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The microbial communities that inhabit our bodies have been increasingly linked to host physiology and pathophysiology. This
microbiome, through its role in colonization resistance, influences the risk of infections after transplantation, including those caused
by multidrug-resistant organisms. In addition, through both direct interactions with the host immune system and via the production
of metabolites that impact local and systemic immunity, the microbiome plays an important role in the establishment of immune
tolerance after transplantation, and conversely, in the development of graft-versus-host disease and graft rejection. This review offers
a comprehensive overview of the evidence for the role of the microbiome in hematopoietic cell and solid organ transplant compli-
cations, drivers of microbiome shift during transplantation, and the potential of microbiome-based therapies to improve pediatric

transplantation outcomes.
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INTRODUCTION

Our bodies are colonized by trillions of microorganisms that
play vital roles in maintaining our health. These microbes mainly
reside in the gastrointestinal tract (the “gut microbiome”), but
they also colonize our aerodigestive tract, skin, and genito-
urinary tract [1-3]. At no point during the lifespan do these
microbial communities change as dramatically as during early
childhood. During birth, infants acquire an enormous number
of microbes, mostly from their mother’s vaginal, fecal, or skin
microbiota [4]. Over the ensuing days and months, the com-
position of these microbial communities undergoes substantial
shifts due to changes in the local microenvironment and micro-
bial competition. For instance, the newborn gut is an aerobic
environment comprised primarily of facultative aerobes such
as Escherichia coli and Enterococcus species; however, this gut
microbiome transitions to anaerobic bacteria (eg, Clostridium
species) as oxygen levels decrease over the first several days
of life [5, 6]. Thereafter, Bifidobacterium species predominate,
particularly in exclusively breastfed infants. As solid foods are
introduced, there is a shift toward Bacteroides, Clostridium,
and Ruminococcus species such that, by 2-3 years of age, the
gut microbiota resembles that of adults [6]. Notably, these shifts
in microbiome composition during early childhood occur
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alongside maturation of the immune system and other crucial
developmental processes.

Next-generation sequencing methods enable the identi-
fication of microbes in a culture-independent fashion, thus
permitting description of the complete genomic content of
microbiomes, and have the capacity to sequence many samples
in parallel, overcoming a major limitation of prior methods.
The development of these technologies vastly improved our
ability to study microbial communities, with several concepts
emerging that are important to understanding the impact of
this microbiome on the outcomes of pediatric transplant recipi-
ents. First, commensal microbes that inhabit our bodies protect
against potential pathogens. This concept, referred to as “col-
onization resistance;,” occurs through a variety of mechanisms
including competition for attachment sites, space, and nutri-
ents; production of antimicrobial substances; modulation of
host immune responses; and destruction of competitor niches
[7-11]. The ability of microbial communities to provide coloni-
zation resistance exists on a spectrum (Figure 1). Microbiomes
with high diversity (more species) and that are resilient to ex-
ternal perturbations generally provide more effective coloniza-
tion resistance, while microbiomes of low diversity and stability
offer less colonization resistance and tend to be associated with
an increased risk of infection. Second, the microbiota has bi-
directional, dynamic, and context-dependent interactions
with the host immune system. The microbiota interacts with T
cells through antigen-specific receptors and various other im-
mune cell populations through Toll-like and Nod-like receptors
[12-15], and these interactions serve to promote tolerance to
commensal microbes and the mounting of effective immune re-
sponses to pathogens. Such microbiome-host crosstalk is par-
ticularly important for pediatric hematopoietic cell transplant
(HCT) and solid organ transplant (SOT) recipients in whom
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Figure 1.

Host factors and exposures that influence microbiome colonization resistance and host infection susceptibility. Two microbial communities are

shown representing opposite ends of the spectrum of microbiome diversity, stability, colonization resistance, and host susceptibility to infection. Compared
with the microbiome shown at the bottom of the figure, the microbiome at the top of the figure has higher diversity in that it contains more species and these
species have similar abundances; such a state is also generally associated with higher stability (more resiliency to external perturbations), the ability to more
effectively resist colonization by potential pathogens, and lower susceptibility to infections.

immune tolerance is vital for graft survival and the avoidance of
graft-versus-host disease (GVHD) and graft rejection. Several
factors contribute to disruptions of the microbiome among
transplant recipients, including exposure to broad-spectrum
antibiotics [16-18], dietary changes, chemotherapy-induced
damage to the gut epithelium [19], and changes in the number
and function of immune cells as a result of treatment with im-
munosuppressive medications (Figure 2).

ANTIBIOTIC RESISTANCE IN PEDIATRICTRANSPLANT
RECIPIENTS

Transplant recipients have a heightened risk of colonization and
infection by multidrug-resistant organisms (MDROs) due to
exposure to healthcare settings, compromised immunity, and
frequent receipt of broad-spectrum antibiotics. Studies indi-
cate that over 50% of adult transplant recipients are colonized
by MDROs with associated increased risks of infection and all-
cause mortality [20, 21]. While the prevalence of MDRO coloni-
zation may be lower in pediatric transplant recipients, the risk of
progression to infection remains high [22-24] and is associated
with substantial morbidity and mortality [25]. Recent research
highlights the role of antibiotics as a risk factor for MDRO in-
fections among transplant recipients. For instance, antibiotic
exposures preceded the onset of most mucosal barrier-injury
bloodstream infections caused by MDROs in pediatric HCT
recipients and were associated with an increase in the abun-
dance of the infection-causing strain in the gut microbiota [26].

Consequently, there is growing interest in strategies to eradi-
cate MDRO colonization prior to transplantation. Fecal micro-
biota transplantation (FMT) has shown promising results, with
a meta-analysis suggesting approximately 70% efficacy [27], but
experience in children being evaluated for transplantation is
limited [28, 29].

Traditionally, studies of transplant recipients have utilized
culture or PCR to identify colonization by specific MDROs or
antibiotic resistance genes. However, metagenomic sequencing
is increasingly being used to detect the complete set of resist-
ance genes, known as the “resistome.” These studies reveal
that the gut resistome of HCT and SOT recipients is more di-
verse and abundant than that of healthy individuals [30, 31].
Moreover, the resistomes of transplant recipients are highly
dynamic, with antibiotics playing a major role in shaping the
resistome after transplantation. Notably, antibiotics promote
the acquisition and expansion of resistance genes to that class
of antibiotic and to other antibiotic classes [30, 31]. Recent re-
search in pediatric HCT recipients also suggests that different
antibiotics have varying effects on the gut resistome, with anti-
biotics with an anaerobic spectrum of activity promoting the
acquisition of new resistance genes and increasing the overall
abundance of resistance genes within the gut microbiome [31].
An improved understanding of the impact of antibiotics and
other interventions (eg, immunosuppressive medications, ra-
diation therapy) on the gut resistome could guide clinical man-
agement and antimicrobial stewardship efforts in pediatric
transplant recipients.
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Figure 2. Key drivers of microbiome injury and microbiome—host interactions that influence outcomes after transplantation. In health (shown on the left),
diverse gut microbes and microbial metabolites maintain epithelial barrier integrity, resist pathogen expansion, and promote host immune recovery and tol-
erance. During transplantation (shown on the right), dietary changes, antibiotics, and immunosuppressive medications alter the microbiome, leading to the
loss of putatively beneficial bacteria and the expansion of potential pathogens that produce harmful metabolites that promote inflammation and alter the
intestinal microenvironment. These changes leave the host susceptible to bacterial translocation and initiate an inflammatory cascade that can result in
adverse outcomes of transplantation such as GVHD and graft failure. GVHD, graft-versus-host disease; SCFA, short-chain fatty acid; TLR, Toll-like receptor.
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THE MICROBIOME
TRANSPLANTATION

IN HEMATOPOIETIC CELL

Over the past several decades, a growing body of literature has
implicated the gut microbiome as a modifier of outcomes after
HCT. Patients undergoing evaluation for HCT typically have gut
microbiomes that differ from healthy individuals before trans-
plantation due to prior healthcare exposures [32-34]. Further
changes in the gut microbiome occur during HCT including a
reduction in microbial diversity, loss of putatively beneficial an-
aerobesfrom thebacterial orders Clostridiales and Bacteriodales,
and increases in the abundances of Enterobacteriaceae (eg, E.
coli, Klebsiella), Enterococcus, and Streptococcus [32, 35]. After
HCT, recovery of the gut microbiome typically follows a pro-
tracted course; for instance, the diversity and composition of
the gut microbiota differed from the pre-HCT microbiota for 3
months after transplantation in a large adult cohort [36].

Mortality

The gut microbiome has also been shown to predict mortality
after HCT. Studies of adult HCT recipients demonstrated that
lower gut microbiome diversity at the time of neutrophil en-
graftment is associated with reduced overall survival and higher
treatment-related mortality [32, 37]. Additionally, the composi-
tion of the gut microbiome has been associated with treatment-
related mortality in this patient population, with higher risk
observed with higher relative abundances of potential patho-
gens (eg, Gammaproteobacteria [37], Enterococcus [34]), alower
abundance of Blautia [38] (a commensal genus of Clostridiales),
and lower urinary concentrations of 3-indole sulfate, a trypto-
phan metabolite produced by colonic bacteria [39]. Notably, the
generalizability of these findings to pediatric HCT recipients is
unknown because of the small sample sizes of pediatric cohorts
studied to date. An additional challenge to interpreting these
results is distinguishing the extent to which these associations
reflect microbiome features serving as biomarkers of disease
processes rather than true causal relationships.

Infections

The gut microbiome has also been shown to be a useful pre-
dictor of the risk of certain infections after HCT. For instance, in
adult HCT recipients, a single taxon representing greater than
30% of the gut microbial population has been associated with
an increased risk of bloodstream infection [35], with declining
abundances of putatively beneficial bacteria frequently pre-
ceding bloodstream infection onset in this patient population
[40]. The gut microbiome has also been linked to viral enteroco-
litis in pediatric HCT recipients [41], likely through alterations
of gut epithelial architecture and nutrients [42]. Finally, the gut
microbiome has been associated with the risk of infections at
distant sites, including respiratory infections occurring after
HCT in adults [43, 44], presumably through interactions with
the host immune system.

GVHD

The gut microbiota is also linked to morbidity and mortality
after HCT through its influence on T-cell alloreactivity and the
development of GVHD. Lower diversity of the gut microbiome
has been associated with an increased risk of acute GVHD
in multiple adult [32, 45-48] and pediatric studies [17, 49].
Moreover, specific disruptions of gut microbiome composi-
tion have been associated with increased acute GVHD risk,
including lower abundances of Clostridiales and Bacteroidales
[49] and higher abundances of Enterobacteriaceae,
Enterococcus [47], Prevotella, and Staphylococcus [41]. Short-
chain fatty acids and other microbial metabolites may also
influence the development of both acute and chronic GVHD
in HCT recipients (Table 1). For example, lower abundances
of butyrate-producing bacteria [45], depletion of genes for
butyrate metabolism [17], and lower fecal levels of propio-
nate and butyrate [49, 50] have all been associated with an in-
creased risk of acute GVHD. Notably, many of the associations
with specific microbes or microbial metabolites have not been
consistently demonstrated in cohorts at different centers or in
studies of both children and adults, hindering the develop-
ment of reliable biomarkers or therapeutic targets for GVHD.
Nonetheless, findings from these studies provide valuable in-
sights into potential mechanisms by which the gut microbiota
contributes to GVHD pathogenesis, including through im-
mune activation by translocated bacteria [51], decreased pro-
duction of anti-inflammatory metabolites [52, 53], overgrowth
of mucin-degrading bacteria [16], and impaired bile acid me-
tabolism [54].

Immune Recovery

Several recent studies suggest that the microbiome plays a role
in immune reconstitution after HCT. In a small study of pedi-
atric HCT recipients, specific microbiome profiles were asso-
ciated with patterns of reconstitution of several immune cell
populations, including inflammatory T, natural killer, and B
cells [55]. Similarly, the abundances of specific bacterial genera
within the gut microbiome were associated with the dynamics
of neutrophil, lymphocyte, and monocyte recovery in adult
HCT recipients [56]; in this same study, autologous FMT was
shown to boost numbers of these immune cell populations
during engraftment [56].

THE MICROBIOME IN
TRANSPLANTATION

SOLID ORGAN

Comparatively few studies have examined the microbiome
in SOT recipients; however, the limited data available suggest
that the microbiome may play a role in the development of
infections after SOT. Specifically, among adult liver and renal
transplant recipients, gut microbiome composition has been
associated with the risks of respiratory viral infections [57],
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Table 1.

Gut Microbial Metabolites That May Influence Outcomes of Transplantation

inhibitor to decrease re-
sponse of macrophages
to damage-associated
molecular pattern
(DAMP) signaling

Proposed Mechanism of Host Pediatric Consid-

Metabolite Action Target Microbial Association erations HCT Associations SOT Associations

Arginine Arginine and polyamine Macro- Bifidobacterium, Increased arginine me-
derivatives inhibit pro- phages Ruminococcus, tabolites in adult HCT
inflammatory (M1) mac- Streptococcus recipients who did not
rophage activation mutans develop GVHD [54];

higher arginine biosyn-
thesis gene abundance
predicted lower risk of
acute GVHD in pediatric
HCT recipients [41]

Aryl hydrocarbon re- Contextual, as T-cell lig- Tand B Widespread produc-  Diet influences Metabolomic analysis

ceptor ligands ands can result in the cells, tion ligand forma- of adult HCT recipi-
induction of FOXP3+ den- tion (eg, broc- ents with acute GVHD
regulatory T cells; dritic coli, parsley); showed decreased
antigen-presenting cell cells, potential for production of aryl hydro-
ligands can increase 1-22 macro- age-related carbon receptor ligands
production phages, variation [54]
and mu-
cosal
cells
Inosine (or degra- Interacts with adenosine T cells Bifidobacterium Inosine- Theoretical role in
dation products a-2A receptor to stim- pseudolongum; producing acute rejection
xanthine and hypo- ulate Th1 differentiation Akkermansia bacteria may among SOT re-
xanthine) (when co-stimulation is muciniphila; Lacto- vary across cipients [65]
present); may require bacillus johnsonii age groups
reduced gut integrity to (more preva-
translocate systemically lent in infants)
[104]

Phenylacetylglutamine Microbial phenylpyruvic Platelets Widespread Diet plays a Theoretical role in
acid production con- production by key role as is vasculopathy
verted by host to Bacteroides derived from during chronic
phenylacetylglutamine species and phenylalanine- organ rejection
which signals via a-2A, Clostridium rich foods; or transplant-
a-2B, and 32 adrenergic asparagiforme potential for associated
receptors and increases age-related thrombotic
platelet adhesion and variation microangiopathy
thrombus formation [65]

Secondary bile acids Promote regulatory T-cell in- T cells or Clostridium; Low levels of Metabolomic analysis
duction by direct binding den- Parabacteroides; secondary bile of adult HCT recipi-
to RORyT to block Th17 dritic Bacteroides acids were ob- ents with acute GVHD
differentiation, increasing cells dorei; Alistipes; served during showed alterations in
mitochondrial reactive ox- Lachnospiraceae; early infancy bile acids [54]
ygen species production, Hungatella but stable
or binding to farnesoid hathewayi; high levels by
X receptor in den- Odoribacter 3 years of age
dritic cells to decrease laneus [105]
immunostimulation

Short-chain fatty acids ~ Promote peripheral reg- T cells, Widespread produc-  Children gen- Mixed response: may pro-  Loss of short-
ulatory T-cell genera- macro- tion erally have tect against acute GVHD chain fatty
tion, suppress Th17 phages, higher abun- among adults [106], but acid producers
generation, modulate intes- dances of also associated with associated with
macrophage function; tinal ep- bacteria that risk of steroid-refractory mycophenolate-
butyrate may promote ithelial produce short- acute GVHD [107]; induced enter
gut integrity cells chain fatty linked to respiratory viral opathy [108]

acids in their infections in adult HCT
microbiomes recipients [44] but not in
[41] pediatrics cohorts [41]

Sulfobactin B Interacts with transcrip- Macro- Alistipes, Potential role in
tion factors (eg, NFkp) phages Odoribacter, graft survival in
and DNA polymerase Chryseobacterium murine models

[64]

GVHD, graft-versus-host disease; HCT, hematopoietic cell transplantation; SOT, solid organ transplantation.
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MDRO colonization [21], and other infections [58] after trans-
plantation. Most studies on the microbiome in SOT recipients
have focused on its potential role in organ rejection and graft
function, while others have highlighted how immunosuppres-
sive medications can impact the microbiome and, in turn, how

gut microbes can affect the metabolism of these medications.

Graft Rejection and Function

The risk and intensity of alloreactive immune responses fol-
lowing SOT is heavily influenced by the degree of genetic dis-
parity between the donor and recipient, but various other patient
factors (eg, diet, infections) also influence the development of
graft rejection. The gut microbiome can influence local immune
responses at the site of the transplant or systemic responses at
sites distant from the transplant. For instance, a higher risk of
acute cellular rejection has been correlated with the abundances
of specific bacterial populations in the gut microbiomes of pe-
diatric intestinal (eg, lower abundance of putatively beneficial
Lactobacillales, higher abundance of Enterobacteriaceae) [59]
and adult liver (eg, higher abundance of Enterobacteriaceae)
[60] transplant recipients. Additionally, in adult renal transplant
recipients, the urinary microbiome has been linked to sponta-
neous transplantation tolerance, which enables the withdrawal
of immunosuppressive medications [61]. Animal models of
liver, lung, and skin transplantation have further demonstrated
the influential role of the gut microbiota in organ graft rejection
[62-64].

As in HCT recipients, associations between the microbiome
and alloreactive immune responses are mediated in part through
the production of microbial metabolites (Table 1) [65]. For ex-
ample, sulfobacin B, a lipid compound produced by commensal
bacteria from the genus Alistipes, has been associated with pro-
longed graft survival and reduced tumor necrosis factor produc-
tion by macrophages in a murine skin transplantation model
[64]. Additionally, a high-fiber diet or dietary supplementation
with acetate was associated with the prolongation of graft survival
through induction of regulatory T-cell responses in a murine
model of renal transplantation [66]. Other microbial metabolites,
such as trimethyl-amine N-oxide and phenylacetylglutamine,
have been proposed to play a role in vasculopathy, a common
feature of chronic organ rejection [67, 68].

Both local and distant microbial populations influence
graft survival and function after SOT. For instance, the lung
microbiome before transplantation modifies the risk of
bronchiolitis obliterans syndrome among adult lung trans-
plant recipients by affecting the microbes that colonize the
transplanted organs [69]. Moreover, modulation of the gut
microbiome through the administration of Bifidobacterium
pseudolongum prolonged the duration of graft survival in mice
undergoing cardiac transplantation [70], while administra-
tion of Bifidobacterium longum, Lactobacillus acidophilus, and
Enterococcus faecalis was associated with reduced liver injury

in a mouse model of liver transplantation [71]. Additionally, in
adult renal transplant recipients, higher levels of the potentially
beneficial Lachnospiraceae and Veillonellaceae after transplan-
tation were associated with improved graft function [72].

Immunosuppressive Medications

The medications routinely used to suppress immune responses
and prevent organ rejection in SOT recipients may also impact
the microbiome. For example, tacrolimus has been shown to
result in alterations in gut microbiome composition when ad-
ministered to mice [73]. Conversely, microbial populations can
metabolize immunosuppressive medications and thereby in-
fluence their effectiveness and toxicity. For instance, investiga-
tors recently observed that adults who had a high abundance of
Faecalibacterium prausnitzii in their gut microbiome required
higher doses of tacrolimus in the first month after renal trans-
plantation [74]. Subsequent screening of strains of F. prausnitzii
and other bacterial species demonstrated that many Clostridiales
metabolize tacrolimus to less active compounds, reducing en-
teral absorption and contributing to the variable tacrolimus ex-
posures observed with enteral dosing [75]. The microbiome has
also been shown to modulate adverse effects associated with im-
munosuppressive medications. Gastrointestinal toxicity from
mycophenolate mofetil was not observed in germ-free mice,
suggesting that the development of this adverse effect requires
an intact microbiota [76]. Additionally, in mice, the develop-
ment of sirolimus and tacrolimus-induced hyperglycemia can
be prevented by administration of Lactobacillus plantarum [77]
or the short-chain fatty acid butyrate [78].

INTERVENTIONS TO MODIFY THE MICROBIOME

In contrast to most other patient factors that influence trans-
plantation outcomes, the gut microbiome is amenable to mod-
ification. Thus, interventions that modify the microbiome have
enormous promise to improve the outcomes of pediatric trans-
plantation. Use of such microbiome-based therapies in trans-
plant recipients has recently gained interest. Strategies currently
being investigated include new therapies and modifications of
supportive care practices that affect the microbiome (Figure 3).

Dietary Modification

The gut microbiome metabolizes dietary products that the
host cannot, and diet alters the composition of microbial com-
munities, with the potential to influence clinical outcomes
[79]. For example, enteral nutrition has been linked to higher
microbiome diversity, improved survival, and lower risks of in-
fection and GVHD in pediatric HCT recipients [30, 80, 81]. In
contrast, parenteral nutrition has been associated with negative
effects on the gut microbiome, including loss of Blautia, altered
production of short-chain fatty acids, and bacterial transloca-
tion [38, 82].

Microbiome in Transplantation « JPIDS 2024:13 (Suppl1) « S85

$202 yoJe|\ L0 uoisenb Aq 1G/G19//08S/L wuswa|ddng/g | /ajonte/spidl/woo dno-olwepese//:sdyy woij papeojumoqg



e "“’/\

icrobial consortia

Fecal microbiota\
transplant

Prebiotics

s

Probiotics

DeS|gned mi
=8 I

oL

Bacterlophages

Posibiotics

TPN

Dietary modification

Antibiotic selection

Figure 3. Microbiome-based interventions in development or under investigation for use in transplant recipients. Strategies that seek to directly alter the
microbiome include prebiotics (nonviable substances that promote the growth of beneficial microbes), probiotics (live microorganisms that confer a potential
health benefit), bacteriophages that enable targeted elimination of harmful bacteria, transfer of entire gut microbial communities through fecal microbiota
transplantation, and administration of microbial consortia containing multiple live bacterial strains. Other strategies such as dietary modifications and se-
lection of specific antibiotics for prophylaxis or treatment indirectly modify the microbiome with the potential to influence transplantation outcomes. Created

with Biorender.com.

Perioperative Antibiotics

Administration of antibiotics to SOT recipients alters the
microbiome and may have beneficial or detrimental effects that
vary based on the organ transplanted. Perioperative antibiotics
have been associated with a reduction in the immune infiltrate
responding to ischemia-reperfusion injury in adult liver trans-
plant recipients [83] and with improved graft outcomes in mice
undergoing cardiac or skin transplantation [70, 84]. In contrast,
perioperative antibiotics have been associated with worse out-
comes following transplantation of other organs, possibly due
to effects on immunosuppressive drug metabolism or through
infection risk [57, 65, 73].

Antibiotic Selection

Antibiotics are often prescribed for infection prophylaxis or
treatment in transplant recipients with little consideration of
the effects on potentially beneficial microbes. However, sev-
eral recent studies indicate that antibiotic selection can have a

substantial impact on outcomes after HCT [85]. Early investi-
gation of antibiotics in this patient population evaluated their
utility for GVHD prevention and involved administration of
high doses of nonabsorbable oral antibiotics; although this ap-
proach was not consistently shown to prevent GVHD and was
largely abandoned for this purpose, data from a recent pilot
clinical trial suggest that it may reduce the risk of bloodstream
infection after HCT [86]. More recent efforts to mitigate the
risks of GVHD and infection after HCT have largely focused
on the selection of antibiotics to minimize off-target effects on
putatively beneficial microbes. In particular, studies of adult
and pediatric HCT recipients have consistently reported asso-
ciations between exposure to antibiotics with anaerobic spectra
of activity and both gut microbiome alterations (eg, lower mi-
crobial diversity [39], loss of Bacteroidetes [16] or Clostridiales
[17, 18]) and an increased risk of acute GVHD of the gut or
liver [16, 28]. Experiments conducted in mice suggest that
these associations may be causal; for instance, mice treated with
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imipenem-—cilastatin or piperacillin-tazobactam had higher
GVHD mortality after allogeneic HCT than mice treated with
aztreonam [16, 18]. An ongoing clinical trial that is random-
izing adult allogeneic HCT recipients with febrile neutropenia
to receipt of cefepime or piperacillin-tazobactam will evaluate
for such a causal relationship in humans (ClinicalTrials.gov:
NCT03078010). In an analogous manner, preservation of cer-
tain gut bacteria was associated with protection from chronic
rejection in a mouse model of lung transplantation [63], sug-
gesting that judicious use of antibiotics could also promote im-
mune tolerance in SOT recipients.

Prebiotics

Prebiotics are nonviable substances that promote the growth of
beneficial microorganisms. Several of these agents, including
human milk oligosaccharides [87], fructo-oligosacchrides [88],
and a combination of glutamine, fiber, and oligosaccharides [89]
have been evaluated in transplant recipients. These products have
generally been shown to be safe and to have modest effects on gut
microbiome composition and markers of inflammation, though
with limited data for clinical benefits [87-89]. Importantly, the
benefits of prebiotics in transplant recipients may be limited by
the substantial heterogeneity of the gut microbiome in these pa-
tient populations and the detrimental effects of antibiotics on the
beneficial microbes targeted by these products.

Probiotics

Probiotics are live microbes that when consumed confer po-
tential health benefits to the host. Products differ by species,
dose, and preparation, all of which influence the ability of
these microbes to colonize or impact the resident gut micro-
biota. Despite promising preclinical experiments in mice [90],
Bifidobacterium and Lactobacillus-based probiotics have lacked
clinical efficacy in small studies of SOT [91] and HCT [92] re-
cipients. For instance, a recent study evaluating L. plantarum
for the prevention of acute GVHD in pediatric HCT recipients
closed prematurely because the interim analysis did not sup-
port efficacy (ClinicalTrials.gov: NCT03057054). Other related
interventions, including synbiotics (mixtures of prebiotics and
probiotics) and postbiotics (microbe-derived metabolites), have
thus far not been studied in transplant populations.

FMT

FMT has proven effective for treating Clostridiodes difficile in-
fection in immunocompetent patients [93] and, although its
efficacy is somewhat lower in SOT recipients [94], it was ef-
fective in small trials involving HCT recipients [95, 96]. FMT
is also being investigated for the eradication of gut coloniza-
tion by MDROs prior to transplantation [29] and the preven-
tion or treatment of acute gut or liver GVHD, with favorable
responses reported in a growing number of cases of steroid-
refractory GVHD [97-99]. Serious infections resulting from

FMT have been reported [100] and further research is needed
to optimize processes for donor selection and sample proc-
essing to ensure safe use of this therapy in pediatric trans-
plant recipients.

FUTURE DIRECTIONS

Microbiome diversity and composition differ among children
and adults. During childhood, there are rapid shifts in micro-
bial community structure that coincide with the maturation
of the immune system. Therefore, findings from studies of the
microbiome in adult transplant recipients may not be general-
izable to pediatric populations. In addition, the indications for
transplantation, diet, immune cell populations, and risks of in-
fections and noninfectious complications of transplantation
differ among children and adults. Despite recent advances in our
understanding of the microbiome’s importance to the outcomes
of transplantation, there are several major gaps in our knowl-
edge. Most studies have focused only on bacteria, leaving fungi,
viruses, and archaea largely unexplored. There is increasing
interest in studying these microbial populations in transplant
recipients, with the few studies conducted to date suggesting po-
tential roles in the pathogenesis of GVHD [101, 102] and solid
organ graft dysfunction [103]. Additionally, further research is
needed both to identify the causal pathways underlying associ-
ations between the microbiome and transplantation outcomes
and to expeditiously translate therapies likely to benefit trans-
plant recipients. As our understanding of the microbiome im-
proves and new tools to modify the microbiome emerge, there is
the potential for the development of individualized microbiome-
targeted therapies that prevent infections and other complica-
tions among pediatric transplant recipients.

Notes

Financial support. CW.E. (K23-HL161309) and M.S.K. (K23-AI135090)
were supported by Career Development Awards from the National Institutes
of Health.

Supplement sponsorship. This article appears as part of the supplement
“Advances in Pediatric Transplant Infectious Diseases,” sponsored by Eurofins
Viracor.

Potential conflicts of interest: All authors: No reported conflicts.

REFERENCES

1. Byrd AL, Belkaid Y, Segre JA. The human skin microbiome. Nat Rev Microbiol
2018; 16:143-55.

2. Moffatt ME, Cookson WO. The lung microbiome in health and disease. Clin Med
2017; 17:525-9.

3. Thomas-White K, Brady M, Wolfe AJ, Mueller ER. The bladder is not sterile: his-
tory and current discoveries on the urinary microbiome. Curr Bladder Dysfunct
Rep 2016; 11:18-24.

4. Palmer C, Bik EM, DiGiulio DB, Relman DA, Brown PO. Development of the
human infant intestinal microbiota. PLoS Biol 2007; 5:177.

5. Jost T, Lacroix C, Braegger CP, Chassard C. New insights in gut microbiota estab-
lishment in healthy breast fed neonates. PLoS One 2012; 7:¢44595.

6. Arrieta M-C, Stiemsma LT, Amenyogbe N, Brown EM, Finlay B. The intestinal
microbiome in early life: health and disease. Front Immunol 2014; 5:427.

7. Ducarmon QR, Zwittink RD, Hornung BVH, van Schaik W, Young VB, Kuijper
EJ. Gut microbiota and colonization resistance against bacterial enteric infection.
Microbiol Mol Biol Rev 2019; 83:e00007-19.

Microbiome in Transplantation « JPIDS 2024:13 (Suppl 1) « S87

$202 yoJe|\ L0 uoisenb Aq 1G/G19//08S/L wuswa|ddng/g | /ajonte/spidl/woo dno-olwepese//:sdyy woij papeojumoqg



®

o

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Fukuda S, Toh H, Hase K, et al. Bifidobacteria can protect from enteropathogenic

infection through production of acetate. Nature 2011; 469:543-7.

. Lupp C, Robertson ML, Wickham ME, et al. Host-mediated inflammation disrupts

the intestinal microbiota and promotes the overgrowth of Enterobacteriaceae.
Cell Host Microbe 2007; 2:119-29.

. Sassone-Corsi M, Nuccio S-P, Liu H, et al. Microcins mediate competition among

Enterobacteriaceae in the inflamed gut. Nature 2016; 540:280-3.

. Margolis E, Yates A, Levin BR. The ecology of nasal colonization of Streptococcus

pneumoniae, Haemophilus influenzae and Staphylococcus aureus: the role of com-
petition and interactions with host's immune response. BMC Microbiol 2010;
10:59.

. Khosravi A, Yaiez A, Price JG, et al. Gut microbiota promote hematopoiesis to

control bacterial infection. Cell Host Microbe 2014; 15:374-81.

. Abreu MT, Vora P, Faure E, Thomas LS, Arnold ET, Arditi M. Decreased expres-

sion of Toll-like receptor-4 and MD-2 correlates with intestinal epithelial cell
protection against dysregulated proinflammatory gene expression in response to
bacterial lipopolysaccharide. ] Immunol Baltim Md 1950 2001; 167:1609-16.

. Uematsu S, Fujimoto K, Jang MH, et al. Regulation of humoral and cellular gut

immunity by lamina propria dendritic cells expressing Toll-like receptor 5. Nat
Immunol 2008; 9:769-76.

. Iwamura C, Bouladoux N, Belkaid Y, Sher A, Jankovic D. Sensing of the micro-

biota by NOD1 in mesenchymal stromal cells regulates murine hematopoiesis.
Blood 2017; 129:171-6.

. Shono Y, Docampo MD, Peled JU, et al. Increased GVHD-related mortality with

broad-spectrum antibiotic use after allogeneic hematopoietic stem cell transplan-
tation in human patients and mice. Sci Transl Med 2016; 8:339ra71.

. TanakaJS, Young RR, Heston SM, et al. Anaerobic antibiotics and the risk of graft-

versus-host disease after allogeneic hematopoietic stem cell transplantation. Biol
Blood Marrow Transplant 2020; 26:2053-60.

. Simms-Waldrip TR, Sunkersett G, Coughlin LA, et al. Antibiotic-induced deple-

tion of anti-inflammatory clostridia is associated with the development of graft-
versus-host disease in pediatric stem cell transplantation patients. Biol Blood
Marrow Transplant 2017; 23:820-9.

. Shouval R, Waters NR, Gomes ALC, et al. Conditioning regimens are associated

with distinct patterns of microbiota injury in allogeneic hematopoietic cell trans-
plantation. Clin Cancer Res 2022; 29:165-73.

Scheich S, Lindner S, Koenig R, et al. Clinical impact of colonization with
multidrug-resistant organisms on outcome after allogeneic stem cell transplanta-
tion in patients with acute myeloid leukemia. Cancer 2018; 124:286-96.

Macesic N, Gomez-Simmonds A, Sullivan SB, et al. Genomic surveillance reveals
diversity of multidrug-resistant organism colonization and infection: a prospec-
tive cohort study in liver transplant recipients. Clin Infect Dis 2018; 67:905-12.
Song X, Toal D, Walker T, Perez-Albuerne ED, Campos JM, DeBiasi RL.
Multidrug-resistant organism colonization in a high-risk pediatric patient pop-
ulation. Infect Control Hosp Epidemiol 2016; 37:614-6.

Verma A, Vimalesvaran S, Dhawan A. Epidemiology, risk factors and outcome
due to multidrug resistant organisms in paediatric liver transplant patients in the
era of antimicrobial stewardship and screening. Antibiotics 2022; 11:387.

Alcamo AM, Trivedi MK, Dulabon C, et al. Multidrug-resistant organisms: a sig-
nificant cause of severe sepsis in pediatric intestinal and multi-visceral transplan-
tation. Am J Transplant 2022; 22:122-9.

Castagnola E, Bagnasco F, Mesini A, et al. Antibiotic resistant bloodstream in-
fections in pediatric patients receiving chemotherapy or hematopoietic stem cell
transplant: factors associated with development of resistance, intensive care ad-
mission and mortality. Antibiotics 2021; 10:266.

Kelly MS, Ward DV Severyn CJ, et al. Gut colonization preceding mucosal barrier
injury bloodstream infection in pediatric hematopoietic stem cell transplantation
recipients. Biol Blood Marrow Transplant 2019; 25:2274-80.

Yoon YK, Suh JW, Kang E-J, Kim JY. Efficacy and safety of fecal microbiota
transplantation for decolonization of intestinal multidrug-resistant micro-
organism carriage: beyond Clostridioides difficile infection. Ann Med 2019;
51:379-89.

Seong H, Lee SK, Cheon JH, et al. Fecal microbiota transplantation for multidrug-
resistant organism: efficacy and response prediction. J Infect 2020; 81:719-25.
Merli P, Putignani L, Ruggeri A, et al. Decolonization of multi-drug resistant bac-
teria by fecal microbiota transplantation in five pediatric patients before alloge-
neic hematopoietic stem cell transplantation: gut microbiota profiling, infectious
and clinical outcomes. Haematologica 2020; 105:2686-90.

D’Amico E Soverini M, Zama D, et al. Gut resistome plasticity in pediatric pa-
tients undergoing hematopoietic stem cell transplantation. Sci Rep 2019; 9:5649.
Heston SM, Young RR, Jenkins K, et al. The gut resistome during hematopoietic
stem cell transplantation in children. 2022doi: 10.1101/2022.07.07.22277185.
Peled JU, Gomes ALC, Devlin SM, et al. Microbiota as predictor of mortality in
allogeneic hematopoietic-cell transplantation. N Engl ] Med 2020; 382:822-34.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Elgarten CW, Tanes C, Lee J-J, et al. Early stool microbiome and metabolome
signatures in pediatric patients undergoing allogeneic hematopoietic cell trans-
plantation. Pediatr Blood Cancer 2022; 69:e29384.

Kusakabe S, Fukushima K, Maeda T, et al. Pre- and post-serial metagenomic anal-
ysis of gut microbiota as a prognostic factor in patients undergoing haematopoi-
etic stem cell transplantation. Br ] Haematol 2020; 188:438-49.

Taur Y, Xavier JB, Lipuma L, et al. Intestinal domination and the risk of bacte-
remia in patients undergoing allogeneic hematopoietic stem cell transplantation.
Clin Infect Dis 2012; 55:905-14.

Taur Y, Coyte K, Schluter J, et al. Reconstitution of the gut microbiota of antibiotic-
treated patients by autologous fecal microbiota transplant. Sci Transl Med 2018;
10:eaap9489.

Taur Y, Jenq RR, Perales M-A, et al. The effects of intestinal tract bacterial di-
versity on mortality following allogeneic hematopoietic stem cell transplantation.
Blood 2014; 124:1174-82.

Jenq RR, Taur Y, Devlin SM, et al. Intestinal Blautia is associated with reduced
death from graft-versus-host disease. Biol Blood Marrow Transplant 2015;
21:1373-83.

Weber D, Jenq RR, Peled JU, et al. Microbiota disruption induced by early use of
broad-spectrum antibiotics is an independent risk factor of outcome after alloge-
neic stem cell transplantation. Biol Blood Marrow Transplant 2017; 23:845-52.
Kim S, Covington A, Pamer EG. The intestinal microbiota: antibiotics, coloniza-
tion resistance, and enteric pathogens. Immunol Rev 2017; 279:90-105.

Margolis EB, Alfaro GM, Sun Y, et al. Microbiota predict infections and acute
graft-versus-host disease after pediatric allogeneic hematopoietic stem cell trans-
plantation. J Infect Dis 2023; 228:627-36.

Cortez V, Boyd DE, Crawford JC, et al. Astrovirus infects actively secreting goblet
cells and alters the gut mucus barrier. Nat Commun 2020; 11:2097.

Harris B, Morjaria SM, Littmann ER, et al. Gut microbiota predict pulmonary in-
filtrates after allogeneic hematopoietic cell transplantation. Am J Respir Crit Care
Med 2016; 194:450-63.

Haak BW, Littmann ER, Chaubard J-L, et al. Impact of gut colonization with bu-
tyrate producing microbiota on respiratory viral infection following allo-HCT.
Blood 2018; 131:2978-86.

Golob JL, Pergam SA, Srinivasan S, et al. Stool microbiota at neutrophil recovery
is predictive for severe acute graft vs host disease after hematopoietic cell trans-
plantation. Clin Infect Dis 2017; 65:1984-91.

Mancini N, Greco R, Pasciuta R, et al. Enteric microbiome markers as early
predictors of clinical outcome in allogeneic hematopoietic stem cell transplant:
results of a prospective study in adult patients. Open Forum Infect Dis 2017;
4:0fx215.

Holler E, Butzhammer P, Schmid K, et al. Metagenomic analysis of the stool
microbiome in patients receiving allogeneic stem cell transplantation: loss of
diversity is associated with use of systemic antibiotics and more pronounced in
gastrointestinal graft-versus-host disease. Biol Blood Marrow Transplant 2014;
20:640-5.

Gu Z, Xiong Q, Wang L, et al. The impact of intestinal microbiota in antithymocyte
globulin-based myeloablative allogeneic hematopoietic cell transplantation.
Cancer 2022; 128:1402-10.

Biagi E, Zama D, Rampelli S, et al. Early gut microbiota signature of aGvHD in
children given allogeneic hematopoietic cell transplantation for hematological
disorders. BMC Med Genomics 2019; 12:49.

Markey KA, Schluter J, Gomes ALC, et al. The microbe-derived short-chain
fatty acids butyrate and propionate are associated with protection from chronic
GVHD. Blood 2020; 136:130-6.

Schwab L, Goroncy L, Palaniyandi S, et al. Neutrophil granulocytes recruited
upon translocation of intestinal bacteria enhance graft-versus-host disease via
tissue damage. Nat Med 2014; 20:648-54.

Mathewson ND, Jenq R, Mathew AV, et al. Gut microbiome-derived metabolites
modulate intestinal epithelial cell damage and mitigate graft-versus-host disease.
Nat Immunol 2016; 17:505-13.

Furusawa Y, Obata Y, Fukuda S, et al. Commensal microbe-derived butyrate in-
duces the differentiation of colonic regulatory T cells. Nature 2013; 504:446-50.
Michonneau D, Latis E, Curis E, et al. Metabolomics analysis of human acute
graft-versus-host disease reveals changes in host and microbiota-derived metab-
olites. Nat Commun 2019; 10:5695.

Ingham AC, Kielsen K, Cilieborg MS, et al. Specific gut microbiome members are
associated with distinct immune markers in pediatric allogeneic hematopoietic
stem cell transplantation. Microbiome 2019; 7:131.

Schluter J, Peled JU, Taylor BP, et al. The gut microbiota is associated with im-
mune cell dynamics in humans. Nature 2020; 588:303-7.

Lee JR, Huang J, Magruder M, et al. Butyrate-producing gut bacteria and viral
infections in kidney transplant recipients: a pilot study. Transpl Infect Dis 2019;
21:e13180.

S88 « JPIDS 2024:13 (Suppl 1) « Elgarten et al

$202 yoJe|\ L0 uoisenb Aq 1G/G19//08S/L wuswa|ddng/g | /ajonte/spidl/woo dno-olwepese//:sdyy woij papeojumoqg


10.1101/2022.07.07.22277185

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Lu H, He J, Wu Z, et al. Assessment of microbiome variation during the peri-
operative period in liver transplant patients: a retrospective analysis. Microb Ecol
2013; 65:781-91.

Oh PL, Martinez I, Sun Y, Walter J, Peterson DA, Mercer DF. Characterization of
the ileal microbiota in rejecting and nonrejecting recipients of small bowel trans-
plants. Am J Transplant 2012; 12:753-62.

Kato K, Nagao M, Miyamoto K, et al. Longitudinal analysis of the intestinal mi-
crobiota in liver transplantation. Transplant Direct 2017; 3:e144.

Colas L, Mongodin EE, Montassier E, et al; DIVAT Consortium. Unique and
specific Proteobacteria diversity in urinary microbiota of tolerant kidney trans-
planted recipients. Am J Transplant 2020; 20:145-58.

Ren Z, Jiang ], Lu H, et al. Intestinal microbial variation may predict early acute
rejection after liver transplantation in rats. Transplantation 2014; 98:844-52.
Guo Y, Wang Q, Li D, et al. Vendor-specific microbiome controls both acute and
chronic murine lung allograft rejection by altering CD4+Foxp3+ regulatory T cell
levels. Am J Transplant 2019; 19:2705-18.

McIntosh CM, Chen L, Shaiber A, Eren AM, Alegre M-L. Gut microbes contribute
to variation in solid organ transplant outcomes in mice. Microbiome 2018; 6:96.
Pirozzolo I, Li Z, Sepulveda M, Alegre M-L. Influence of the microbiome on solid
organ transplant survival. ] Heart Lung Transplant 2021; 40:745-53.

Wu H, Singer ], Kwan TK, et al. Gut microbial metabolites induce donor-specific
tolerance of kidney allografts through induction of t regulatory cells by short-
chain fatty acids. ] Am Soc Nephrol 2020; 31:1445-61.

Gregory JC, Buffa JA, Org E, et al. Transmission of atherosclerosis susceptibility
with gut microbial transplantation. J Biol Chem 2015; 290:5647-60.

Nemet I, Saha PP, Gupta N, et al. A cardiovascular disease-linked gut microbial
metabolite acts via adrenergic receptors. Cell 2020; 180:862-877.e22.

Willner DL, Hugenholtz P, Yerkovich ST, et al. Reestablishment of recipient-
associated microbiota in the lung allograft is linked to reduced risk of bronchio-
litis obliterans syndrome. Am J Respir Crit Care Med 2013; 187:640-7.

Bromberg JS, Hittle L, Xiong Y, et al. Gut microbiota-dependent modulation of
innate immunity and lymph node remodeling affects cardiac allograft outcomes.
JCI Insight 2020; 5:¢142528.

Xie Y, Chen H, Zhu B, et al. Effect of intestinal microbiota alteration on hepatic
damage in rats with acute rejection after liver transplantation. Microb Ecol 2014;
68:871-80.

Guirong YE, Minjie ZH, Lixin YU, Junsheng YE, Lin YA, Lisha SH. Gut micro-
biota in renal transplant recipients, patients with chronic kidney disease and
healthy subjects. J South Med Univ 2018; 38:1401-8.

Zhang Z, Liu L, Tang H, et al. Inmunosuppressive effect of the gut microbiome
altered by high-dose tacrolimus in mice. Am J Transplant 2018; 18:1646-56.

Lee JR, Muthukumar T, Dadhania D, et al. Gut microbiota and tacrolimus dosing
in kidney transplantation. PLoS One 2015; 10:e0122399.

Guo Y, Crnkovic CM, Won K-J, et al. Commensal gut bacteria convert the im-
munosuppressant tacrolimus to less potent metabolites. Drug Metab Dispos 2019;
47:194-202.

Flannigan KL, Taylor MR, Pereira SK, et al. An intact microbiota is required for
the gastrointestinal toxicity of the immunosuppressant mycophenolate mofetil. J
Heart Lung Transplant 2018; 37:1047-59.

Bhat M, Pasini E, Copeland J, et al. Impact of immunosuppression on the
metagenomic composition of the intestinal microbiome: a systems biology ap-
proach to post-transplant diabetes. Sci Rep 2017; 7:10277.

Jiao W, Zhang Z, Xu Y, et al. Butyric acid normalizes hyperglycemia caused by the
tacrolimus-induced gut microbiota. Am ] Transplant 2020; 20:2413-24.

David LA, Maurice CF, Carmody RN, et al. Diet rapidly and reproducibly alters
the human gut microbiome. Nature 2014; 505:559-63.

Seguy D, Duhamel A, Rejeb MB, et al. Better outcome of patients undergoing en-
teral tube feeding after myeloablative conditioning for allogeneic stem cell trans-
plantation. Transplantation 2012; 94:287-94.

Zama D, Muratore E, Biagi E, et al. Enteral nutrition protects children undergoing
allogeneic hematopoietic stem cell transplantation from blood stream infections.
Nutr ] 2020; 19:29.

Pierre JE Gastrointestinal immune and microbiome changes during parenteral
nutrition. Am J Physiol Gastrointest Liver Physiol 2017; 312:G246-56.

Nakamura K, Kageyama S, Ito T, et al. Antibiotic pretreatment alleviates liver
transplant damage in mice and humans. J Clin Invest 2019; 129:3420-34.

Lei YM, Chen L, Wang Y, et al. The composition of the microbiota modulates al-
lograft rejection. J Clin Invest 2016; 126:2736-44.

Rashidi A, Wangjam T, Bhatt AS, Weisdorf DJ, and Holtan SG. Antibiotic prac-
tice patterns in hematopoietic cell transplantation: a survey of blood and marrow
transplant clinical trials network centers. Am ] Hematol 2018; 93:E348-50.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

100.

10

—_

102.

10

Y

104.

105.

106.

107.

108.

Severyn CJ, Siranosian BA, Kong ST, et al. Microbiota dynamics in a randomized
trial of gut decontamination during allogeneic hematopoietic cell transplantation.
JCI Insight 2022; 7:e154344.

Khandelwal P, Andersen H, Romick-Rosendale L, et al. A pilot study of human
milk to reduce intestinal inflammation after bone marrow transplant. Breastfeed
Med 2019; 14:193-202.

Andermann TM, Fouladi F, Tamburini FB, et al. A fructo-oligosaccharide pre-
biotic is well-tolerated in adults undergoing allogeneic hematopoietic stem cell
transplantation: a phase I dose-escalation trial. Transplant Cell Ther 2021; 27:932.
e1-932.ell.

Iyama S, Sato T, Tatsumi H, et al. Efficacy of enteral supplementation enriched
with glutamine, fiber, and oligosaccharide on mucosal injury following hemato-
poietic stem cell transplantation. Case Rep Oncol 2014; 7:692-9.

Gerbitz A, Schultz M, Wilke A, et al. Probiotic effects on experimental graft-
versus-host disease: let them eat yogurt. Blood 2004; 103:4365-7.

Cooper TE, Scholes-Robertson N, Craig JC, et al. Synbiotics, prebiotics and pro-
biotics for solid organ transplant recipients. Cochrane Database Syst Rev 2022;
9:CD014804.

Ladas EJ, Bhatia M, Chen L, et al. The safety and feasibility of probiotics in
children and adolescents undergoing hematopoietic cell transplantation. Bone
Marrow Transplant 2016; 51:262-6.

van Nood E, Vrieze A, Nieuwdorp M, et al. Duodenal infusion of donor feces for
recurrent Clostridium difficile. N Engl ] Med 2013; 368:407-15.

Cheng Y-W, Phelps E, Ganapini V, et al. Fecal microbiota transplantation for
the treatment of recurrent and severe Clostridium difficile infection in solid
organ transplant recipients: a multicenter experience. Am ] Transplant 2019;
19:501-11.

Bluestone H, Kronman MP, Suskind DL. Fecal microbiota transplantation for re-
current Clostridium difficile infections in pediatric hematopoietic stem cell trans-
plant recipients. ] Pediatr Infect Dis Soc 2018; 7:e6-8.

‘Webb BJ, Brunner A, Ford CD, Gazdik MA, Petersen FB, Hoda D. Fecal micro-
biota transplantation for recurrent Clostridium difficile infection in hematopoietic
stem cell transplant recipients. Transpl Infect Dis 2016; 18:628-33.

Kakihana K, Fujioka Y, Suda W, et al. Fecal microbiota transplantation for pa-
tients with steroid-resistant acute graft-versus-host disease of the gut. Blood 2016;
128:2083-8.

Spindelboeck W, Schulz E, Uhl B, et al. Repeated fecal microbiota transplant-
ations attenuate diarrhea and lead to sustained changes in the fecal microbiota in
acute, refractory gastrointestinal graft-versus-host-disease. Haematologica 2017;
102:€210-3.

Qi X, Li X, Zhao Y, et al. Treating steroid refractory intestinal acute graft-vs.-host
disease with fecal microbiota transplantation: a pilot study. Front Immunol 2018;
9:2195.

DeFilipp Z, Bloom PP, Torres Soto M, et al. Drug-resistant E. coli bacteremia
transmitted by fecal microbiota transplant. N Engl ] Med 2019; 381:2043-50.

. van der Velden WJFM, Netea MG, de Haan AF, Huls GA, Donnelly JP, Blijlevens

NM. Role of the mycobiome in human acute graft-versus-host disease. Biol Blood
Marrow Transplant 2013; 19:329-32.

Legoff J, Resche-Rigon M, Bouquet J, et al. The eukaryotic gut virome in hema-
topoietic stem cell transplantation: new clues in enteric graft-versus-host disease.
Nat Med 2017; 23:1080-5.

.Abbas AA, Diamond JM, Chehoud C, et al. The perioperative lung trans-

plant Virome: torque teno viruses are elevated in donor lungs and show
divergent dynamics in primary graft dysfunction. Am J Transplant 2017;
17:1313-24.

Mager LE, Burkhard R, Pett N, et al. Microbiome-derived inosine modulates re-
sponse to checkpoint inhibitor immunotherapy. Science 2020; 369:1481-9.
Lamichhane S, Sen P, Dickens AM, et al. Dysregulation of secondary bile acid
metabolism precedes islet autoimmunity and type 1 diabetes. Cell Rep Med 2022;
3:100762.

Meedt E, Hiergeist A, Gessner A, et al. Prolonged suppression of butyrate-
producing bacteria is associated with acute gastrointestinal graft-vs-host disease
and transplantation-related mortality after allogeneic stem cell transplantation.
Clin Infect Dis 2022; 74:614-21.

Golob JL, DeMeules MM, Loeffelholz T, et al. Butyrogenic bacteria after acute
graft-versus-host disease (GVHD) are associated with the development of
steroid-refractory GVHD. Blood Adv 2019; 3:2866-9.

Jardou M, Provost Q, Brossier C, Pinault E, Sauvage F-L, Lawson R. Alteration
of the gut microbiome in mycophenolate-induced enteropathy: impacts on the
profile of short-chain fatty acids in a mouse model. BMC Pharmacol Toxicol 2021;
22:66.

Microbiome in Transplantation « JPIDS 2024:13 (Suppl1) « S89

$202 yoJe|\ L0 uoisenb Aq 1G/G19//08S/L wuswa|ddng/g | /ajonte/spidl/woo dno-olwepese//:sdyy woij papeojumoqg



