVHD. Due to the safe and non-
invasive nature of this type of intervention, future research should examine if this effect can also be 
established in HSCT patients.  
 
7.6 Faecal microbiota transplantation 
 FMT is the transfer of healthy donor faeces into the recipient’s GI tract harbouring dysbiosis. 
The aim of the introduction of stool carrying living microbiota is to reconstruct eubiosis and 
homeostasis in the recipient140. The stool may originate from a related donor, an unrelated donor, or 
the recipient collected before dysbiosis onset. FMT can be delivered in various ways, including 
colonoscopy, nasogastric or nasoduodenal tube, capsules, or enema, of which the latter two are the 
least invasive141. FMT is already an accepted and beneficial therapy for recurrent Clostridium difficile 
infection142. FMT carries a potential risk of infections by the introduced donor microbiota for HSCT 
patients. However, due to its ability to restore eubiosis there is a growing interest in the application of 
FMT in HSCT as a therapeutic or preventive strategy, mainly addressing aGVHD and infections140.  

Corticosteroids, the first-line therapy for aGVHD, can result in the development of steroid-
resistant or steroid-dependent aGVHD. In addition, there are limited other therapeutic options 
available. Therefore, FMT has been explored as a second-line therapy to treat GI aGVHD13. The 
rationale behind this is that FMT might diminish GI aGVHD symptoms by first improving microbial 
diversity and consecutively affecting the immune system to mitigate immune-mediated gut 
inflammation143. To assess this effect, nine pilot studies have been conducted in which complete 
response was defined as aGVHD remission after FMT. All studies found an increase in the microbial 
diversity after FMT143–151. Most studies also reported the enrichment with health-promoting 
species143,145–148,150,151. Among which the study of Zhong et al. (n=2) showed these effects in children148. 
Moreover, the study of Kakihana et al. (n=4) identified an increase in peripheral blood Treg cells143. In 
all studies combined, the beneficial effects of FMT on the gut microbiota composition resulted in a 
complete response in 25/42 patients (60%) and partial response in 6/42 patients (14%)143–151. The 
lowest complete response of 29% was found by Shouval et al. (n=7), which might be explained by the 
fact that they studied FMT in severe aGVHD147.  

Overall, FMT is presented as a promising approach for treating GI aGVHD. Multiple clinical trials 
are on their way to further explore the feasibility of FMT in aGVHD treatment. It should be noted that 
patients with steroid-resistant aGVHD have a dismal prognosis, and that FMT could be less beneficial 
in patients with a deteriorated clinical status, completely altered gut microbiota and mucosa140. 
Therefore, FMT has also been studied for the prevention of the unavoidable dysbiosis that follows 
HSCT43. Moreover, FMT may eradicate ARB strains, which are commonly found in the gut of 
immunocompromised patients152.  

The application of FMT as a preventive strategy in HSCT has been explored in seven small-scale 
studies. Five of these studies focused on ARB decolonization and two focused on the prevention and 
reduction of dysbiosis. Innes et al. and Battipaglia et al. have studied the use of FMT to eradicate ARB 
in patients before HSCT (n=1 and n=4, respectively), which in both studies led to complete ARB 
decolonization in 100% of the patients153,154. Merli et al. studied the same in children (n=5) and showed 
successful decolonization in 80% of the patients86. Bilinski et al. performed FMT in 25 patients with 
blood disorders including 10 neutropenic patients of which 60% of the study population achieved 
decolonization within one month post-FMT155. In contrast, in the study of Ghani et al. only 41% of 11 
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patients (8 treated pre-HSCT) presented with ARB decolonization after FMT. However, they did find a 
reduction in poor clinical outcomes in the group that received FMT compared to the group that did 
not 156. A lower success rate was also found when Battipaglia et al. examined ARB eradication in 
patients after HSCT (n=6); only 2 patients experienced full decolonization154. Although the results of 
FMT for ARB decolonization are promising, the success rates are variable asking for confirming trials 
before clinical application.  

Two different studies focused on FMT for dysbiosis prevention and reduction. In a clinical trial 
with 14 subjects in the experimental group and 11 controls, autologous FMT was performed post-
engraftment. In comparison to the controls, FMT effectively restored gut microbiota diversity with the 
reestablishment of health-promoting bacteria (i.e. Lachnospiraceae and Ruminococcaceae). 
Importantly, the auto-FMT recipients presented with fewer transplant-related complications than the 
control group157. A subsequent analysis of this study revealed higher numbers of neutrophils, 
lymphocytes, and monocytes in the peripheral blood of the treatment group158. A similar benefit was 
demonstrated using unrelated donor FMT in 13 patients administered less than 4 weeks post-
engraftment: increased bacterial diversity and enrichment with Clostridiales obtained from the donor 
stool. In addition, increased urinary 3-IS levels were found, which as a eubiosis marker is linked to 
favourable clinical outcomes following HSCT159. Both studies demonstrated that FMT was well 
tolerated with no severe adverse events157,159. Together these two studies indicate that FMT is safe 
and effectively restored eubiosis while improving clinical outcomes.  

These data suggest that FMT is safe in HSCT patients despite their immunocompromised state 
and can be used to treat diseases beyond recurrent CDI. However, due to the heterogeneity of 
important practical aspects (i.e. donor type, infusion timing, administration mode, stool analysis), 
more and preferably large clinical trials are necessary to confirm the feasibility and efficacy of FMT in 
both prevention and treatment.  

In conclusion, FMT is in general found to be effective and safe for the treatment of aGVHD, 
ARB decolonization, and the prevention of dysbiosis. However, before FMT can be clinically applied 
measures should be taken to decrease the infection risk associated with FMT. These measures can be 
FMT preparation standards, universal stool banks or the use of engineered microbial communities72,160. 
The latter one allows for the generation of microbial communities with defined interactions161. In the 
future, synthetic communities might be used as a safe and targeted alternative for FMT162.  
 
7.6 Lactoferrin  

Lactoferrin is an iron-binding protein with, among others, antimicrobial, anti-inflammatory and 
immunoregulatory activity, which has been studied as a treatment and prophylactic for aGVHD. 
Recombinant human lactoferrin was used to treat children with severe steroid-resistant GI aGVHD. 
Four out of seven patients showed improvement of clinical symptoms after lactoferrin administration, 
presenting a potential benefit of lactoferrin to treat severe gut aGVHD163. The prophylactic potential 
of lactoferrin was demonstrated in a murine model, where an oral lactoferrin regimen started 4 days 
before transplant up to 30 days after in surviving recipients reduced aGVHD and improved overall 
survival (experimental group: 100%, control group: 67%)164. Lactoferrin and lactoferricin (its N-terminal 
peptide-derivatives) were recently demonstrated to reduce bacterial translocation and dysbiosis in 
non-HSCT related preclinical studies, suggesting a probable mechanism of its effectivity in aGVHD 
treatment and prevention165,166. However, it is remarkable that despite the observed positive effect of 
lactoferrin on GVHD after 2008 no more research on lactoferrin for application in HSCT has been 
conducted. We could find no explanation for the absence of new studies on this promising compound.  
 Compared to FMT, lactoferrin is a safer and less complicated supplement that demonstrated 

similar beneficial effects in both the prevention and treatment of aGVHD. However, the absence of 

sufficient clinical trials with lactoferrin currently limits its application.  
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8. Conclusion and future directions  
 HSCT is a life-saving procedure that is the first choice for treating many types of malignant and 
benign haematological and autoimmune diseases. However, since GVHD-related mortality following 
HSCT still represents a major concern, novel diagnostic and therapeutic tools are needed to optimize 
GVHD prevention and treatment. We reviewed how the gut microbiota could be used to improve HSCT 
outcomes with a focus on GVHD. The relationship between microbiota and HSCT, and GVHD in 
particular, has long been studied. The gut microbiota diversity seems to predict overall survival post-
HSCT, aGVHD development and severity, and other complications. More specifically, the higher 
abundance of bacteria belonging to the Clostridiales and the microbiota-derived metabolites 3-IS, 
indoles, butyrate, propionate, and acetate appear to protect against GVHD, while the higher 
abundance of Enterococcus, Akkermansia and the metabolite TMAO appear to be associated with 
worsened GVHD outcomes. Accordingly, certain microbiota and metabolites have been suggested as 
biomarkers for aGVHD risk stratification, dysbiosis, and GVHD diagnosis. The main goal of the 
interventional studies addressing GVHD is to either prevent the occurrence of dysbiosis or when 
dysbiosis occurs to restore eubiosis. FMT is presented as a promising treatment for aGVHD, with 
multiple clinical trials on the way that will further assess the efficacy and safety of FMT. In the future, 
the treatment of aGVHD might also involve the use of lactoferrin or more targeted strategies like 
engineered microbial communities. However, due to the high incidence of GVHD, we believe that new 
studies should focus on prevention rather than GVHD treatment.  

The studies reviewed here demonstrated the gut microbiota as a promising target to prevent  
GVHD. From these studies, we derived the most important strategies to prevent dysbiosis or restore 
eubiosis. HSCT patients are predisposed to dysbiosis due to the preparative regimen and antibiotics. 
Therefore, the first step in preventing dysbiosis is to, where possible, avoid the use of antibiotics that 
deplete anaerobic commensals, as their depletion is associated with worsened GVHD outcomes. In 
order to reduce antibiotic use, future studies should focus on identifying strategies that have a 
targeted effect on pathogens only. The second step could be the use of prophylactic prebiotics starting 
before transplantation because it was shown that GFO and resistant starch intake mitigate mucosal 
injury and maintain microbial diversity. However, further research is required to confirm these 
promising results. The third step is to move towards personalized medicine because there is a high 
interpersonal difference in microbial composition. These should include frequently examining patients 
for ARB colonization and microbial disturbances to enable early initiation of treatment. If either ARB 
colonization or dysbiosis is found, FMT might be a beneficial strategy to achieve ARB decolonization or 
restore eubiosis, respectively. In line with personalized medicine, future research is required to find 
novel targeted therapeutics that can more precisely restore eubiosis. This also substantiates the 
importance of biomarkers as these can potentially allow early diagnosis of dysbiosis or aGVHD, 
supporting when to initiate gut microbiota modulating strategies.   

In the future, gut microbiota research regarding GVHD will need to focus on translating 
observational studies into clinical trials and move towards novel microbiome-targeted strategies to 
enable personalized medicine with the end goal to prevent GVHD following HSCT. Moreover, due to 
the role of dysbiosis in other complications following HSCT, these strategies could serve to maximize 
patient outcomes.  
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