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Growing evidence suggests that human microbiota likely influence diverse processes

including hematopoiesis, chemotherapy metabolism, and efficacy, as well as overall

survival in patients with hematologic malignancies and other cancers. Both host genetic

susceptibility and host-microbiota interactions may impact cancer risk and response to

treatment; however, microbiota have the potential to be uniquely modifiable and accessible

targets for treatment. Here, we focus on strategies to modify microbiota composition and

function in patients with cancer. First, we evaluate the use of fecal microbiota transplant

to restore microbial equilibrium following perturbation by antibiotics and chemotherapy,

and as a treatment of complications of hematopoietic stem cell transplantation (HSCT), such

as graft-versus-host disease and colonization with multidrug-resistant organisms. We then

address the potential use of both probiotics and dietary prebiotic compounds in targeted

modulation of the microbiota intended to improve outcomes in hematologic diseases. With

each type of therapy, we highlight the role that abnormal, or dysbiotic, microbiota play

in disease, treatment efficacy, and toxicity and evaluate their potential promise as emerging

strategies for microbiota manipulation in patients with hematologic malignancies and in

those undergoing HSCT.

Clinical case

A 45-year-old woman with BCR-ABL1 acute lymphoblastic leukemia and persistent minimal residual
disease underwent peripheral blood allogeneic hematopoietic stem cell transplantation (HSCT) from a
mismatched unrelated donor. Forty-two days after transplant, she developed .1.5 L per day of watery
diarrhea and abdominal cramping. Infectious studies including Clostridium difficile polymerase chain
reaction (PCR) were negative. She underwent colonoscopy, and pathology was consistent with grade IV
graft-versus-host disease (GVHD). She was started on methylprednisolone (2 mg/kg per day) and total
parenteral nutrition. Her diarrhea continued, and on the fifth day of high-dose steroids, she developed
hematochezia. She was started on ruxolitinib with mild improvement of her stool output. After 10 days
without further improvement, she underwent a fecal microbiota transplant (FMT) by colonoscopy from a
donor screened for bacterial and viral pathogens. The patient’s diarrhea improved within 3 days to,500
mL per day and she was eventually tapered off of steroids.

Introduction

Thousands of species of bacteria, fungi, archaea, and viruses, collectively called the microbiota, colonize
humans and interact with the immune system to influence health. Among the many microbial niches that
exist in and on the human body, the intestinal microbiota are the most well studied and contain the
greatest number of organisms. The microbiota-host dyad appears to have coevolved over the course of
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human history, likely contributing to the role of human microbes in
immune development, homeostasis, and maintenance of normal
intestinal epithelial barrier function.

Growing evidence suggests that human microbes likely influence
diverse processes including hematopoiesis,1 immune system func-
tion,2 chemotherapy and radiation efficacy,3 and toxicity,4 GVHD
risk,5 and overall survival in patients with hematologic malignancies
and other cancers.6 Strategies to alter microbiota composition and
function are being increasingly explored in the treatment of cancer;
here, we focus on current therapies that modify the intestinal
microbiota in patients with hematologic malignancies. We begin
with the use of live microbial therapies including FMT and probiotics
and then discuss the potential for dietary fibers known as prebiotics
to modify the microbiota. With each therapy, we highlight the role
that abnormal, or dysbiotic, microbiota plays in disease, treatment
efficacy, and toxicity, and discuss emerging strategies for micro-
biota manipulation in patients with hematologic malignancies.

Live microbial therapies

Why fecal microbiota transplant? Beyond treatment

of recurrent C difficile infection in

hematologic malignancy

The transfer of fecal material from a donor to a recipient with the
intent of altering the microbiota of the recipient, known as FMT, is a
promising treatment of diseases beyond C difficile infection (CDI).
Although knowledge regarding the precise mechanisms for FMT’s
success in treating CDI remains incomplete, it is thought that the
administration of fecal material to reconstitute intestinal microbiota
diversity is not only effective due to competition with pathogens for
occupation of ecological niches, but also due to microbial modu-
lation of the recipient’s innate and adaptive immune response (as
reviewed previously by Khoruts and Sadowsky7). For example,
commensal microorganisms indirectly compete with pathogens for
nutrients and can produce antimicrobial peptides with activity
against pathogens.7 Additionally, commensals induce host pro-
duction of cytokines such as interleukin 22 (IL-22), which serve to
maintain intestinal epithelial barrier function and reduce bacterial
translocation of pathogens.7 With these mechanisms in mind, novel
uses of FMT are being tested and expanded to: (i) abrogate
chemotherapy and radiation toxicity, (ii) prevent and treat steroid-
refractory GVHD and other complications of HSCT, and (iii)
eliminate multidrug-resistant organisms (MDROs).

FMT may alter cancer treatment toxicity and efficacy

Maintenance of an intact gut mucosa barrier and immunologic
homeostasis requires continuous interaction between intestinal
epithelial cells, mucosal and systemic immune systems, and diverse
and healthy gut microbiota. Disruption of the gut microbiota follow-
ing chemotherapy, radiation, and antibiotics is thought to both
shape responses to treatment and impact their toxicity. For exam-
ple, vancomycin administration diminished the T-helper 17 (Th17)-
mediated antitumor response required for cyclophosphamide
efficacy in a murine model.3 Additionally, radiation toxicity was exac-
erbated by enhanced IL-1b and tumor necrosis factor a expression
mediated by intestinal microbial dysbiosis.4 FMT has been proposed
for the prevention and treatment of therapy-related toxicities in
patients receiving chemotherapy, radiation, and immunotherapy. To
date, the only published studies to investigate the use of FMT in

mitigating the toxicity of chemotherapy or radiation have been
performed in murine models.8,9 In these studies, FMT from untreated
mice was able to recapitulate the microbial composition of the
pretreatment gut microbiota following radiation,8 chemotherapy,
and antibiotics9 as well as ameliorate radiation-induced toxicity as
measured by intestinal gene-expression profiles.9 A clinical trial
using FMT to treat radiation toxicity in patients with hematologic
malignancies is ongoing (NCT03516461) (Table 1).

In addition to mitigating chemotherapy and radiation effects on the
host, gut microbiota alter the efficacy and toxicity of immunother-
apies targeting the immune checkpoint receptors CTLA-4 and
programmed death-1/programmed death ligand-1. Although much
of the data have been published in patients with solid-organ
malignancies, immune checkpoint inhibitors (ICIs) nivolumab and
pembrolizumab are US Food and Drug Administration (FDA)
approved for use in patients with Hodgkin lymphoma and are under
investigation for other hematologic malignancies.10,11 Multiple
studies found that the taxonomic composition of pretreatment gut
microbiota is different between those patients who responded to
checkpoint inhibition compared with nonresponders.12-14 Interest-
ingly, across all studies, there was little consistency in microbial
taxonomic signatures associated with response, although 1 possi-
bility may be that important microbial functions in the gut are
preserved across responders despite taxonomic variability. To
examine a potential causal link between favorable gut microbiota
and therapeutic efficacy, stools from human responders and
nonresponders were delivered as fecal transplants to germ-free
melanoma mouse models and tumor size was measured over
time.12-14 Tumor growth was significantly slower in mice provided
FMTs from human responders compared with nonresponders.12-14

In 1 study, antibiotic-induced dysbiosis and rapid tumor growth rate
were reversed by anti–programmed death 1 immunotherapy plus
Akkermansia muciniphila alone or in combination with Enterococ-
cus hirae,12 suggesting the possibility of a microbial therapy with
the potential for altering immunotherapy response.

In addition, the relative abundance of gut microbes prior to ICI
treatment has been correlated with ICI-related toxicity within the
gut.15,16 Notably, vancomycin-induced severe colitis in mice admin-
istered anti–CTLA-4 antibody therapy was ameliorated by the
administration of a mixture of Bifidobacterium species, suggesting
that gut microbiota may mitigate ICI-related toxicity.17 To date, only
the results of 2 FMTs performed in patients with severe refractory
anti–CTLA-4–related colitis have been reported.18 Clinical trials of
FMT to improve immunotherapy response and mitigate toxicity are
currently recruiting patients with solid-organ malignancies (Table 1).

FMT as treatment and prevention of complications in

HSCT recipients

Microbiota modulation through FMT is increasingly being reported
in case reports and pilot clinical trials of HSCT recipients as
treatment of steroid-refractory or steroid-resistant gastrointestinal
(GI) acute graft-versus-host disease (aGVHD). The development
of GI aGVHD has long been correlated with both community- and
species-level changes in the intestinal microbiota although primar-
ily in small single-center studies (for a review of this topic, see
Andermann et al19). Researchers have demonstrated that de-
creased microbial diversity at the time of engraftment is associated
with higher mortality.6 The development of aGVHD and aGVHD-
related mortality has also been correlated with the loss of specific
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obligate anaerobic bacteria such as Blautia,5 Faecalibacterium, and
Bacteroidetes,20 and higher relative abundance of Enterococcus
and Enterobacteriaciae.20 FMTs for steroid-refractory or steroid-
resistant GI aGVHD are being performed, based on associations
between microbiota composition and aGVHD outcomes demon-
strated in previous studies. The first FMT study in 2016 used fecal
donations from spouses and relatives and were delivered via
nasoduodenal tube in 4 HSCT patients (Table 2).21 All patients
noted improvements in symptoms, and 3 of the 4 experienced
complete resolution of diarrhea.21 In another case study, the patient
required multiple FMTs for resolution of her GI aGVHD symptoms.
Of note, she was also found to have cytomegalovirus (CMV) viremia.
Although viral inclusions were not observed on biopsy, it is unclear
what role the treatment of CMV viremia and possible CMV colitis
may have played in resolving her diarrhea. This case highlights
several important critical points in the use of FMT: (i) often more
than 1 or 2 FMT treatments are required for non-CDI indications,
potentially increasing the risk for procedure-related complications
in those receiving FMT via endoscopy or colonoscopy; and (ii)
patients may start multiple therapies including antimicrobials, anti-
virals, or immunosuppressants at the time of FMT, making it more
difficult to determine whether FMT was solely responsible for
symptom resolution.

To date, results from 16 total fecal transplants for steroid-refractory
or steroid-resistant GI aGVHD have been published; 9 of these
patients responded with complete resolution of their symptoms
(Table 2).21-24 FMT increased both microbial diversity and the
relative abundance of organisms previously associated with im-
proved HSCT outcomes such as Faecalibacterium and Bacter-
oidetes (Table 2).19 Similar to FMT for CDI, methods of delivery
include nasoduodenal tubes, oral capsules, and colonoscopy
although safety and efficacy for each method have been compared
only in patients with CDI.25 Of the published cases, none had any
reported adverse events or infections attributed to FMT. Multiple
single-arm trials are currently under way to determine whether FMT
can be used to safely treat steroid-refractory GI aGVHD (Table 1).

FMT is also being explored for the prevention of HSCT complica-
tions. Two pilot trials have demonstrated the safety and feasibility
of microbiota restoration using third-party donor and autologous
FMT in HSCT patients prior to developing GVHD or infectious
complications (Table 2).26,27 Randomized clinical trials (RCTs) are
ongoing to determine whether FMT may function to prevent com-
plications of dysbiosis in acute myeloid leukemia (AML) and HSCT
recipients (Table 1) .

FMT for elimination of intestinal colonization

with MDROs

The urgent need to find alternatives to antibiotics given the
steadily rising incidence of MDRO infections has led to the
exploration of FMT as a novel tool for MDRO elimination. FMT
efficacy in this setting is thought to be secondary to the transfer of
organisms that restore microbiome diversity and provide resistance
to colonization. Mechanisms for colonization resistance, defined
as the ability to inhibit the colonization and expansion of invading
microbes, include microbially produced antimicrobials such as
lantibiotics, and the competition for ecological niches held by
pathogens including MDROs.7 Previously reported as prelimi-
narily safe and feasible in immunocompetent individuals,28 case
studies using FMT for MDRO decolonization have demonstrated

promising efficacy in immunocompromised patients with cancer
or undergoing HSCT (Table 2).29-32 To date, 75% (n 5 24 of 32)
reported patients with cancer have achieved decolonization via
FMT with no detectable MDROs in follow-up rectal surveillance
cultures. In many of these cases, MDROs have remained un-
detected for up to 6 months even after subsequent allogeneic
HSCT or use of broad-spectrum antibiotics and chemotherapy.
FMT therefore remains an investigational but promising method
for restoring microbial diversity and eliminating MDROs in patients
undergoing chemotherapy, radiation, and HSCT. In the future, the
use of FMT in patients with hematologic malignancies will require
balancing the benefits of MDRO decolonization with the risk of
infection fromMDROs absent decolonization as well as the potential
risk of complications from FMT.

A critical evaluation of FMT and the need for

emerging strategies

In preclinical models and small studies or case series, FMT has
shown preliminary benefit in treating and preventing a variety of
chemotherapy-, radiation-, immunotherapy-, and transplant-related
complications, however, optimal approaches for non-CDI indica-
tions in immunocompromised patients remain unknown. RCTs
comparing FMT to standard of care in patients with hematologic
malignancy are greatly needed. No studies have rigorously com-
pared the microbiota characteristics of the fecal donors to deter-
mine those of the most successful “super donors” in patients
with cancer, although rational selection of donor stool taxonomic
characteristics has demonstrated improved efficacy in other patient
populations.33 Notably, the designation of “super donor” will be
specific to patient populations and desired outcome because varied
microbial signatures have been found for different diseases.

With a limited number of published cases and no RCTs comparing
FMT to other therapies for non-CDI indications, FMT’s true efficacy
and infectious risk remains unclear. A systematic review of 303
immunocompromised patients reported 2 colectomies, 5 episodes
of bacteremia or infection, and other serious complications follow-
ing FMT performed for CDI.34 In June of 2019, the FDA issued a
warning regarding the potential risk of serious or life-threatening
infections following invasive extended-spectrum b-lactamase–
producing Escherichia coli infections in 2 immunocompromised
patients, 1 of whom died.35 Furthermore, fecal donor screening for
FMT in immunocompromised patients has not yet been standard-
ized and varies widely between studies.19 Given reports of severe
infection following FMT, it is even more important that clear
guidelines for additional screening (for example, for MDROs) in
compromised hosts are established. Alternatives to FMT in severely
immunocompromised patients may be an even more compelling
option for those patients at highest risk, such as those with GI
aGVHD. Standardized “designer” microbial consortia composed
of nonpathogenic bacterial spores have been studied, although
results have been contradictory: although a phase 1 study of the
standardized microbial product SER-109 appeared promising for
CDI treatment, an abstract of the preliminary results from the phase
2 trial did not demonstrate similar efficacy.36,37 Additionally, sterile
fecal filtrates transferred from healthy donor stool demonstrated
successful treatment of CDI in all 5 patients tested.38 In the future,
defined consortia or sterile fecal filtrates may serve as the safest and
most efficacious alternatives to FMT in severely immunocompro-
mised patients.
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Although FMT may have promise as a treatment of conditions beyond
CDI, the variability in outcomes based on undefined donor and
microbiota characteristics argues for the investigation of other methods
for microbiota manipulation. For that reason, probiotics and prebiotics
have been studied as potential therapies in patients with hematologic
malignancies, and will be reviewed in the next sections.

Why probiotics? Changing cancer outcomes using

precision medicine

As an alternative to complex, poorly defined live microbial therapies
such as FMT, probiotics are isolated viable organisms administered
to confer a health benefit on the host. Clinical studies of probiotics
in patients with cancer have been primarily focused on the amelio-
ration of adverse effects following chemotherapy and radiation.
In 2018, a Cochrane Review of patients receiving probiotics for
chemotherapy- or radiation-related diarrhea found only 25% of
studies demonstrating efficacy in preventing severe diarrhea.39

Notably, heterogeneity in patient population, probiotic strain, and
probiotic dose makes it difficult to generalize to other patient
populations or other probiotic products.

In HSCT, preclinical and clinical studies of probiotics show
inconsistent clinical outcomes. Lactobacillus-containing probiotics
have been tested for prevention of GVHD in murine models and in
patients undergoing allogeneic HSCT. Although a study in mice
demonstrated increased survival and reduced aGVHD with the
administration of Lactobacillus rhamnosus GG,40 this same
probiotic was tested in HSCT patients in a randomized clinical trial
and was found not to alter gut microbiota composition or GVHD
incidence.41 Colonization resistance by established recipient micro-
biota may be 1 major contributing factor to the lack of probiotic
efficacy in many cases due to the baseline variability in human
microbiota.42 Potential harms of probiotics in immunocompromised
patients are also increasingly being recognized including blood-
stream infections with organisms commonly found in probiotics.43,44

In the future, precision medicine efforts may be directed toward the
development of probiotics targeted for specific immunomodulatory
effects. For example, probiotic consortia are being isolated based
on their ability to induce proinflammatory interferon g–positive
CD81 T cells45 and to improve ICI efficacy.12 Probiotic develop-
ment will also likely require “precision matching” by taking into
account microbiota features unique to each disease and each
patient. Precise targeting of microbial therapies that takes into
account underlying disease and patients’ unique microbiota features
may help to overcome the colonization resistance to probiotic colo-
nization due to patients’ baseline microbiota variability.42 It is
expected that more of these novel targeted probiotic therapies will
become available for clinical use; once they are deemed medical
foods or drugs, they will likely be subject to higher thresholds for
quality and efficacy testing. In contrast, prebiotics, dietary fibers
fermented by gut microbiota that alter microbiota composition,
would likely minimize the risk of infections in severely immunocom-
promised populations, and are reviewed in the section that follows.

Microbially targeted dietary therapies

Why prebiotics? Microbial substrates and

metabolites that influence outcomes in hematology

Prebiotics are historically defined as dietary fibers that are fermented
by microbes and contribute to health but are nondigestible byT
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humans. Examples of these fibers include resistant starches, fructo-
oligosaccharides (including inulin), and galacto-oligosaccharides,
which are found in a variety of foods including onions, oats, garlic,
asparagus, and human milk. Although growing evidence suggests
a link between the diet, microbiota, and clinical outcomes,46,47 we
have a limited understanding of how dietary compounds might
support the expansion of specific gut microbes to impact host
health. Only a single study of prebiotics in patients undergo-
ing HSCT has been published to date.48 Authors found a decrease
in the number of days of diarrhea and the use of IV hyperalimen-
tation in 22 patients who received fructo-oligosaccharide–
containing prebiotics compared with controls, but without an
effect on GVHD rates.48 Importantly, patients in the study also
received Lactobacillus as part of standard care. Two clinical trials,
1 investigating the impact of a prebiotic potato starch on GVHD
risk is currently enrolling (NCT02763033), and a prospective dose-
escalation trial to determine the tolerability of fructo-oligosaccharide
prebiotics in HSCT patients was recently completed; results are
pending (NCT02805075) (Table 1).

Although data exploring how prebiotics influence outcomes in
patients with hematologic malignancies are limited, there are several
important studies highlighting the mechanism of their effect on gut
mucosa and host immune response mediated by the intestinal
microbiota. Prebiotics are metabolized by select gut microbes to
generate a variety of compounds through fermentation, including
the short-chain fatty acids (SCFAs) butyrate, acetate, and pro-
pionate. SCFAs affect the host by (i) serving as a direct substrate
for intestinal epithelial metabolism and maintenance of the mucosal
barrier, (ii) affecting immune cell signaling and proliferation, (iii)
altering epigenetic modifications, (iv) impacting microbial-microbial
and microbial-host interactions, and (v) influencing chemotherapy
efficacy and toxicity.

Butyrate and related SCFAs are major products of prebiotic
metabolism,49 and are a preferred energy source for the colonic
epithelium.50,51 Butyrate also upregulates claudins and occlu-
dins comprising tight junctions between epithelial cells, and
triggers signaling molecules such as hypoxia-inducible factor 1
subunit a to maintain barrier function.52 Additionally, SCFAs also
appear to alter the signaling of host immune cells: butyrate in the
colonic lumen is thought to increase the proliferation of host
regulatory T cells (T-regs)53,54 and to activate dendritic cells
through signaling via chemokine G-protein–coupled receptors55

(Figure 1). The resulting differentiation of naive T cells into T-regs
functions to suppress other immune cells that may induce
inflammation.53

SCFAs not only influence immune regulation, they can also act as
histone deacetylase (HDAC) inhibitors that change DNA structure
and transcription, altering leukocytes and potentially affecting
cancer56 and infection risk57 (Figure 1). Epigenetic changes are
recognized as important driving factors in colon cancer and other
solid-organ malignancies, but are increasingly implicated in hema-
tologic malignancies like AML58 and may be affected by the gut
microbiota. For example, DNA-methyltransferase function is altered
in germ-free mice59 and mutations in DNA methyltransferase in
adult patients with AML are associated with poor prognosis.60

Given that select microbes may influence epigenetic modifications
in their host, knowing which organisms are present within the
microbiota may be important, especially in those trials using agents
that act through epigenetic priming.T
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Prebiotics not only impact the risk of infection and GVHD, but
also may influence chemotherapy efficacy and toxicity likely through
cellular signaling pathways influenced by SCFA production. For
example, diet may decrease chemotherapy toxicity: in 1 study,
soybean fiber reduced methotrexate-induced diarrhea and anorexia
in patients with cancer,61 and in another, the combination of oat
fiber and pectin reduced methotrexate-related enterocolitis.62,63

In rats given oligosaccharides, irinotecan-associated gut toxicity
was strongly inversely correlated with butyrate production.64

Milk oligosaccharides improve cancer risk and

HSCT outcomes

The most significant role of prebiotics in patients with hematologic
malignancies has been demonstrated in studies of children. The
consumption of human milk by babies is correlated with a

decreased risk of developing acute lymphocytic leukemia in
childhood.65 One hypothesis suggests that leukemia risk may be
decreased by antibodies present in milk as well as by naturally
occurring prebiotic milk galacto-oligosaccharides that promote the
growth of organisms important for reducing cancer risk.

Decreased gut inflammation through the consumption of human
milk may be most effective in reducing adverse outcomes in
children undergoing HSCT. A pilot study of 46 children receiving an
allogeneic HSCT showed that compared with standard formula,
human milk decreases markers of intestinal inflammation and lowers
the prevalence of potentially pathogenic species detectable in stool
samples.66 This same study found a decrease in both proinflamma-
tory (IL-8 and interferon-g) and anti-inflammatory (IL-10) cytokines in
the patients provided human milk. In contrast, those who received
standard formula were found to have increased levels of both

Figure 1. Microbiota impact on the immune system. FMT, probiotics, and prebiotics impact the immune system through production of SCFAs such as

butyrate, propionate, and acetate. These microbiota-altering therapies likely abrogate and prevent damage to intestinal mucosal integrity resulting from chemotherapy and

radiation in patients with hematologic malignancies and those undergoing HSCT. For example, butyrate is a source of nutrition for intestinal epithelial cells, and interacts with

dendritic cells through G-protein–coupled receptors (GPCRs) and other mechanisms to induce naive T cells to differentiate into different subtypes of T-regs. T-regs are

influenced directly by the local fecal concentrations of SCFAs such as butyrate that can have downstream epigenetic modulatory effects, altering histone acetylation via histone

deacetylase (HDAC) and DNA methylation, which may have an effect on colon cancer tumorigenesis and leukemia prognosis.
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proinflammatory CD81 T cells and markers of intestinal injury
(eg, REG3a). Despite these differences, however, fecal levels
of butyrate and propionate were the same between groups.66

Further work is under way to identify the most immune-modulating
components of human milk. For example, breast milk is a source of
epidermal growth factor (EGF); in a preclinical model, EGF from
breast milk was found to decrease rates of necrotizing enterocolitis
through inhibition of intestinal Toll-like receptor 4 signaling.67 In
addition, the risk of grade III/IV aGVHD correlated with EGF plasma
concentrations in a study demonstrating that patients with low
levels of EGF at day128 after HSCT had an increased risk of death
by 1 year compared with individuals with higher levels of EGF.68

Emerging strategies for prebiotics

In December of 2016, the definition of a prebiotic was refined to
include not only resistant starches and oligosaccharides, but also
any “substrate that is selectively utilized by host microorganisms to
confer a health benefit.”69 Recent studies have investigated the
impact of nonfiber dietary supplements such as vitamin A on both
microbiota composition and HSCT outcomes. Currently, retinoids
such as all-trans retinoic acid and isotretinoin are used in the
treatment of acute promyelocytic leukemia and neuroblastoma,
although recent work suggests that retinoids may also prevent
GVHD and gut microbial dysbiosis. In a small cohort of 114
children, vitamin A levels in patients 30 days after HSCT predicted
the incidence of GVHD.70 One hypothesis suggests that vitamin A
may lead to the differentiation of naive T-cells into T-regs rather than
Th-17 cells, facilitating mucosal tolerance and improving mucosal
barrier integrity by ameliorating gut mucosal “leakiness.” Simi-
larly, commensal bacteria may suppress retinoid metabolism in the
intestinal epithelium to lower IL-22 levels and to prevent dysbiosis.71

The relationship between retinoid metabolism, IL-22 levels, and
GVHD is further supported by the finding that IL-22 levels were
increased in children with GI aGVHD.72 An open-label trial of vitamin
A supplementation in 12 pediatric and young adult HSCT recipients
was just completed (NCT03039257) and another trial directly
administering IL-22 Fc as a potential therapy to attenuate GI GVHD
is ongoing (NCT02406651) (Table 1).

Summary: returning to our clinical case

In the original case, our patient received a FMT for steroid-refractory
GI GVHD resulting in a complete response. The use of FMT for non-
CDI indications remains in the early stages of investigation, although
case reports and pilot studies are encouraging. Given that we only
have limited data from FMT for non-CDI indications in immuno-
compromised patients, more information is needed in larger clinical
trials to determine clinical efficacy as well as the true risk of infection
and adverse events attributable to FMT.

In the future, precisely characterizing an individual’s microbiome
may be important for predicting patients’ treatment outcomes and
the risk of complications. Not unlike the use of genetic testing to
guide chemotherapy regimens, we may characterize microbiota

composition and function to better tailor our therapies while
minimizing adverse effects. With current technologies, it is not yet
practical to fully characterize the microbiota in real time, however,
improvements in sequencing and computational pipelines may
allow for real-time assays that evaluate microbiota dynamics to
influence clinical decision-making. For example, PCR-based tech-
nologies that identify cell-free microbial DNA in patients’ blood are
being developed commercially to rapidly respond to potential
infectious agents. Although PCR may work to identify individual
organisms, it may not be adequate to understand functional and
community-level properties of the microbiota that may even be more
important than taxonomic identification. Whether a single organism
or the microbial ecosystem as a whole matters more in affecting
outcomes for cancer patients remains to be seen, although the
improved efficacy of FMT over probiotics for CDI argues that the
use of a single organism is unlikely to reverse the effects of antibiotics
and chemotherapy on the microbiota. These efforts toward precision
medicine will require more in-depth characterization of host microbial
compositional and functional status. As the technology of microbial
genomics advances, we may be able to understand microbial commu-
nity dynamics in real time and more rapidly and effectively impact
outcomes in patients with cancer.
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