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Rising rates of infections resulting from antibiotic-resistant bacteria (ARB) have led to a 

worldwide public health crisis calling for a significant improvement in antimicrobial 

stewardship in all healthcare settings [1]. The burden of antibiotic resistance is high for 

immunocompromised patients or those who have prolonged exposure to a healthcare setting; 

particularly vulnerable populations include those who undergo allogeneic hematopoietic 

stem cell transplantation (allo-HCT) [2]. Immunocompromised patients have higher rates of 

morbidity and mortality as a result of ARBs [3–6] and colitis resulting from Clostridium 
difficile (CDI) [7]. This finding is corroborated by the report by Bilinski et al. [8] in this 

issue of Biology of Blood and Marrow Transplantation in which intestinal colonization of 

allo-HCT patients with ARBs was associated with higher mortality. In their retrospective 

analysis, patients were screened for ARBs, including methicillin-resistant Staphylococcus 
aureus, vancomycin-resistant Enterococcus spp., and extended-spectrum beta-lactamase-

producing or carbapenamase-producing Enterobacteriaceae, before HCT by rectal swab and 

culture methods. Within the cohort of 107 allo-HCT patients, gut colonization by ARBs on 

admission was not only associated with decreased overall survival compared with 

noncolonized patients (34% versus 74%, respectively, at 24 months, P < .001) but also with 

an increased incidence of systemic infection, acute graft-versus-host disease (GVHD), and 

nonrelapse mortality. In a multivariate analysis the only significant predictor for overall 

survival was gut colonization by ARBs (hazard ratio, 3.53; 95% confidence interval, 1.71 to 

7.28). Positive blood cultures were observed more often in colonized patients, and these 

patients were also more likely to die from infection. Although details of these infectious 

deaths are not presented, it would be interesting to know which specific systemic infections 

were found and whether CDI contributed to the increase in mortality, as has been found 

previously [7]. Assuming that in-hospital use of broad-spectrum antibiotics is a major driver 

of ARB colonization, the report by Bilinksi et al. supports a growing body of evidence that 

promotes antimicrobial stewardship practices even—and perhaps especially—in those who 

are immunocompromised.
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Although the association between antibiotic use and ARB colonization has been well 

documented, it remains unclear whether antibiotic use is causally related to the increased 

mortality seen in ARB-colonized individuals. Indeed, ARB colonization may instead serve 

as a marker of poor prognosis rather than a cause of mortality. The challenge of predicting 

causation from a finding of association is one that exists for much of human microbiome 

research. For example, researchers have found that an increase in gut microbiota diversity is 

associated with higher overall survival and lower rates of GVHD in patients undergoing allo-

HCT [9,10]. This suggests that a “healthier,” more diverse microbiome may lead to 

improved outcomes, although confounding factors may complicate such a posited direct 

relationship. However, a causal relationship is certainly biologically plausible given the 

direct interaction found between fermentation products of commensal gut bacteria and 

improved host immune regulation [11].

Determining causality is important for many reasons. Apart from the fundamental 

importance of describing pathobiologic mechanisms in detail, one primary reason to 

investigate causality is to better understand the potential role of therapeutics that restore the 

taxonomic diversity of the intestinal flora. It is well recognized that the use of antibiotics 

results in a loss of commensal organisms and decreased diversity, leaving an ecologic niche 

that allows for the proliferation of pathogens [12]. The loss of microbiota diversity can 

contribute to intestinal domination by potentially less evolutionarily fit, antibiotic-resistant 

pathogens and a higher risk of bacteremia resulting from these enterodominant pathogens 

[13]. Having a greater proportion of commensal intestinal organisms can overcome resistant 

pathogens through both direct competition for nutrients or antagonism and indirect pathways 

that impact host immunity [14]. Thus, re-establishing a varied and resilient intestinal 

microbiota through probiotics or microbiota transfer and reducing ARB colonization burden 

through both direct and indirect means may be expected to improve rates of infection, 

GVHD, and overall survival. This is certainly the hope and is in fact the case with refractory 

CDI, which is cured in up to 90% of patients after fecal microbiota transfer [15]. In addition, 

evidence suggests that the addition of an organism that metabolizes bile salts, for instance, 

Clostridium scindens, confers bile acid–dependent resistance to CDI in an animal model of 

the disease, an example of precision microbiota reconstitution [16]. Other potential 

applications for microbiota-based therapeutics, apart from treatment of infection, include 

using donor stool from the stem cell donor for concurrent fecal microbiota transplantation 

with allo-HCT. This may provide greater immunologic tolerance toward gut microbiota and 

potentially reduce rates of intestinal GVHD.

If we are to understand more about causality, we must also learn much more about what it 

means to restore a microbial community from a state of dysbiosis to one of homeostasis. 

Apart from lacking abundant antibiotic-resistant pathogens, a healthy microbiota requires a 

multidimensional definition. This definition is complicated by the uniqueness of microbiota 

structure and composition for every individual. Variability in the intestinal microbial milieu 

is the result of complex factors such as geography, diet, and age [17]. In contrast to the 

variability found in microbiota taxonomic composition within and across populations, the 

presence of genes involved in metabolic pathways important for microbiota function has 

been found to be potentially more stable and consistent across diverse human populations 

[18]. Predicting the “function” of a complex microbial community based on the consortium 
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of metabolically important genes identified by next-generation metagenomic sequencing 

may thus serve as a more consistent and informative indicator of the biologic activity of a 

given community, in comparison with taxonomic classifiers. Functional classification may 

therefore overcome challenges associated with interindividual and geographic microbial 

variability. Analysis of microbiota “function” would include the demonstration of important 

biochemical pathways that contribute to the health of the microbiome and the host. Pertinent 

to the article by Bilinski et al. [8], looking at genes encoding antibiotic resistance may be 

much more informative than evaluating taxonomic composition alone. Classification of the 

resistome by identifying antibiotic resistance genes within microbial reservoirs of organisms 

that are difficult to culture would be a potentially sensitive approach to understand the 

genetic and biologic effects of antibiotic exposure. A “healthy” microbiome may therefore 

have a multitude of properties including (1) overall lower numbers of antibiotic-resistance 

genes, (2) a more complete consortium of important biochemical pathways that support 

immunologic regulation, (3) enough stability to resist pathogen colonization or domination, 

particularly when disturbed by exogenous factors, and (4) resilience to perturbances, defined 

as the ability of a microbiome to returning to its prior state after an insult. Furthermore, a 

well-functioning microbiota might, in the face of pathogen colonization, resist the 

development of disease [18].

In the setting of increasing antibiotic resistance, a shift in our approach to the treatment of 

infectious diseases may be required. This paradigm shift necessitates an increased focus on 

vital host–microbiota interactions that when restored to homeostasis can be used to prevent 

and treat infections. In addition, the ability to restore the normal function and composition of 

the microbiota may have wider reaching effects beyond providing resistance to the 

colonization of antibiotic-resistant pathogens. Therapies that beneficially impact microbiota 

function, colonization resistance, and diversity have already been proven effective in CDI 

and may be able to significantly improve outcomes in dysbiosis-associated diseases such as 

GVHD. What is needed now more than ever is research that pushes the limits of 

metagenomic sequencing and big data to better understand the complexities of host–

microbiota interactions and to elucidate causality and states of homeostasis. Defining these 

has implications not only for the fields of stem cell transplantation and infectious diseases 

but for a growing multitude of other important disease states as well.
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