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ABSTRACT

icrobiota injury occurs in many patients undergoing allogeneic

hematopoietic cell transplantation, likely as a consequence of

conditioning regimens involving chemo- and radiotherapy, the
widespread use of both prophylactic and therapeutic antibiotics, and pro-
found dietary changes during the peri-transplant period. Peri-transplant
dysbiosis is characterized by a decrease in bacterial diversity, loss of com-
mensal bacteria and single-taxon domination (e.g., with Enterococcal
strains). Clinically, deviation of the post-transplant microbiota from a nor-
mal, high-diversity, healthy state has been associated with increased risk
of bacteremia, development of graft-versus-host disease and decreases in
overall survival. A number of recent clinical trials have attempted to target
the microbiota in allogeneic hematopoietic cell transplantation patients
via dietary interventions, selection of therapeutic antibiotics, administra-
tion of pre- or pro-biotics, or by performing fecal microbiota transplanta-
tion. These strategies have yielded promising results but the mechanisms
by which these interventions influence transplant-related complications
remain largely unknown. In this review we summarize the current
approaches to targeting the microbiota, discuss potential underlying
mechanisms and highlight the key outstanding areas that require further
investigation in order to advance microbiota-targeting therapies.

Introduction

Allogeneic hematopoietic cell transplantation (HCT) is the oldest form of cellu-
lar therapy for patients with hematologic malignancies, and utilizes stem cell-con-
taining grafts from carefully selected donors to invoke immunological anti-malig-
nancy effects. This procedure remains high risk for patients, as transplantation-
related complications, such as infection and graft-versus-host disease (GVHD), are
causes of high morbidity and mortality among allogeneic HCT recipients.”” The
incidence of acute GvHD in human leukocyte antigen-matched donors remains
30-35%.% The role of the microbiome in transplant-related complications has been
a point of investigation in the field for decades, but advances in sequencing tech-
nology and our capacity to study the function of intestinal microbial communities
have accelerated this interest in recent years. Approaches to conserve or recover
a healthy microbiome in transplant patients are increasingly being used in experi-
mental settings with the goal of improving overall transplant outcome.

Pre-transplant conditioning regimens expose the gastrointestinal tract to high
doses of chemo- and radiotherapy, resulting in loss of integrity of the intestinal
epithelium and inflammatory damage which often results in mucositis. Clinical
manifestations of mucositis include mouth sores, pain during eating or swallowing,
nausea, intestinal cramping, bloating and diarrhea, which commonly minimize a
patient’s oral dietary intake. Mucositis is also thought to increase the risk of micro-
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bial translocation from the lumen of the oral cavity or gas-
trointestinal tract into the systemic circulation, which has
led to the widespread use of antibiotic prophylaxis in allo-
geneic HCT recipients in whom prolonged mucositis and
co-incident neutropenia are common. Patients also have
high rates of exposure to broad-spectrum empiric antibi-
otics, which are initiated in response to fever in the neu-
tropenic period. Microbial sources of these neutropenic
febrile episodes are rarely proven but the consequences of
untreated severe infection in this group of patients are such
that it is standard practice to initiate broad-spectrum
empiric therapy when a fever occurs.

Acute GvHD is classically described as a three-step
process.”” The first step involves host tissue injury, result-
ing in release of damage-associated patterns (DAMPS;
uric acid, ATP, heparin sulfate, HMGB-1, interleukin [IL]-
33) and pathogen-associated patterns (PAMPS;
lipopolysaccharides [LPS]), which further stimulate the
production of inflammatory cytokines such as tumor
necrosis factor [TNF]-a, IL-1 and IL-6. The second step
comprises priming and expansion of alloreactive donor
lymphocytes, predominantly T cells, which are recruited
to the host tissues; hematopoietic and non-hematopoietic
antigen-presenting cells interact with alloreactive lym-
phocytes, skewing CD4* T lymphocytes towards a T-
helper (Th1) or Th17 phenotype that produce inflamma-
tory cytokines such as interferon (IFN)-y and IL-17, acti-
vating cytotoxic CD8" T cells, and stimulating their pro-
liferation. The third step involves recruitment and activa-
tion of additional (innate) effector cells, such as
macrophages and neutrophils, which amplify the
cytokine production (‘cytokine storm’) and orchestrate
further apoptotic tissue damage.

Systemic, high-dose corticosteroids are the first-line
treatment for acute GvHD and are successful in about
two-thirds of the cases.® Patients with severe or steroid-
refractory GvHD have a dismal prognosis, with long-
term survival rates reported between 5-30%.” This has
led to persistent efforts to identify new therapies for
GvHD.

Our current knowledge of the composition of the intes-
tinal microbial community, in both health and disease, is
largely based on the analysis of fecal samples using an
amplicon-based sequencing approach that targets the
variable regions of the prokaryotic 16S ribosomal RNA
gene. 16S rRNA sequencing allows us to measure micro-
bial composition (i.e., the presence of certain taxa) and
compute the summary measure a-diversity (commonly
measured by the Simpson or Shannon index), which has
been used in a large number of transplant studies that
have associated microbiota abnormalities with transplant
outcome.” A second method is metagenomic sequencing,
which involves untargeted (‘shotgun’) metagenomic
sequencing of all the genes present in a given sample.
Multiple technologies are available for metagenomic
sequencing, but they can be broadly grouped into either
short-read (e.g., Illumina) or long-read (e.g., PacBio,
Nanopore) platforms.” Independently of the sequencing
method, metagenomic sequencing provides reliable
species-level taxonomy, as well as profiling of the func-
tional capacity of the intestinal microbial community as a
whole, by identifying genes that confer microbial func-
tion (e.g., fatty acid synthesis or degradation).
Metagenomic sequencing can thus be a powerful hypoth-
esis-generating tool and can enhance our understanding

of potential mechanisms underpinning associations
between particular microbial compositions and clinical
outcome.

The healthy microbiome and intestinal
homeostasis

The human microbiome constitutes a diverse collection
of bacteria, viruses, archaea and eukaryotic microbes that
inhabit all parts of the body but predominantly reside in
the gut."” Bacteria represent the largest group within the
intestinal microbiome and most species belong to the
Firmicutes or Bacteroidetes phyla with smaller contribu-
tions from the Proteobacteria, Actinobacteria,
Fusobacteria and Verrucomicrobia phyla. The dynamic
ecosystem within the intestinal tract is continuously sub-
jected to environmental changes induced by diet, medica-
tion and disease of the host, which can dramatically alter
microbial composition.”* Factors important in maintain-
ing homeostasis and preventing pathogen outgrowth and
translocation include: an intact gut epithelium that physi-
cally separates the luminal microorganisms from the
underlying host tissue; an extra layer of protection, pro-
vided by the mucus layer that is produced by goblet cells,
to hinder bacterial translocation and prevent mucosal bar-
rier injury; the anaerobic commensals that predominate in
the gut microbiota community of healthy individuals and
that provide resistance against colonization by
pathogens. The products of anaerobic commensals fur-
ther prevent pathogen outgrowth; molecules derived
from commensal bacteria, which can signal to Paneth
cells via toll-like receptors (TLR) 2, 4, 5 and 9, and induce
production of antimicrobial peptides.'® Antimicrobial pep-
tides, such as defensins and regenerating gene (REG) III
proteins, shape the microbial composition by sequester-
ing essential nutrients and permeabilizing bacterial mem-
branes; the commensals, which in addition to mediating
resistance to colonization by potential pathogens, also
produce metabolites that are essential micronutrients for the
human host.

Microbial metabolites include vitamins (K, B.), short-
chain fatty acids (SCFA) such as butyrate, propionate and
acetate, which are the products of indigestible dietary
fiber fermentation, aryl hydrocarbon receptor ligands
called indoles generated through tryptophan metabolism
and secondary bile acids.”” These microbial metabolites
are locally important for maintenance of epithelial integri-
ty and stimulation of the mucosal immune system, but
can also exert effects on peripheral organs via secretion
into the systemic circulation* SCEFA act via several
pathways to maintain homeostasis: they serve as an ener-
gy source for colonocytes, promote mucus secretion,
enhance expression of tight junction proteins to improve
epithelial integrity, induce anti-inflammatory cytokines
such as IL-10 and IL-18, and promote differentiation of
anti-inflammatory regulatory T cells via engagement with
G-protein coupled receptors (GPR) 43, 41 and 109a on
both epithelial cells and immune cells.” Indoles also have
immune-modulating potential. For example, they can
induce IL-22 production by different aryl hydrocarbon
receptor-expressing lymphocytes, such as Th17 cells, nat-
ural killer T cells, yd T cells and innate lymphoid cells,
which in turn enhances epithelial barrier function and
promotes antimicrobial peptide production.”

The post-HCT microbiome: effects and targeted therapy -
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® Relationship of the microbiome with

transplant-related toxicities

There are many contributors to the disruption of the
intestinal microbiota observed in the peri-transplant peri-
od, including conditioning, diet changes, and exposure to
antibiotics (Figure 1). Early after transplantation, there is
a loss of microbial diversity as well as a shift towards a
microbiome dominated by Enterococci, Streptococci or, in
fewer cases, Proteobacteria, at the expense of anaerobic
populations, such as Bacteroides, Clostridium and
Bifidobactetium. Intestinal domination, here defined as a
relative abundance of 230% of a single taxonomic unit, is
associated with exposure to certain antibiotics and
increases the risk of blood stream infection by the respec-
tive dominating taxon.””

Decreases in fecal a-diversity can be observed even
prior to HCT in some patients, but deepens in the days
following transplantation, and is associated with the tim-
ing and type of antibiotic treatment.””* Indeed, clinical
studies have shown a reduction of bacterial burden and
loss of fecal a-diversity following cancer treatment, e.g.,
for acute myeloid leukemia, which is consistent with the
dysbiosis observed pre-transplant.”**** Loss of fecal
bacterial diversity is recognized in transplant patients
across different geographic locations as was recently doc-
umented in a large, observational study that included
8,767 stool samples from 1,362 patients, collected at four
different centers in three different continents.*® This study
also reinforced a previously recognized association
between intestinal diversity during the peri-engraftment
period (days 7-21 post-HCT) and transplant outcome:
low microbial diversity is associated with significantly
higher transplantation-related mortality, GvHD-related
mortality and lower overall survival.** The prevalence of
intestinal domination was high in this cohort: it was
detected in more than 75% of the samples collected 1
week after transplantation, with Enterococcus domination
being most prevalent. In an earlier study, Enterococcus

domination was associated with lower overall survival
and higher GvHD-related mortality.” Indeed, perturba-
tions of the microbiome are particularly overt in patients
with acute GvHD.”*** Pre-clinical studies in mice have
demonstrated that intestinal microbiota play an impor-
tant role in the development of acute GvHD and, vice
versa, acute GvHD itself can aggravate intestinal dysbio-
sis. A study by Varelias and colleagues found that the dys-
biotic microbiome of IL-17-deficient mice induced hyper-
acute GVHD and that this effect was transferable to wild-
type mice during co-housing experiments.® A second
study showed that increases in major histocompatibility
complex class II (MHCII) expression on intestinal epithe-
lial cells was microbiota-dependent, and that this upregu-
lation process, which was essential for the initiation of
lethal acute GvHD, could be abrogated by antibiotic-
mediated bacterial depletion.” After initiation of acute
GvHD, GvHD-mediated tissue damage includes the
destruction of Paneth cells, which actively shape the
microbial community via production of a-defensins.”
Loss of Paneth cells decreased the expression of a-
defensins and propagated expansion of pathogenic bacte-
ria (Escherichia coli), which accelerated GvHD. An abun-
dance of Enterococcus species has also been associated
with acute GvHD severity: mice with an Enterococcus-
dominated microbiome experienced worse GvHD and
had an inferior survival.” In contrast, the presence of
intestinal Blautia, a genus from the butyrate-producing
Lachnospiraceae family, appeared to have protective capac-
ities against acute GvHD development both in mice and
humans.”

Changes in gut microbiota composition have not only
been associated with the development and severity of
acute GvHD, but have also been linked to other trans-
plant-related complications. For example, analysis of the
fecal microbiota composition early (day 0 to 21) after allo-
geneic HCT identified a cluster of bacteria, dominated by
Eubacterium limosum, which was associated with a
decreased risk of relapse or progressive disease.”
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Figure 1. Timeline of potential microbiota perturbations after allogeneic hematopoietic cell transplantation. HCT: hematopoietic cell transplantation; TBI: total body
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Additionally, features of the intestinal microbiome have
been associated with the development of pulmonary
infiltrates post-transplant.” A further study found that the
presence of butyrate-producing bacteria in fecal samples
was associated with a lower rate of viral lower respirato-
ry tract infections.”

Finally, there is also evidence emerging that early post-
HCT microbiome damage may remain for some time,
and have consequences for the late complications of
transplantation. A recent study by our group showed that
dysbiosis can still be observed at 100 days after transplan-
tation and that patients who go on to develop chronic
GvHD have lower concentrations of circulating SCFA.*
As this was a small study of chronic GvHD patients, fur-
ther work is needed to explore this association.

The studies described above found several links between
dysbiotic gut microbiota and transplant-related complica-
tions but it remains largely unresolved whether these asso-
ciations reflect causal relationships. If this is indeed the
case, then manipulation of the microbiota — particularly in
a fashion that ensures maintenance of anaerobic bacterial
taxa and prevents colonization with potential pathogens —
could be an effective way to reduce acute transplant-relat-
ed toxicities and also improve the long-term outcomes for
allogeneic HCT recipients. At present, potential strategies
for microbiota modification include dietary modification,
prebiotics, probiotics or postbiotics and fecal microbiota
transplantation (EMT) (Table 1).

Potential mechanisms of microbiome-targeting
therapies

Therapies targeting the microbiota could contribute to
preserving or restoring intestinal homeostasis by provid-
ing resistance to colonization, enhancing mucosal heal-
ing, or dampening the inflammatory immune response.

Colonization resistance

As mentioned above, outgrowth of a single taxon, par-
ticularly Enterococcus, is a common feature of the post-
HCT microbiome and is associated with a poor trans-
plant outcome. In addition to Enterococcus colonization,
intestinal expansion of other pathogenic bacteria, such as
the Enterobacterales species Klebsiella pneumoniae and
Escherichia coli, has been observed in patients who subse-
quently developed bloodstream infections caused by the
respective species.” Domination may negatively affect
intestinal homeostasis: (i) indirectly via loss of beneficial
anaerobic bacteria, resulting in a drastic reduction of
‘health-promoting’ metabolites such as SCFA or, (ii)
directly, if the dominating species itself compromises the

Table 1. Strategies for targeting the microbiome.

Prebiotics (i.e. non-digestible food ingredients)

Optimizing dietary intake
of certain nutrients

Supplement essential bacterial nutrients
Stimulate enteral feeding, avoid consumption

gut epithelium or invokes an inflammatory response from
the mucosal immune system.

Enterococcus faecalis (for example) has the capacity to
impair epithelial barrier integrity via matrix metallopro-
teases and can also induce a strong dose-dependent acti-
vation of dendritic cells, resulting in enhanced production
of the cytokines IL-6, IL-10, IL-12 and TNF-0." A recent
mouse study showed that intake of the disaccharide lac-
tose was necessary for Enterococcus expansion whereas a
lactose-free diet attenuated the emergence of Enterococcus
and reduced the severity of acute GvHD.* These pre-clin-
ical findings need further exploration in clinical trials, for
example, of lactose-free diets in the peri-transplant peri-
od, or enzymatic supplementation (e.g., with the lactase
enzyme (Lactaid), which is cheap and easily available as
it is used commonly by individuals with lactose intoler-
ance).

Reintroduction of specific strains via defined bacterial
consortia in oral capsule form (commonly known as pro-
biotics) or transfer of a complete (healthy) microbiome
via FMT could prevent domination by a single taxon by
promoting resistance to colonization. For example, probi-
otic therapy with Lactobacillus johnsonii prevented
Enterococcus domination after bone marrow transplanta-
tion in mice, which coincided with attenuation of acute
GvHD.” Similarly, FMT effectively eliminated van-
comycin-resistant Enterococcus from densely colonized
mice, which was mediated by anaerobic bacteria.”® More
specifically, recolonization with Barnesiella correlated
with eradication of vancomycin-resistant Enterococcus. In
these studies, successful engraftment of donor strains was
a key component of successful treatment. Factors that
could influence this process include pre-treatment strate-
gy (i.e., antibiotic decontamination or bowel lavage, with
the latter appearing to be more effective), taxonomic con-
figuration of both donor and recipient and possibly also
genetic host factors.”*

Alternative approaches that bypass the bacterial com-
munity itself but may still enhance colonization resist-
ance include supplementation of antimicrobial peptides
or administration of specific TLR agonists. For example,
TLR7 might be a candidate as activation of TLR7 on den-
dritic cells induced IL-22 and mediated colonization
resistance against vancomycin-resistant Euterococcus.”
Whether targeting this pathway could also be beneficial
for transplant outcome needs further investigation.

Healing of the mucosal barrier

The mucosal barrier becomes compromised during the
allogeneic HCT process due to the toxic effects of chemo-
and radiotherapy and subsequent mucositis, as a result of
tissue destruction during acute GvHD, opportunistic

Preserve protective taxa
Preserve protective taxa

Antibiotic selection

Probiotics/defined consortia (i.e. selected
viable microorganisms) or FMT

Reduce exposure to anaerobe-targeting antibiotics
Actively reintroduce (specific) microbial populations

Limit microbial damage
Recover gut microbial communities

Postbiotics (bioactive metabolic compounds)

Supplement products of bacterial fermentation

Replenish beneficial microbial metabolites

FMT: fecal microbiota transplantation.

The post-HCT microbiome: effects and targeted therapy -
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infections (e.g., cytomegalovirus) or because of the indi-
rect influence of diminished nutritional intake. Dietary
carbohydrates normally serve as the main source of nutri-
tion for the gut microbiota, but in their absence the
mucus layer can become an alternative source of energy.
As an example, Akkermansia muciniphila is thought to have
mucolytic capacities and its relative abundance increases
in mice with acute GvHD after imipinem/cilastatin treat-
ment.** Another study showed that a diet lacking fiber
resulted in thinning of the mucus layer, which increased
proximity of microbes to the epithelium.* Enteral feeding
(diet or prebiotics) could thus enhance intestinal homeo-
stasis by directly stimulating preservation of commensal
populations as well as indirectly by preventing damage to
the mucus layer. An alternative way to promote the
integrity of the mucus layer is by activating goblet cells
which are responsible for the formation of the intestinal
mucus layer but are often lost upon development of acute
GvHD. It was recently described that stimulation of gob-
let cells via 1L-25 could prevent bacterial translocation
and dampened inflammation in an experimental acute
GvHD model.” Exogenous supplementation of butyrate
or indoles was also able to enhance epithelial integrity
and mitigate acute GvHD in experimental mouse models
whereas deletion of the SCFA receptor GPR43 increased
acute GvHD.**® However, butyrate can have opposite
effects and may delay mucosal wound repair by inhibit-
ing proliferation of intestinal epithelial stem/progenitor
cells in a dose-dependent manner.” Whether butyrate has
a net-protective or net-pathogenic effect may depend on
the time after transplantation, the state of underlying tis-
sue damage, or the activation status of effector T cells and
further work is needed to assess the translatability of
these preclinical findings to clinical practice and whether
they may be targeted for therapeutic benefit.

Another candidate for promoting mucosal repair is IL-
22.1L-22, secreted by recipient innate lymphoid cells type
3, protected intestinal stem cells from immune-mediated
damage during murine acute GvHD.” Similarly, recombi-
nant IL-22 enhanced intestinal stem cell recovery, stimu-
lated epithelial regeneration and reduced intestinal acute
GvHD pathology. However, pro-inflammatory and
destructive effects of donor-derived II-22 have also been
described, suggesting a dual, context-dependent role for
this cytokine, which needs further investigation.”

Immune modulation

The cycle of dysbiosis, tissue damage and lymphocyte
activation that characterizes the early post-transplant
environment and is even more exaggerated when acute
GvHD has developed, contains many potential pathways
for intervention (Figure 2). Therapies that alter the micro-
biome and thereby break these feed-forward loops may
offer an attractive target in GvHD prevention or treat-
ment.

A number of preclinical studies have determined the
immunomodulatory properties of microbiome-targeting
or microbiome-adjunct therapies. A prebiotic mixture of
glutamine, fiber and oligosaccharides (GFO) as well as
EMT lowered colonic expression of IL-1f in dextran sodi-
um sulfate-induced colitis in mice.”””® In addition, FMT
reduced the MHCII-dependent antigen-presenting capac-
ities of colonic dendritic cells, monocytes and
macrophages while simultaneously enhancing IL-10 pro-
duction by these antigen-presenting cells, as well as in

CD4* T cells and invariant natural killer T cells.”” FMT
also appeared to limit CD4* T-cell proliferation while
increasing the frequency of FoxP3* regulatory T cells.
Induction of regulatory T cells was also accomplished by
oral administration of a rationally selected mixture of
bacterial strains which mitigated experimental colitis and
allergic diarrhea and mainly comprised clusters IV, XIVa
and XVIII Clostridia.”

While it remains to be clarified whether these mecha-
nisms are also involved in FMT-mediated resolution of
steroid-refractory acute GvHD, microbial metabolites
might be involved in this process. In addition to SCEFA,
secondary bile acids, such as lithocholic acid and 3-
hydroxydeoxycholic acid, are other products of microbio-
ta-mediated biotransformation that are thought to have
immunomodulatory properties. For example, lithocholic
acid, 3p-hydroxydeoxycholic acid and other bile acid
metabolites have been implicated in the induction of reg-
ulatory T-cell populations.”””® A number of studies have
shown that bile acid metabolism is altered in patients
with acute or chronic GvHD, which might impact disease
severity.””” A randomized controlled trial examining the
use of the secondary bile acid ursodeoxycholic acid (also
known as ursodiol) for prevention of hepatic complica-
tions (e.g., veno-occlusive disease) found a lower inci-
dence of severe acute GVHD and intestinal GvHD in the
treatment group that used ursodiol from the start of con-
ditioning through 90 days post-transplantation compared
with control-treated patients.” Furthermore, a study of
patients with recurrent Clostridioides difficile infections
(n=16), which included seven allogeneic HCT recipients,
successfully used ursodiol to prevent recurrence of dis-
ease.” While the effects of ursodiol on the microbiome of
allogeneic HCT recipients requires further investigation,
these data suggest that therapeutic interventions targeting
microbial bile acid metabolism might be worth exploring.

Opportunities for intervention

Therapies aimed at modulating intestinal microbiota
function can target bacterial energy sources (prebiotics,
diet), the bacterial community itself (antibiotic choice,
probiotics, FMT) or its metabolites (postbiotics). Their
protective or therapeutic potential has been studied in a
number of interventional, predominantly single-arm
studies.

Prevention of damage by antimicrobials: making the
best antimicrobial choices

Antibiotic stewardship is most commonly considered
in terms of its benefits in preventing the emergence of
pathogens, but broadly speaking it involves the critical
evaluation of antibiotic prescribing and use, to protect
patients from all harms (including microbiome disrup-
tion) caused by the use of antibiotics, while at the same
time effectively treating infections. For example, in a ret-
rospective study, Weber and colleagues observed that
rifaximin, a broad-spectrum antibiotic with minimal sys-
temic absorption, was equally effective at preventing
infectious complications in allogeneic HCT recipients as
ciprofloxacin/metronidazole, while sparing bacterial gut
communities.” Another retrospective analysis found that
treatment of neutropenic fever with broad-spectrum
antibiotics, specifically —imipenem/cilastatin and
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piperacillin/tazobactam, was associated with increased
GvHD-related mortality while this was not observed
when anaerobic-sparing antibiotics, aztreonam and
cefepime, were used.” Of note, shortening the duration
of administration of empiric broad-spectrum antibiotics
in patients with febrile neutropenia without an identifi-
able infectious cause has been studied and appears to be
safe; however, it remains unclear whether the shortened
exposure also reduced intestinal dysbiosis in these
patients.” Other strategies that are currently being devel-
oped to prevent antibiotic-mediated microbial disruption
include molecules that degrade or neutralize antibiotic
residues in the intestinal tract.**®

Pre-transplantation optimization of the intestinal
microbiome

Since a relatively preserved microbiome prior to allo-
geneic HCT translates into a higher chance of a favorable
outcome,” it is worth considering a potential role for pre-
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Figure 2. Interactions between the gut microbiota and mucosal immune
system in steady state and peri-transplant environments. (A) Pre-trans-
plant interaction between the intestinal tract, mucosal immune system
and the microbiome. (B) Peri-transplant interaction between the inflamed
intestinal tract, infiltrating donor populations, some of which alloreactive T
cells that cause graft-versus-host disease, and the perturbed microbiome,
often colonized with potential pathogens, such as Enterococcus
faecalis/faecium. APC: antigen-presenting cell; DAMPS: damage-associat-
ed patterns; GvHD: graft-versus-host disease; LPS: lipopolysaccharides;
PAMPS: pathogen-associated patterns. Created with BioRender.com
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emptive microbiota-targeting therapies. Two studies
examined the effect of prebiotic supplementation prior to
HCT: a prospective study by Yoshifuji and colleagues
demonstrated that adequate intake of resistant starch and
GFO from day -7 before allogeneic HCT to day +28 after
the transplant reduced the incidence of acute GvHD and
preserved populations of butyrate-producing bacteria,
while fecal butyrate concentration in samples after trans-
plantation did not differ significantly between GFO-treat-
ed patients and historical controls.*® The patients with ini-
tial high microbial diversity in this cohort appeared more
likely to benefit from prebiotic supplementation (n=14 of
30 in the whole cohort). Remarkably, the incidence of
late-onset acute GvHD was higher in the prebiotic group,
suggesting that there is only a temporary benefit from
prebiotic supplementation and that the benefit subsides
after cessation of the treatment. Similarly, a second retro-
spective study observed that patients who received GFO
during the same period had higher survival rates early
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after HCT (<day 100) than patients who were not on pre-
biotic treatment, but this advantage had disappeared 1
year after allogeneic HCT.”

A number of small studies have evaluated the safety
and feasibility of probiotic use prior to allogeneic HCT
but studies evaluating their potency with respect to min-
imization of transplantation-related complications have
not been performed.®® Oral administration of
Lactobacillus thamnosus GG in mice, starting from day 7
prior to transplantation and continuing throughout the
transplantation period, limited bacterial translocation,
mitigated acute GvHD and improved survival.”
Microbiome analysis was not included in this study, thus
further studies are needed to understand the precise
mechanism of the observed effects.

Donor FMT effectively reversed antibiotic- and
chemotherapy-induced dysbiosis in a murine model,
returning the composition of the microbiome to the
naive, pre-treatment configuration within 16 days after
EMT.* In five allogeneic HCT recipients, donor EMT was
successfully used for decolonization of antibiotic-resis-
tant bacteria prior to HCT but the enteric microbiome of
these patients was not analyzed.”*

Apart from these studies, data on the impact of micro-
biota-targeting therapies on the pre-transplant microbio-
me are scarce. Large, prospective trials are needed to
assess to what extent these pre-emptive treatments can
overcome treatment-induced microbiota injury and pro-
tect against post-transplant complications.

Diet

It is well-established that dietary changes influence the
enteric microbiome and thus it is likely that specific alter-
ations in nutritional support could provide an extra stim-
ulus for the growth and activity of anaerobic bacteria in
the peri-transplant setting.” A recent study in mice
showed that administration of a tyrosine-enriched diet
prior to HCT positively modulated the gut microbiome
and metabolome, which was accompanied by reduced
acute GvHD pathology and improved survival.” Whether
a specific diet could help to preserve a healthy microbio-
me in allogeneic HCT recipients or improve intestinal
health prior to allogeneic HCT remains to be elucidated.
A study in pediatric patients (n=20) found that patients
receiving enteral nutrition after allogeneic HCT had
increased fecal diversity, higher concentrations of fecal
SCFA and a higher relative abundance of certain butyrate-
producing populations than patients receiving parenteral
nutrition.” In adult patients (n=23), fecal microbial diver-
sity was similar in groups receiving either enteral or par-
enteral nutrition. However, minimal oral intake for a pro-
longed period was associated with less diversity, as well
as less abundance of intestinal Blautia.” Earlier studies had
reported the superiority of enteral over parenteral nutri-
tion in terms of transplant-related complications and sur-
vival.®*

There remains a gap in our knowledge regarding the
impact of diet on the microbiome of allogeneic HCT
recipients. It has been described that there is a high inter-
personal variability in microbiome response to types of
nutrition and it might prove difficult to formulate univer-
sal dietary recommendations.”'™"" To what extent a spe-
cific diet, e.g., devoid of lactose-containing products,
could benefit the health of transplant patients needs to be
investigated in randomized trials.

Post-transplant recovery of the microbiome

It is likely that even with the best preventive strategies,
some abnormalities in the microbiome will remain after
the acute post-transplant period. For those patients with
extensive microbial damage, probiotics or (donor) EMT
might offer a way to directly repair the microbial commu-
nity itself. Commercially available probiotic formulations
contain bacterial strains predominantly belonging to the
Lactobacillus and Bifidobacterium genera. The efficacy of
probiotics as a preventive or therapeutic measure has
been studied in the context of various disease entities
with mixed results." In fact, the use of probiotics after
antibiotic therapy delayed recovery of the indigenous
microbiota in healthy individuals.'"” As for allogeneic
HCT recipients, a number of case reports raised safety
concerns after systemic infections developed in immuno-
compromised patients upon probiotic use, even though
the bacterial strains that are commonly incorporated in
commercially available probiotics are infrequently the
cause of bloodstream infections.'™'” Probiotic therapy,
comprising Lactobacillus thamnosus GG capsules adminis-
tered from the time of neutrophil engraftment, did not
appreciably alter the microbiome or reduce acute GvHD
incidence in a randomized trial (n=31) and was therefore
prematurely terminated."’

A second option for the re-introduction of a whole
community of microorganisms is via transfer of a healthy
“previous self” or a donor-derived fecal suspension. In a
randomized, controlled trial by Taur et al, allogeneic
HCT recipients received either an autologous FMT
(n=14), using the patient’s banked stool sample that was
collected prior to transplant conditioning and carried a
high microbial diversity but no intestinal pathogens, or
no intervention (n=11).” Autologous FMT improved
microbial diversity and reinstated commensal members
of the patient’s gut microbiome which had disappeared
after allogeneic HCT. While effective, autologous FMT
can be logistically challenging, as it requires upfront col-
lection of a patient’s healthy stool; for this reason, most
current studies have used related or unrelated healthy
donors as the source for FMT.

High success rates have been reported for single or
repeated donor FMT in patients to restore symbiosis,
eradicate antibiotic-resistant bacteria or treat recurrent
Clostridioides difficile infections, which coincidently also
relieved GvHD symptoms in one patient.”>?"""®
Resolution of steroid-refractory acute GvHD using donor
EMT has been described in a number of case reports."***
Additionally, a pilot study from our group showed that
donor EMT alleviated steroid-refractory or steroid-depen-
dent acute GvHD in ten of 15 participants, which was
accompanied by an increase of fecal microbial diversity,
expansion of butyrate-producing bacteria, and enhanced
donor species engraftment.” The intrinsic and extrinsic
factors that facilitate donor species engraftment remain to
be elucidated and blinded, randomized clinical trials are
needed to determine the additive value of donor FMT in
GvHD treatment.

Safety has been one of the major concerns regarding
the use of donor FMT in immunocompromised patients.
For this reason, FMT trials have, thus far, largely post-
poned administration until allogeneic HCT recipients
have achieved neutrophil engraftment. The number of
reported infection-related adverse events associated with
donor FMT administration is low but transmission of



pathogenic microorganisms has been described and can
be fatal.” While there is no debate that potential
donors of fecal material should undergo stringent screen-
ing, the donor screening protocols have been and, for the
foreseeable future, will be subject to change as our expe-
rience with FMT therapy increases. International guide-
lines for donor screening protocols, for example as pub-
lished by the European EMT working group, may help to
reduce the variability of screening protocols used in FMT
trials.” In addition to donor screening and selection,
other steps in the FMT procedure could be reviewed for
optimization. For example, potentially beneficial obligate
anaerobic organisms may be lost in the process of EMT
preparation unless care is taken to process potential
donor material in an anaerobic fashion. Additionally, the
best route of administration of the FMT product is
unknown, with options including capsules, nasoduodenal
infusion and enema.

Microbial metabolites

Finally, one could bypass the bacterial community and
directly supply microbial metabolites, such as the SCFA,
acetate, butyrate or propionate. Fecal SCFA concentra-
tions decrease in patients with acute GvHD in proportion
to the severity of their disease. Similarly, the plasma
concentrations of butyrate and propionate were reduced
in patients who developed chronic GvHD.* Exogenous
butyrate supplementation as well as administration of a
consortium of 17 known butyrate-producing bacterial
strains mitigated murine GvHD in a study by Mathewson
and colleagues.” In contrast, a high relative abundance of
butyrogenic bacteria in allogeneic HCT with acute GvHD
has been associated with steroid-resistance, although
luminal butyrate concentrations were not measured.”
These contrasting results highlight that we still have
more work to do to understand the biology of butyrate
signaling in the post-transplant setting, particularly with
respect to GvHD.

Outstanding questions and future perspective

Considering that the field of microbiome research in
hematologic patients is relatively young, significant
advances have been made in recent years. Large cohort
studies have robustly shown that microbiota injury dur-
ing allogeneic HCT is common and associated with
adverse outcomes. This has already led to some changes
in practice — e.g., the favoring of anaerobe-sparing
empiric antibiotics in many centers. Results from the
first, predominantly single-arm trials have demonstrated
potential for microbiota-modulating therapies to
improve transplant outcomes (e.g., our recent study of
EMT for steroid-refractory acute GvHD), paving the way
for eagerly awaited randomized controlled trials that
will confirm the clinical efficacy of these therapies in
preventing or treating transplantation-related complica-
tions. The accessibility of these biological, often already
commercially available treatments has facilitated rapid
translation from bench to bedside, with a large number
of clinical trials currently being undertaken to target dys-
biosis in allogeneic HCT recipients. In order to move the
field forward in the coming years, several fundamental
questions will need to be addressed (summarized
inTable 2).

Several microbiome-targeting approaches have shown
promising results in preclinical and clinical studies but the
key players that underlie this beneficial effect are yet to
be defined. Thus far, Blautia as well as butyrate-producing
Clostridia appear to be prominent candidates based on
fecal microbiome analysis. Still, it is important to keep in
mind that there is only partial overlap between the fecal
microbiome and the intestinal microbial composition and
that the taxa that we have associated with positive trans-
plant outcomes might only be a reflection of a balanced
microbiota community.”® More invasive sampling (e.g.,
consecutive colon biopsies) will be needed to confirm the
taxa present at the most immunologically active sites
within the gastrointestinal tract, and access to these sam-
ples will also further enhance our understanding of the
working mechanisms of these therapies. Apart from the
bacterial constituents of the microbiome, it is going to be
important to examine other microbial kingdoms present
in the enteric flora such as viruses, including bacterio-
phages, fungi and archaea. A small study demonstrated
that a sterile fecal transplant, filtered from bacterial
microbiota, was sufficient to cure Clostridioides difficile
infection, implying that non-bacterial microorganisms
and/or microbial metabolites are also capable of disease
resolution.””

In addition to identifying protective bacterial taxa and
their related metabolites, the long-term effects of treat-
ment response warrant further investigation. It is not
known whether the different therapies discussed here
only induce a local and temporary reset of the microbio-
me or whether they elicit a systemic and durable
response to dampen ongoing inflammatory processes.
Yoshifuji and colleagues observed that after termination
of prebiotics (at day 28 post-HCT), the incidence of late-
onset acute GVHD (>day 100) was higher in the prebiotic
group than in historical controls, suggesting that more
work is needed to understand the potential mechanisms
of prebiotic activity after HCT.* The same holds true for
EMT in which donor bacterial strains are eventually
undermined by environmental and/or host factors in
modeling the bacterial composition."”® This is supported
by the finding in our EMT trial that early use of antibi-
otics after donor EMT appeared to abrogate treatment
response. Antibiotic treatment might thus be taken into
account in clinical trial design for microbiome-targeting
therapies, for example by including an additional/escape
intervention in the case of antibiotic treatment. Once
intestinal homeostasis is restored, disappearance of donor
strains might be less problematic; while taxonomic simi-
larity to the donor’s microbiome declined in the study by
Moss et al., the functional similarity persisted at a high
level. Future studies including long-term follow-up and
longitudinal sampling will help to determine the optimal
interval for intervention or whether, for example, lifelong
dietary restrictions or prebiotic or postbiotic supplemen-
tation should be encouraged.

Ideally, in the near future, microbiome analysis should
be included in the routine work-up/follow-up for HCT,
just as other organ function is measured, since the micro-
biome can function as a biomarker for transplant-related
complications, as well as being potentially modifiable in
the pre-transplant period.”** The microbiome is a signif-
icant focus of many research groups internationally, and
it is likely that the coming years will continue to yield
important results in both the pre-clinical and clinical set-
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o Table 2. Outstanding questions and potential investigational approaches.

Bacterial composition-focused

Which ‘protective’ taxa from associative studies are truly
beneficial as therapeutics?

Transfer defined bacterial consortia in HCT patients + trials with more
invasive sampling especially at time of GvHD diagnosis.

What is the best way to collect additional data to support that change
in bacterial composition is indeed the mechanism of clinical improvement?

Add important secondary endpoints to initial studies as well as clinical
responses (e.g., fecal engraftment of specific taxa, bacterial diversity,
active metabolic pathways, serum and fecal SCFA concentrations).

Start with observational diet studies, move toward interventional
randomized trials.

What is the optimal diet for the patient to produce the optimal microbiome?

Metabolite-focused

Which are most important (SCFA, bile acids etc.)?
Where do they need to act for maximum benefit?

Mouse studies + trials of ‘post-biotic’ compounds.

Which patient-intrinsic factors influence therapy efficacy (e.g. baseline
diversity, presence of specific taxa, level of epithelial damage,
genetic factors)?

Large (interventional) randomized studies of the microbiome-targeting
intervention of interest.

What is the optimal timing and interval for intervention? Small interventional studies + trials with long-term follow-up.

HCT: hematopoietic cell transplantation; GvHD: graft-versus-host disease; SCFA: short-chain fatty acids.
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ting with regard to how we may target the microbiome
for maximal benefit for patients.
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