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Abstract

The microbiome is an integrated part of the human body that can modulate a variety of disease
processes and affect prognosis, treatment response, complications and outcomes. The importance
of allogeneic hematopoietic cell transplantation in cancer treatment has resulted in extensive
investigations on the interaction between the microbiome and this treatment modality and is
beginning to lead to clinical trials of microbiome-targeted interventions. Here we review some of
these discoveries, as well as describe strategies being investigated to manipulate the microbiome
for favorable outcomes.

Introduction

Increasingly, evidence has accumulated demonstrating that the community of commensal
bacteria residing in our gastrointestinal (Gl) tract is an important modulator of disease at
biochemical and molecular levels®. The human microbiome project? uncovered a surprising
degree of microbiome variability between healthy individuals and has been a great tool,
paving the way to help researchers investigate associations between disease parameters and
clinical outcomes with microbiome heterogeneity, both at baseline and as disease advances.

The evidence has been particularly convincing for intestinal inflammatory diseases,
including ulcerative colitis, Crohn’s disease, and graft-versus-host disease (GVHD), which
is an immune-mediated condition mediated by cells derived from the graft infused into
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an allogeneic hematopoietic cell transplant (allo HCT) recipient3. Given that these are all
intestinal inflammatory syndromes, the question arises of whether close proximity is an
important contributor to microbiome-disease interactions.

Microbiota damage in allo HCT is common.

Allo HCT is a lengthy treatment modality that often results in multiple insults to the
recipient’s microbiome structure. One way this structure can be characterized is by
quantifying alpha diversity, an ecological measure which combines levels of richness of
distinct bacteria and evenness in their relative abundances. Alpha diversity is commonly
used as a convenient measure of microbiome health and is frequently reduced in patients
with diseased states. Longitudinal monitoring of the microbiome of allo HCT recipients has
demonstrated that changes in the microbiome, including loss of diversity, can be observed
early during the treatment course when patients receive chemotherapeutic agents, radiation
and the donor’s allogeneic hematopoietic cells*. Reduced diversity is often accompanied by
prominent decreases in the abundances of commensal intestinal bacteria, many of which
have been shown to have beneficial contributions to normal intestinal homeostasis including
digestion, barrier function, and immune tolerance®.

Microbiota changes are associated with various poor outcomes

The intestinal microbiome during and after allo HCT has been examined by several groups
with largely concordant results where many adverse outcomes are strongly associated with
dysbiosis of the gut microbiota. Here we summarize some of these outcomes and how the
microbiota is affected.

GVHD—Intestinal GVHD is common after allo HCT and inflammation is the hallmark of
this disease. In mouse models, loss of bacterial diversity was noted to occur early after allo
HCT in mice with GVHDS. Different mechanisms may explain microbiota contributions to
GVHD; a-defensins are antimicrobial peptides produced by specialized granule-harboring
epithelial cells known as Paneth cells that can target potentially pathogenic bacteria. In
GVHD, Paneth cells are injured resulting in lower expression of antimicrobial peptides and
possibly predisposing to dysbiosis by allowing harmful bacteria to expand”.

Febrile neutropenia in patients undergoing allo HCT is common and requires early treatment
with empiric broad-spectrum antibiotics. Several of these antibiotics are considered
clinically equivalent but interestingly can vary in their degree of collateral damage to

the microbiome. This will be discussed in detail later in this review. Shono, et al found

that GVHD severity, along with microbiome damage, can differ depending on the type of
antibiotic used in both humans and in mice models. Specifically, antibiotics with stronger
activity against obligate anaerobes, including piperacillin-tazobactam and carbapenems,
resulted in increased disruption to the microbiome, higher intestinal barrier damage, and
more severe GVHD, compared to a narrower-spectrum antibiotic such as aztreonam®.

Congruent with these antibiotic associations, multiple studies have found that preservation
of obligately anaerobic bacteria is associated with protection from GVHD. Abundance of
bacteria from the genus Blautia, an abundant commensal member of the Clostridia class of
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Firmicutes, has been associated with better survival, less GVHD-related or relapse-related
mortality, and less need for GVHD treatment with systemic steroids®. An independent
study of adult patients also found that bacteria from the family Lachnospiraceae (which
includes Blautia and belongs to the class Clostridia) are associated with less GVHD1O,
Pediatric patients with Clostridia were also found to have reduced GVHD in independent
cohorts from two transplant centersl. Mechanisms for this association remain unclear,
but one study found that recovery of mucosal-associated invariant T cells, an immune
regulatory population, is highly heterogeneous after allo HCT but is associated with
increased abundance of intestinal Blautia species!2. A metabolite commonly produced by
Clostridia, butyrate, was found to directly alleviate GVHD in mouse models, via support
of intestinal epithelial cells!3. In addition to Clostridia, other clinical studies have found
that Bacteroides species, another intestinal obligately anaerobic commensal, was associated
with less GVHD4. One open question is whether, in addition to the host microbiome, the
composition of the HCT donor’s microbiome can have any potential impact on GVHD
severity.

Clostridium difficile infection—Clostridium difficile infection (CDI) in allo HCT
patients requires close monitoring. Watery diarrhea is often the presenting symptom that
prompts testing but sometimes treatment can be started while awaiting test results1®. A
single center retrospective study showed that the majority of CDI cases occur in the first

6 months following allo HCT. Total body irradiation (TBI) and GVHD are known risk
factors as both result in gut dysbiosis and intestinal barrier dysfunction, predisposing to local
infection and bacteremia respectively with less clear effects on overall mortality28.

The majority of cases of CDI occur in the peri-transplantation period. Healthier

patients without comorbid diseases are less likely to develop early CDI in the pre-
engraftement period but CDI in post-engraftement period is common and may potentially
warrant outpatient surveillancel’, though this is not yet recommended by guidelines.
Presence at engraftment of usually abundant obligate anaerobes, including Bacteroidetes,
Lachnospiraceae, and Ruminococcaceae, was associated with a 60% lower risk of CDI in
the postengraftement period!8. Since antibiotics are routinely administered during the course
of allo HCT, CDI in this patient population frequently recurs and is associated with loss of
the same obligately anaerobic intestinal bacterial®.

Bacteremia—Bacteremia is a potentially lethal complication in patients undergoing

allo HCT. In patients who develop this complication, reduced microbiome diversity is
frequently observed?0. They also display loss of obligately anaerobic commensal bacteria,
and instead often show gut domination by pathogenic bacteria, including Enterococcus and
Proteobacteria (which includes E. coli, Klebsiella, and other gram-negative facultatively
anaerobic bacteria) which match the bacteria isolated from the bloodstream, suggesting that
the pathophysiology of bacteremia may require dysbiosis as well as impaired intestinal
barrier function. Domination with Enterococcus, including strains expressing genes that
encode vancomycin resistance, has been particularly associated with metronidazole use.
Interestingly, Proteobacterial domination was reduced with by levofloxacin use, an example
where antibiotics can have a positive clinical effect via the microbiome. In another study, a
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broadly-active combination of ciprofloxacin and metronidazole prophylaxis was associated
with domination by Enterococcus which was more pronounced when GVHD is present?L.
This emphasizes the importance of antibiotic selection in the peri-transplantation period
which will be further discussed below.

Recently, high-resolution metagenomic sequencing of paired blood and stool samples from
HCT patients with bacteremia confirmed that in many but not all cases, commensal
intestinal bacteria and blood pathogens shared significant genetic similarity indicating a
highly probable gut origin?2. Interestingly, this was also true for some pathogens that are
less known to be enteric, such as Pseudomonas aeruginosa and Staphylococcus epidermidis,
suggesting that the traditional teaching that these pathogens are normally rare in the
intestinal tract is not necessarily true in all patient populations.

Respiratory complications—The upper respiratory tract hosts the majority of the
microbiome which can potentially relocate to the lungs, and associations between the
intestinal microbiome and pulmonary outcomes after allo HCT have also been observed.
Challenges in studying the microbiome of the respiratory tract include variability in
sampling methods?3, but significant progress is being made. Parallel RNA/DNA sequencing
of lower respiratory specimens in immune compromised pediatric patients could identify
pathogens in many patients where no clinical isolate could be identified using current
microbiological methods, indicating that sequencing approaches can augment standard
techniques?4. Interestingly, evidence for a gut-lung axis also exists. A study by Harris,

et al?® showed that low baseline Gl microbiome diversity and at the time of engraftment
was associated with more early pulmonary complications including infections, transfusion
reactions, interstitial pneumonitis. Peri-transplant antibiotic use has been found to be a
risk factor for development of respiratory viral infections in allo HCT recipients2%, and GI
colonization with butyrate-producing commensal bacteria were associated with protection
from lower respiratory tract viral infection following allo HCT2’, suggesting that intestinal
bacteria-derived butyrate could potentially support systemic antiviral immunity. Similarly,
gut domination of Proteobacteria in allo HCT recipients was associated with low survival
and more respiratory complications28.

Overall survival—Studies have shown that intestinal microbiota diversity at the time of
engraftment is a potential clinical predictor of mortality in allo HCT2®. This association
appears to be driven by treatment-related mortality (TRM), a composite endpoint which
includes GVHD-related mortality and mortality due to infectious complications, which
have individually been associated with microbiome damage as described above, and are
often inextricably linked clinically. CMV, for example, reactivates frequently in patients
treated with immune suppression for GVHD, but reactivation can also precede GVHD3,
Notably, TRM excludes relapse, and relapse as an adverse outcome has not been associated
with reduced microbiome diversity3L. Potential relationships that exist between disease
relapse following allo HCT and host microbiome are understudied. Peled, et al3! have
reported an association between presence and higher abundance of Eubacterium limosum
with decreased risk for relapse in these patients. Interestingly, not all disease types were
equally associated; freedom from relapse of acute myelogenous leukemia and multiple
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myeloma were particularly associated with having Eubacterium limosum in the intestinal
tract. Whether this observation can be replicated by other centers is still unknown.

The microbiome as a target of intervention

The observation that the intestinal microbiome composition is associated with a variety

of important clinical outcomes after allo HCT, including that microbiome diversity often
precedes TRM from allo HCT, leads to hypotheses that have yet to be formally tested
clinically. One is that loss of diversity is a biomarker that can robustly and reproducibly
predict survival after allo HCT. Multicenter efforts are currently underway to address this
hypothesis, including a trial by the Blood and Marrow Transplant Clinical Trials Network
(BMT CTN 1703/1801) (NCT03959241). A second, potentially more intriguing hypothesis,
is that damage to the intestinal microbiome can be prevented or treated, and this may lead to
improved clinical outcomes.

Reducing the complexity of microbiome data to an alpha diversity metric is very useful,
given the relative ease of intuitive understanding, as well as the strength of its association
with outcomes such as overall survival. There are important limitations, however, to using
alpha diversity as a biomarker32. Some are methodological — there are many ways to
quantify and weigh the relative contributions of evenness and richness, and it is unclear
which methods are more predictive of outcomes. There are also upstream computational
decisions that would have to be standardized to allow characterization of a “normal range”
of diversity, including when and how to rarefy sequences to deal with inherent differences
in sequencing depth. It is also possible to have “false positives” for high diversity — for
example, if many normal commensal bacteria are missing, but bacteria that are present
happen to be equally abundant. Finally, current sequencing technologies require batching
hundreds of samples in order for 16S sequencing to be cost-effective, and thus a quick
turn-around time that would be necessary for microbiome diversity to guide clinical practice
has yet to be made feasible and available.

An alternative to directly measuring microbiome diversity by sequencing is to detect its
metabolic activity. Weber, et al33 developed a tool that can indirectly quantify microbiota
composition by measuring levels of 3-indoxyl sulfate in the urine. This metabolite is
produced from indole that is a by-product of metabolism of dietary tryptophan by intestinal
bacteria. The authors found that higher levels of urinary 3-indoxyl sulfate early after
transplantation predicted reduced transplant-related mortality and improved overall survival.

Optimizing antibiotic use

Empiric and targeted treatment for neutropenic fever: Antibiotics are used frequently

in allo HCT patients either empirically for febrile neutropenia or culture-targeted for

known infections. Current guidelines for the treatment of neutropenic fever do not take

into consideration microbiome bystander effects, and many recommended antibiotics are in
fact highly damaging to obligately-anaerobic intestinal commensals. Shono, et al® compared
common antibiotics used for febrile neutropenia and found that imipenem-cilastatin and
piperacillin-tazobactam were associated with higher GVHD-related mortality, compared

to aztreonam and cefepime. Mice experiments showed that imipenem-treated mice had
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aggravated GVHD and this was attributable to expansion of intestinal mucus-degrading
bacteria Akkermansia muciniphila. Holler, et al?! found that gut dysbiosis characterized
by Enterococcus predominance was commonly seen in patients receiving ciprofloxacin
and metronidazole prophylaxis. In pediatric patients undergoing allo HCT, exposure to
clindamycin was seen to associated with depletion of Clostridia as well as with more
GVHDL, A recent retrospective review found that patients who received oral broad-
spectrum antibiotics as bacterial prophylaxis had higher rates of GVHD34. Finally, the
timing of antibiotic administration has also been retrospectively associated with GVHD;
patients who began receiving antibiotics for neutropenic fever pre-transplant had worsened
outcomes compared to those who received antibiotics post-transplant, with reductions in
stool Clostridia abundance and urinary 3-indoxy! sulfate as well as increased TRM35.

A randomized clinical trial is currently underway investigating how the use of piperacillin-
tazobactam and cefepime as empiric antibiotic therapy for febrile neutropenia in allo HCT
can affect Clostridiales abundance in the intestine (NCT03078010).

Prophylactic strategies — oral decontamination: In contrast to recent studies indicating
that antibiotic use leads to microbiome injury and aggravates GVHD, early studies in the
1970s in mice found that gut decontamination with oral antibiotics reduced GVHD and
improved survival3, and initial clinical studies showed similar benefits3’, as well as a more
recent randomized study38. Results of subsequent studies, however, have been mixed3°.

A recent retrospective microbiological analysis of stool specimens collected from patients
who received decontamination found that success of decontamination was only roughly
50%, and successful decontamination was associated with less acute GVHDA?. A clinical
trial is planned to re-evaluate oral decontamination followed by 3"-party fecal microbiota
transplantation (FMT) in selected allo HCT patients who require antibiotic treatment with
meropenem or piperacillin-tazobactam, both of which have been seen to be associated with
increased GVHD (NCT03862079).

Prophylactic strategies — selective decontamination: Per joint American Society of
Clinical Oncology /Infectious Diseases Society of America guidelines, fluoroguinolones

are the preferred prophylaxis in febrile neutropenia®l. Levofloxacin was very effective

in reducing infections and bacteremia in patients with high-risk neutropenia*2. More

recent studies have found that quinolone prophylaxis is associated with reduced intestinal
domination by gram-negative bacteria2%. Thus quinolones appear to mediate a benefit

by selectively reducing potentially pro-inflammatory bacteria without broadly targeting
obligately-anaerobic commensals. Polymixin B, which similarly targets gram-negative
bacteria, showed a similar benefit in a mouse model of GVHD by reducing the abundance of
intestinal E. coli’.

A possible alternative to fluoroquinolones for bacterial prophylaxis allo HCT is rifaximin.
The transplant center at Regensburg changed its institutional practice from prophylaxis with
ciprofloxacin and metronidazole to rifaximin, and compared outcomes in two cohorts of
patients before and after the switch#3. They found comparable episodes of fever, infections
and bacteremia, suggesting similar efficacy for infectious prophylaxis. Intriguingly, they
also noted that patients receiving rifaximin had reduced gut dysbiosis with higher urinary
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3-indoxyl sulfate, as well as reduced transplant-related mortality and improved overall
survival.

Microbiome interventions

Diet: When medically not contraindicated, oral intake is usually encouraged in allo HCT
patients, and clinicians monitor oral nutrition as a measure of a healthy prognosis, including
a reduced incidence of severe GVHD?*4. One study showed that in allo HCT patients,
supplemental enteral nutrition, compared to parenteral nutrition, was associated with better
overall survival and protection from severe acute GVHD*®. Similar results were found with
home-based care for allo HCT as these patients had better oral intake than those transplanted
in the inpatient hospital setting®®. Another study showed that parenteral nutrition in allo
HCT patients, compared to enteral feeding, was associated with more infections and
increased escalation of medical care with central access and ICU transfer with higher overall
mortality from infections#”48, One limitation to drawing conclusions from non-randomized
studies associating improved oral nutrition with better outcomes is that patients who are
able to tolerate oral intake are generally healthier and more welling to initiate oral feed in
contrary to the other group. Importantly, a phase 3 clinical trial by a group in France is
currently underway comparing enteral to parenteral nutrition (NCT01955772).

The type of oral nutrition in the peri-HCT period may also be an important factor.
Traditionally, allo HCT patients are recommended to limit their diet to well-cooked foods
and peeled fruits, known as a neutropenic diet. In recent years, this practice has been
examined and been found to have a limited benefit, or even potentially some harm?®,

One center recently made an institutional practice switch from a neutropenic diet to a

more liberalized diet, and found no increase in infections or other adverse outcomes>0.

A randomized study addressing the same question also found no benefit to a neutropenic
diet®L. The short term52 and long-term®3 effects of dietary differences on the microbiome
have been reported in healthy volunteers, and the effects in the allo HCT population warrant
further study.

Prebiotics: Prebiotics are dietary supplements designed to promote the growth or modify
the metabolism of beneficial intestinal commensal bacteria, and are commonly used to target
the microbiome. In allo HCT patients, a small number of studies have been performed.

One study in Japan showed that allo HCT patients who were given supplemental products
enriched with glutamine, fiber and oligosaccharides (polydextrose, lactosucrose and

dextrin) had less diarrhea, mucositis, enterococcus bacteremia and better survival®*. Potato
starch (NCT02763033), gluten-free diet (NCT03102060), and fructose oligosaccharides
(NCT02805075) are all currently being studied for potential benefit in HCT patients.

Probiotics: Probiotics are ingestible formulations of live bacteria that can modulate
intestinal homeostasis. Because they are only regulated for safety and not for medical
efficacy, they are widely available, and many questions regarding their effects on the
microbiome and health persist®®. Some probiotic studies have been performed in the allo
HCT population. Lactobacillus plantarum was recently found to be safe to administer during
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neutropenia in the pediatric allo HCT population®® and a multi-center study evaluating for
potential benefit for GVHD is underway (NCT03057054).

Results with Lactobacillus rhamnosus GG (LGG) have been mixed. In a murine model,
administration of LGG resulted in lower GVHD scores and less pathologic sequelae

and improved survival®’. A recent randomized clinical trial, however, did not show any
appreciable protection from GVHD in humans receiving LGG®8. Patients receiving LGG did
not show measurable increases in the abundance of Lactobacillus, which is in accordance
with prior studies in healthy volunteers indicating lack of persistent colonization, though
colonoscopic biopsies appear to be more sensitive for detecting LGG than stool samples®°.

Fecal microbiota transplantation: Fecal microbiota transplantation (FMT) has been
reliably shown to be effective in treating recurrent Clostridium difficile infection69.61,
including in allo HCT patients with recurrent Clostridium difficile infection®2-64, In the
allo HCT population, FMT has also been performed as therapy for GVHD, reported now
in several small case series82-68, In all of these, patients with steroid-dependent or steroid-
refractory GVHD responded to FMT and were noted to have improvements in microbiome
composition. The treatment was generally well-tolerated without serious adverse effects.

The prophylactic use of FMT in allo HCT recipients without symptoms of GVHD has
also begun to be investigated by two groups, including a 13-patient single-arm study

of oral frozen 3™-party FMT capsules®®, and a randomized study of 25 patients, 14 of
whom received an autologous FMT collected prior to HCT conditioning’?. Both studies
administered FMT following neutrophil recovery, and both show evidence of improved
microbiome composition in patients following FMT. There has yet, however, to be any
evidence of improvements in clinical outcomes with prophylactic FMT, and follow-up as
well as larger studies are being planned.

Conclusion

Early insights tend to resurge as development of new technologies allow a better
understanding of patterns long-before observed in the past. The recent discoveries of
changes in the microbiome during allo HCT is a perfect example of this phenomenon. The
importance of clinical decision-making that incorporates cognizance of the microbiome is
increasingly apparent, and additional strategies to protect, restore, and perhaps even augment
the microbiome may yet provide approaches to further optimize outcomes in this vulnerable
patient population.
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Figure 1.
Empiric antibiotics used for febrile neutropenia in hematopoietic cell transplant

(HCT) patients have been linked to a dysbiotic microbiome and worsened outcomes,
including increased graft-versus-host disease (GVVHD). Fecal microbiota transplantation can
potentially correct this disruption and potentially reduce GVHD.
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