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Abstract

Host microbiota plays important roles in providing colonization resistance to pathogens and 

instructing development and function of the immune system. Antibiotic treatments intended to 

target pathogens further weaken the host defenses and may paradoxically increase the risk of 

systemic infections. This consequence is especially problematic in patients undergoing 

hematopoietic stem cell transplantation, where the mucosal defenses are already weakened by the 

conditioning regimens. This review discusses the roles that indigenous microbiota plays in 

protecting the host and maintaining immune homeostasis. In addition, we highlight possible 

strategies that are being developed to allow targeted antimicrobial therapy against pathogens, 

while minimizing the harm to indigenous microbiota.

INTRODUCTION

Conditioning regimens involving various chemotherapeutic agents with or without radiation 

constitute critical elements for successful engraftment after hematopoietic stem cell 

transplantation (HCT). However, the resulting immunosuppression, coupled with widespread 

damage to the intestinal mucosa, creates severe vulnerability to infections leading to 

morbidity and mortality. The risk of bloodstream infections in patients undergoing HCT is 

greatest during periods of neutropenia before engraftment, and routine antibacterial 

prophylaxis (most commonly fluoroquinolones) is the current standard of care to reduce that 

risk.1 Additional broad-spectrum antibiotics are given if neutropenic patients develop a fever 

or other signs of suspected infection. Diarrhea is a common occurrence in HCT patients 

Reprint requests: Alexander Khoruts, Medical Biosciences Building, 2101 6th Street SE, Minneapolis, MN 55414; 
khoru001@umn.edu. 

Conflicts of Interest: A.K. has received research funding from CIPAC, Ld for development of standardized fecal microbiota 
preparations.

HHS Public Access
Author manuscript
Transl Res. Author manuscript; available in PMC 2017 August 14.

Published in final edited form as:
Transl Res. 2017 January ; 179: 116–125. doi:10.1016/j.trsl.2016.07.013.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



because of toxicities and infections. Nearly one-third of HCT patients are colonized with 

Clostridium difficile at admission for HCT, and the incidence of symptomatic C. difficile 
infection (CDI) may be as high as 10%–20%.2–4

The current paradigm of approaching infectious disease challenges in these highly 

immunocompromised patients rests entirely within the pathogen-centric framework that 

disregards the symbiotic relationship between the host and its microbiota. Commensal 

microbiota is an integral part of the human body and plays critical roles in providing 

colonization resistance to pathogens and instructing the immune system. Both of these 

functions are especially critical during the period of immune reconstitution when the risk of 

graft-vs-host disease (GVHD) is greatest. In addition, the current approach has had only 

limited success in curbing even the short-term infectious complications because of 

increasing emergence of multiple drug- resistant pathogens. Therefore, there is an urgent 

need to re-evaluate the current antimicrobial strategies and consider therapeutic alternatives 

that can be rapidly developed.

OVERVIEW OF HOST–MICROBIOTA INTERACTIONS AND CONSEQUENCES 

OF THEIR DISRUPTION IN HCT

The human body is a superorganism that incorporates highly specialized complex microbial 

communities, also called “microbiota,” present on all its surfaces.5 Microbiota and its host 

have a symbiotic relationship, which is generally (although not always) mutualistic. The 

microbes benefit from this relationship because they gain access to nutrients and in turn 

contribute to the health of the host. Not surprisingly, the vast majority of the microbiota is 

resident within the digestive tract, and specifically the colon. Humans are hindgut fermenters 

and colon microbiota participates in completing digestion that cannot be accomplished by 

the host alone, given its limited catabolic capacity.6,7 One of the benefits for the human host 

is harvest of the small fraction of energy liberated by microbial digestion, as well as some 

essential nutrients, for example, vitamin K and group B vitamins. However, the host–

microbiota relationship is integral to many other aspects of human physiology, reflective of 

their long coevolutionary history that extends to the origin of eukaryotic organisms.8,9

One of the major functions of human microbiota is colonization resistance. In the setting of 

homeostasis, potential pathogens have to face intense competition for nutrients with the 

indigenous microbiota and penetrate formidable barriers imposed by the mucosal immune 

system, which are constantly reinforced by signaling from the indigenous microbiota. 

However, when the host microbiota is suppressed by antibiotics, more nutrients become 

available to pathogens, and intestinal barrier defenses are lowered because of reduction of 

the commensal-derived tonic signaling (Fig 1).

Another major function of human microbiota is instruction of immune system development. 

Increasingly intense attention to this function is being focused in the context of the first 

months and years after birth, when the composition of microbiota has the potential to 

determine responsiveness of the immune system in subsequent years. There is growing 

concern that various environmental factors such as caesarian birth, formula feeding, 

increased sanitation, and common antibiotic usage alter the composition of early microbiota 
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that leads to unfavorable programming of the immune system that contributes to the 

development of autoimmunity, allergies and atopic diseases, and various inflammatory 

bowel diseases.10 However, the immune system undergoes another round of development 

after HCT, and under current standard of care this occurs in the context of the drastically 

distorted microbiota composition. It is possible that antibiotic-induced dysbiosis contributes 

to the development of GVHD, which is the major cause of morbidity and mortality after 

engraftment is achieved (Fig 1). The problem is likely further exacerbated by the delayed 

repair of the mucosal barrier breakdown caused by the absence of trophic signals from 

microbiota and exacerbation of adverse instruction of the immune system.

INDIGENOUS MICROBIOTA PROMOTES COLONIZATION RESISTANCE AND 

ENHANCES GUT BARRIER FUNCTION

The phenomenon of antibiotic-associated increased susceptibility to enteric infections has 

been known for many decades. For example, in 1950s Bohnhoff et al11 noted that a single 

pretreatment of mice with streptomycin lowered the infectious dose of Salmonella enteritidis 
from approximately 1 million organisms to fewer than 10. The same investigators 

determined that it was the anaerobic fraction of gut microbiota that provided the 

protection.12 These early researchers understood that host microbiota–mediated colonization 

resistance could be achieved to 2 main nonmutually exclusive pathways: (1) direct microbe–

microbiota interactions, for example, competition for nutrients, microbicidal effects, and (2) 

indirect interactions involving the host, for example, immune system mediated. Multiple 

examples of both of these mechanisms have been defined over the past decade.

The indigenous microbes inhabit various ecological niches within the host that are in part 

defined by access to nutrients. Moreover, individual microbial community members form 

interdependent relationships defined by sequential division of labor resulting in complex 

metabolic networks.5,13 For example, a prominent commensal organism Bacteroides 
thetaiotaomicron encodes the sialidase required to liberate free sialic acid from mucin 

glycoproteins in the intestine. However, B. thetaiotaomicron does not consume sialic acid, 

which in turn becomes an energy source for other community members. Some pathogens, 

which include Salmonella typhimurium and C. difficile, possess a sialic acid catabolic 

operon, although they still have to compete with other members of microbiota for the pool of 

free sialic acid. Antibiotic regimens can suppress the competition and increase availability of 

sialic acid to the antibiotic-resistant enteric pathogens.13 Gut inflammation can further 

escalate competition for critical nutrients. The host deploys an array of responses to limit 

availability of transition metals such as iron, zinc, and manganese, in a process called 

nutritional immunity.14 Both pathogens and commensals compete intensely for these 

restricted resources by secreting high-affinity chelating compounds, for example, 

siderophores to capture iron, and expressing various cation transporter systems, for example, 

heme transporters for iron and ABC-type transporters for zinc and manganese. However, this 

strategy backfires when antibiotic treatments suppress indigenous competition and tilt the 

balance in favor of the pathogens.
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Even when pathogens succeed in securing a foothold within the host microbial ecosystem, 

they still face formidable barrier immunity that consists of mucus fortified with 

antimicrobial peptides and secreted immunoglobulin covering the epithelial layer. The host 

main homeostatic strategy that allows a mutualistic relationship of the host with its 

microbiota is compartmentalization. In fact, the barriers are reinforced and optimized by 

signaling generated by microbiota. Thus, although some antimicrobial peptides, for 

example, α-defensins, are constitutively expressed, other antimicrobial peptides like RegIIIγ 
require signaling from the commensals for optimal expression.15 Antibiotic treatments lower 

expression of RegIIIγ and collapse the spatial separation maintained by the mucus layer 

between the epithelial cells and microbiota.16 Normally, the host can compensate by 

increasing other defense mechanisms, for example, augment secretion of immunoglobulin A 

(IgA). However, these options may not be fully functional in immunocompromised patients 

following myeloablative therapy.

The host microbiota further enhances the gut barrier function through direct trophic and 

tonic signals to the epithelial compartment. Short-chain fatty acids (SCFAs), which are 

produced by bacterial fermentation of complex carbohydrates, provide the major source of 

fuel for the colonocytes and upregulate the expression of tight junction proteins, which 

strengthen the physical epithelial barrier.6,17,18 In addition, all intestinal epithelial cells 

express different pattern recognition receptors capable of sensing the microbial status within 

the intestine. These include Nod-like receptors and Toll-like receptors (TLRs). The 

intracellular microbial sensor Nod2 is highly expressed in intestinal crypt stem cells, where 

its stimulation promotes epithelial survival and restitution after chemotherapy-induced 

damage.19 Seminal work over a decade ago by Medzhitov’s group showed that reduction in 

tonic TLR signaling either by genetic deletion of specific TLRs or MyD88 (a downstream 

adapter for most TLRs), or simply treating animals with antibiotics impaired the ability of 

epithelia to proliferate and repair after radiation or chemical damage.20 Isolation of MyD88 

deficiency to the nonhematopoietic compartment in studies using bone marrow chimeras 

suggested that microbial signals enhance production of several epidermal growth factor 

ligands important for gut epithelial restitution, including such as amphiregulin and 

epiregulin.21

Finally, microbiota interacts with the hematopoietic cells within the mucosa and gut-

associated lymphoid tissues, which produce molecules that play critical roles in epithelial 

homeostasis. One such master mediator is cytokine interleukin (IL)-22, which upregulates 

the expression of various genes involved in tight and gap junction formation, stimulates 

production of membrane-bound mucins, increases production of antimicrobial peptides, and 

promotes epithelial proliferation and wound repair.22 It is produced by multiple cell types, 

including elements of both adaptive and innate immune systems such as Th17 and Th22 

cells and group 3 innate lymphoid cells (ILC3). These cells in turn may be induced by select 

members of microbiota, for example, segmented filamentous bacteria in mice,23 or respond 

to products of microbiota, for example, aryl hydrocarbon receptor ligands.24 It is notable 

that IL-22 has been found to contribute to the host defense against a number of bacterial and 

fungal infections, including Klebsiella pneumoniae, C. difficile, Aspergillus fumigatus, and 

Candida albicans, all of which are highly relevant in the care of HCT patients.1,22,25
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HCT IS ASSOCIATED WITH SEVERE INTESTINAL DYSBIOSIS

Conditioning chemotherapy, radiation, mucosal damage, and use of antibiotics all contribute 

to disruption of microbial community structure in patients undergoing HCT. The reduction 

in microbial diversity is often dramatic, and single species can dominate the fecal 

microbiome in some patients.26 Not surprisingly, the organisms that gain in relative 

abundance in the intestines are typically the ones equipped with the most antibiotic 

resistance genes and include various representatives of the family enterobacteriaceae, 

viridans-group streptococci, and vancomycin-resistant enterococcus (VRE). Furthermore, 

the bloom of specific bacteria in the intestine is highly correlative with the specific 

organisms causing blood-borne infections.26

The types of bacteria that come to dominate are mostly reflective of specific antibiotic 

usage, rather than resource competition among the pathogens themselves. Thus, VRE and 

carbapenem-resistant K. pneumoniae occupy the same physical regions in the colon but exist 

within distinct metabolic niches.27 Routine prophylactic use of fluoroquinolones in 

neutropenic patients likely mitigates against the expansion of enterobacteriaceae, although 

growing antibiotic resistance remains a concern.28 Prophylactic use of vancomycin may 

contribute to the expansion of VRE. Most antibiotics suppress the generally protective 

intestinal anaerobes and often trigger CDI, which necessitates use of additional oral 

antibiotics with broad anaerobic activity, such as metronidazole and vancomycin. Thus, it is 

easy to envision how the current antibiotic usage commonly turns into a desperate whack-a-

mole strategy until the surviving microbiota no longer resembles any normal configuration 

or structure and becomes dominated by opportunistic pathogenic commensals or “patho-

bionts.”29

DYSBIOSIS AND IMMUNE DYSREGULATION AFTER HCT

Microbiota–immune system interactions may be particularly critical during developmental 

stages of the immune system. This consideration is fundamental to the concerns articulated 

by the hygiene hypothesis, which links early life antibiotic exposures and increased 

sanitation practices to increased incidence of autoimmunity.30 Indeed, multiple association 

studies correlate early life antibiotic exposure to the development of autoimmunity, asthma, 

allergies, and inflammatory bowel disease in later years. More recently, this hypothesis has 

incorporated the notion of disappearing commensal microbiota caused by altered microbial 

inoculation at birth (caesarian section delivery), common use of antibiotics, and dietary 

changes that may be less nutritive to the intestinal microbes.31,32

Animal models offer potential mechanisms that could explain the sustained effects of early 

host–microbiota interactions on the immune system. For example, germ-free animals have 

greater numbers of invariant natural killer T (iNKT) cells, which can drive increased severity 

of hapten-induced colitis and antigen-triggered asthma.33 Delayed microbial colonization of 

germ-free mice does not rescue their predisposition to these immunopathologies, but 

microbial colonization of germ-free mice at birth does.33 Proliferation of iNKT cells early in 

development is driven by bacterial sphingolipids produced primarily by members of the 

bacteroidetes phylum, 1 of the 2 dominant bacterial phyla in the colon.34 In fact, 
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monocolonization of germ-free mice with just 1 species of this group, Bacteroides fragilis, is 

sufficient to inhibit iNKT cell proliferation during early development. Interestingly, B. 

fragilis is also a source of polysaccharide A, which is able to induce IL-10-producing 

regulatory T cells (Tregs) via engagement of TLR2.35

Germ-free mice and mice treated with antibiotics during the neonatal period also have 

heightened susceptibility to food antigen sensitization relative to animals maintained in 

typical specific pathogen-free housing conditions.36 Different members of microbiota have 

varying abilities in preventing these abnormalities. In this case, clostridia consortia prepared 

by chloroform extraction, which yields spores consisting predominantly of members of 

Clostridium clusters XIVa, XIVb, and IV, protect against sensitization. These clostridia lead 

to significant increases in fecal IgA levels, numbers of intestinal Foxp3+ Tregs, and 

production of IL-22 by Th17 and ILC3 cells, all contributing to improved gut barrier 

function. In contrast, Bacteroides uniformis, also an anaerobe, was only able to increase IgA 

levels but had no effects on Tregs or IL-22. The spore-forming clostridia in these 

preparations, both mouse and human, promote Treg induction at least in part via SCFAs 

signaling via G protein-coupled free fatty acid receptors and eliciting transforming growth 

factor beta 1 (TGFβ1) production.37 SCFAs and especially butyrate can inhibit histone 

deacetylases, which exert epigenetic control over gene expression that is involved in 

stimulating induction and boosting fitness of Tregs.38,39 The same clostridia consortia and 

immunoregulatory mechanisms have been described to inhibit multiple forms of 

experimental inflammatory bowel disease.40 Notably, the capacity of intestinal epithelial 

cells to uptake butyrate is reduced in the setting of inflammation, and treatment of mice after 

allogeneic bone marrow transplantation with exogenous butyrate or butyrate-producing 

consortia of clostridia mitigates GVHD.41

The immune system undergoes another round of development after HCT. However, this time 

it occurs in the context of a damaged gut barrier and severe dysbiosis, as described 

previously. In addition, the transient lymphopenic state in the recipient creates a homeostatic 

pressure for mature T cells, both passenger cells from the donor and residual recipient cells, 

to undergo proliferation. This situation favors oligoclonal expansion of T cells receiving 

cognate antigen stimulation, ultimately leading to a restricted T cell repertoire enriched for 

autoreactive, proinflammatory T cells that may drive GVHD.42 The contribution of gut 

dysbiosis in this setting has not yet been fully evaluated. However, it is likely that an 

increased proportion of cognate antigens may be derived from constituents of gut microbiota 

that breach the gut barrier during this time. In addition, loss of microbiota that normally 

drives and potentiates immunoregulatory circuits may tilt that balance toward more 

inflammatory T cell phenotypes.

The potential of differential interactions with various members of microbiota has not been 

incorporated into the current clinical management of GVHD. Historically, many 

practitioners and investigators believed that the risk of GVHD was essentially proportional 

to the overall microbial load present in the gut. In fact, a significant reduction in GVHD has 

been shown in germ-free mice and several animal models that make use of aggressive “gut-

decontamination” protocols using combinations of antibiotics.43–45 Results of human 

clinical trials, however, have been equivocal. Several factors complicate interpretation of 
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these trials. First, HCT is performed for a variety of diseases that may be broadly divided 

into malignant and nonmalignant conditions, which differ greatly in antibiotic exposure 

before administration of the stem cell–containing graft. Second, at least some prophylactic 

antibiotics, for example, quinolones, are now used routinely after allogeneic HCT, which 

make comparisons possible only between less-aggressive and more-aggressive antibiotic 

regimens. Some studies suggested that more- aggressive regimens reduced severity of 

GVHD46–48 but others did not.49 Importantly, the effectiveness of antibiotic regimens (when 

measured at all in these studies) has generally relied on conventional, culture- dependent 

microbiological techniques, which fail to capture many gut microbes that are otherwise 

detectable with molecular methods. Recently, Shono et al50 retrospectively analyzed specific 

antibiotic usage for neutropenic fevers in 857 allo-HCT recipients and correlated it with 

GVHD-related mortality at 5 years. They found increased GVHD-related mortality 

associated with the usage of imipenem–cilastatin and piperacillin–tazobactam; in contrast, 

increased GVHD-related mortality was not seen in association with aztreonam or cefepime 

used as alternatives primarily in penicillin-allergic patients. Notably, piperacillin–

tazobactam was found to cause more profound suppression on the anaerobic fraction of gut 

microbiota compared with aztreonam or cefepime.

Recent animal studies also support more nuanced roles of gut microbiota in modulating 

GVHD. Thus, treatment of recipient mice with ampicillin caused more-aggressive acute 

GVHD in an allogeneic HCT model.51 Interestingly, GVHD alone in this experimental 

system resulted in significant shifts in the ileum and cecum within the phylum firmicutes, 

specifically expansion of lactobacillales and decreases in clostridiales and other firmicutes. 

Ampicillin inhibited the expansion of lactobacillales and allowed clostridiales and 

enterobacteriales to expand instead. Reintroduction of lactobacillales in the form of a 

probiotic Lactobacillus johnsonii into ampicillin-exposed mice reversed the microbial 

composition shifts and worsening of GVHD induced by ampicillin. Murine studies also 

corroborated the human experience of worsened GVHD after allo-HCT in association with 

imipenem–cilastatin compared with aztreonam.50 Imipenem–cilastatin treatment resulted in 

greater suppression of representative taxa of the dominant obligate anaerobe phyla, 

bacteroidetes and firmicutes, but also was correlated with a relatively increased abundance 

of Akkermansia muciniphila, a member of verrucomicrobia phylum that uses mucin as its 

carbon and nitrogen source. It was further noted that animals treated with imipenem–

cilastatin had decreased thickness of the inner mucus in the colon and increased gut 

permeability.50

We performed a number of exploratory experiments in a preclinical xenogeneic model of 

acute GVHD (human T cells → mouse) to explore the role of gut microbiota in this disease. 

Briefly, NOD/SCID/γc−/− mice, which are defective in development of T-, B-, and NK 

cells, are injected with 20 × 106 human peripheral blood mononuclear cells. In this model, 

the human T cells cause classic GVHD with intestinal inflammation, weight loss, and 

ultimate mortality.52 To model the effects of antibiotic-induced dysbiosis experienced by 

human patients, we treated some of the animals with broad-spectrum antibiotics before and 

after injection of human T cells. The mice consistently developed more-aggressive GVHD 

when treated with antibiotics (Fig 2). These results are consistent with the recent studies 

demonstrating ampicillin- and imipenem-cilastatin–induced worsening of GVHD after 
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allogeneic HCT,50,51 although contradicting early studies that showed beneficial effects of 

antibiotics in allogeneic HCT.43 There are, of course, multiple variables that differ between 

these models. However, it is notable that major changes took place in veterinary care and 

housing conditions of laboratory mice over the period of 40 years separating the early and 

recent experiments, including elimination of many potential pathogens in mouse colonies. In 

addition, we have far greater ability to characterize the gut microbiota using molecular 

techniques that were simply not available decades ago. Therefore, it may be productive to re-

evaluate older conclusions and perform more detailed assessment of the effects of different 

antibiotics on GVHD development in model systems.

RECONSIDERING THE STANDARD PARADIGMS AND FUTURE DIRECTIONS

The antibiotic-induced dysbiosis after HCT contributes to the perfect storm of events that 

also include disruption of the physical gut barrier and severe compromise of the immune 

barrier created by the conditioning therapy. Various considerations described previously 

suggest that the simplistic notion of trying to achieve sterilization of the gut in the setting of 

HCT is both unachievable and probably unwise as it ultimately leads to emergence of 

multiple drug-resistant pathogens. In fact, progressive loss of microbial diversity in patients 

undergoing HCT correlates with increasing overall mortality.53 The gut microbiota is an 

integral part of the digestive system that contributes to colonization resistance, reconstitution 

of the gut barrier, and instruction of the mucosal immune system. We think it is likely that 

the most beneficial constituents of the gut microbiota are contained within the obligate 

anaerobe fraction, as suspected by early investigators decades ago.54 Different strategies can 

be considered and tested in the future, including consideration of more selective antibiotic 

regimens, microbiota reconstitution treatments, and direct administration of protective 

microbial products.

In clinical practice, the choice of antibiotics is generally guided by consideration of potential 

pathogens rather than protection of the beneficial elements of the indigenous microbiota. 

Admittedly, the available choices that could preferentially target pathogens and spare the 

more beneficial microbes are few. The pharmaceutical industry has generally focused its 

efforts on developing antibiotics that have broader spectrum of activity and high 

bioavailability after oral administration. There are few antibiotics that can be administered 

intravenously or intramuscularly that are not distributed inside the gut lumen either directly 

or via biliary secretion. Aminoglycosides are one of the notable exceptions. We use 

intramuscular or intravenous aminoglycosides, such as gentamicin and amikacin, in 

treatment of urinary tract infections in non-HCT patients suffering from recurrent CDI 

syndrome—a situation where progressive gut dysbiosis is a known trigger of infection 

recurrence (manuscript in preparation). Current guidelines in treatment of CDI itself 

generally call for initial use of oral metronidazole, followed by oral vancomycin in cases of 

multiple recurrences. Both of these antibiotics are highly suppressive to gut anaerobes and 

likely contribute to perpetuation CDI recurrence. Fidaxomicin is a more selective antibiotic 

that targets the phylum firmicutes, whereas sparing most of the phylum bacteroidetes.55 This 

antibiotic has been shown to have less CDI recurrence after initial infection.56 However, in 

current practice, it is generally used only as a third-line antibiotic after demonstrated failure 

of metronidazole and vancomycin, at which point the benefits of its more selective activity 
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are likely no longer relevant. Although this sequence of usage may appear to be more cost 

effective, this may not be the case in many patients in the long term and especially 

individuals who are candidates for HCT or may be HCT recipients already.

A microbiota restorative approach, for example, fecal microbiota transplantation (FMT), 

may be developed as an option in the setting of HCT. FMT is a highly effective rescue 

therapy for the recurrent CDI syndrome, which is already being used widely in treatment of 

this condition.57 It results in prompt and sustained engraftment of donor microbiota and 

donor-like normalization of the fecal microbial community structure.57–61 The notion of 

microbiota reconstitution in HCT setting dates was explored anecdotally in 1970s, primarily 

as a means to improve colonization resistance.54 Considerable progress has been made in 

this area in the recent years in treatment of CDI. This includes development of protocols that 

allow cryopreservation of standardized healthy donor microbiota.62 These protocols can also 

be used to cryopreserve autologous microbiota that can be done before the initiation of 

myeloablative conditioning or significant exposure to antibiotics in HCT patients. The first 

clinical trial with autologous FMT in HCT patients has already been initiated in the 

Memorial Sloan-Kettering Cancer Center in New York City.

Administration of “probiotics” or defined one or several selected strains of microorganisms 

continues to be of interest to many but without substantial data to support its use in HCT. It 

is highly unlikely that any of the currently available probiotics, which were never developed 

as true therapeutics, could ever be clinically useful. However, it is conceivable that new 

probiotic drugs could emerge if their design is going to be mechanistically based. For 

example, microorganisms can be engineered to express growth factors to aid in restitution of 

a damaged intestinal epithelium, for example, epidermal growth factor and trefoil factor.63

However, there are multiple potential pitfalls associated with microbiota reconstitution, 

which need to be carefully considered. It may be challenging to administer complex 

microbial mixtures to highly immunosup-pressed patients. These patients may also develop 

spontaneous infections because of the underlying immunosuppression and barrier disruption, 

which could inevitably necessitate return to antibiotics and destruction of the microbiota 

graft. Therefore, an alternative or perhaps complimentary approach that needs to be tested 

may be administration of microbial products that have beneficial or protective properties. An 

example of such products is SCFAs, or their analogues, which may potentiate the gut barrier 

and promote the development of immunoregulatory T cells, as described previously.41 

Polysaccharide A produced by B. fragilis is another microbial immunomodulatory molecule 

that might be developed as a therapeutic for GVHD prevention or treatment. Similarly, 

various microbiota-derived aryl hydrocarbon receptor ligands may be useful in stimulating 

mucosal immune cells that can enhance barrier immunity and mitigate GVHD. Indeed, it is 

likely that the human microbiome harbors many potential therapeutics that are yet to be 

discovered and developed.

Finally, antibiotic regimens that target pathogens, yet spare the indigenous microbiota in the 

distal gut, may be developed using innovative strategies of drug administration. For example, 

it may be possible to inactivate β-lactam antibiotics in the colon using orally administered β-

lactamases.64,65 Another possible strategy is sequestering antibiotics away from indigenous 
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gut microbiota using activated charcoal specifically formulated for site-specific release in 

the distal small intestine and proximal colon.66 This strategy has the advantage of being 

potentially applicable to a broad spectrum of antibiotics.

CONCLUSION

The traditional pathogen-centric framework in treating infections largely ignores the 

important roles that indigenous microbiota plays in protecting the host by providing 

colonization resistance and instructing the development and function of the immune system. 

This problem is especially germane and urgent in the context of HCT where broad-spectrum 

antibiotic treatments are routine and the host is especially vulnerable. Serious and often fatal 

infections remain common in HCT patients and can only be anticipated to rise with the 

steady emergence of increasingly virulent and multiple drug-resistant pathogens. In addition, 

microbiota altered by antibiotics may drive proinflammatory immune responses and worsen 

GVHD, which ultimately negatively affects long-term outcomes of HCT. Novel approaches 

that protect or restore the indigenous microbiota need to be developed and change the 

current standard care routines in administration of antimicrobial therapy to HCT patients.
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CDI Clostridium difficile infection

GVHD graft-vs-host disease

HCT hematopoietic stem cell transplantation

ILC innate lymphoid cell

iNKT invariant natural killer T cell

TLR Toll-like receptor
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Fig 1. 
Overview of the roles of microbiota after HCT. (A) During steady state, the gut microbiota is 

kept compartmentalized from the host by a number of mechanisms, including the thick inner 

mucus in the colon fortified with antimicrobial peptides and secreted immunoglobulin. 

Microbiota-derived products provide trophic signals to the epithelium and promote 

development of noninflammatory elements of the immune system. Potentially pathogenic 

microbes (pathobionts) are constrained by the multiple mechanisms, including intense 

competition for nutrients. (B) Myeloablative regimens used to condition patients for HCT 

have toxic effects on the intestinal epithelium and the mucosal immune system. However, 

repair is facilitated by healthy microbiota-derived trophic signals. (C) Broad-spectrum 

antibiotics disrupt the normal microbial community structure of gut microbiota and lead to 

expansion of pathobionts, which are more likely to be antibiotic-resistant and more able to 

translocate across the compromised gut barrier leading to blood-borne infections. Loss of 

trophic microbiota-derived signals also limits repair of the epithelial barrier and the mucosal 

immune system. (D) Loss of mutualist microbiota and greater abundance of pathobionts 

results in altered signaling to the developing immune system and rise of an inflammatory 

host response leading to GVHD. HCT, hematopoietic stem cell transplantation; GVHD, 

graft-vs-host disease.
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Fig 2. 
Deleterious effect of antibiotics in a model of xenogeneic GVHD. Human mononuclear cells 

from peripheral blood were injected intravenously into NOD/SCID/γc−/− mice, 20 × 106 

cells per animal. Some of the mice (n = 20) were given ampicillin (1 mg/mL), clindamycin 

(1 mg/mL), vancomycin 1 mg/mL, and cefoperazone (0.5 mg/mL) in their drinking water. 

Control mice did not receive antibiotics (n = 10). The animals were monitored for diarrhea 

and weight loss and sacrificed when weight decreased 30% from the starting weight. The 

antibiotics in drinking water alone without the cell injection did not cause weight loss. The 

shown experiment is representative of 3 independent experiments. GVHD, graft-vs-host 

disease; PBMC, peripheral blood mononuclear cells.
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