
AC
CE

PT
ED

 M
AN

US
CR

IP
T

ACCEPTED MANUSCRIPT

 

Title: Dysbiosis in the ICU: Microbiome science coming to the bedside  

 

Georgios D Kitsiosa, MD, PhD; Michael J Morowitzb, MD; Robert P Dicksonc, 

MD; Gary B. Huffnagled, PhD; Bryan J McVerrye*, MD; Alison Morrisf* MD, MS. 

 

*co-senior authors 

 

aDivision of Pulmonary, Allergy and Critical Care Medicine, Department of Medicine, 

University of Pittsburgh School of Medicine and University of Pittsburgh Medical 

Center, Pittsburgh, PA, USA; kitsiosg@upmc.edu 

bDepartment of Surgery, University of Pittsburgh School of Medicine, Pittsburgh, PA, 

USA; Division of Pediatric Surgery, Children's Hospital of Pittsburgh, Pittsburgh, PA, 

USA; Michael.Morowitz@chp.edu 

cDivision of Pulmonary and Critical Care Medicine, Department of Internal Medicine, 

University of Michigan Medical School, Ann Arbor, Michigan, USA; 

rodickso@med.umich.edu 

dDepartment of Microbiology and Immunology, University of Michigan Medical 

School, Ann Arbor, Michigan, USA; Division of Pulmonary and Critical Care 

Medicine, Department of Internal Medicine, University of Michigan Medical School, 

Ann Arbor, Michigan, USA; ghuff@med.umich.edu 

eDivision of Pulmonary, Allergy and Critical Care Medicine, Department of Medicine, 

University of Pittsburgh School of Medicine and University of Pittsburgh Medical 

Center, Pittsburgh, PA, USA; mcverrybj@upmc.edu 

f Division of Pulmonary, Allergy and Critical Care Medicine, Department of Medicine, 

University of Pittsburgh School of Medicine and University of Pittsburgh Medical 

Center, Pittsburgh, PA, USA; Department of Immunology, University of Pittsburgh 

School of Medicine, Pittsburgh, PA, USA; morrisa@upmc.edu 





AC
CE

PT
ED

 M
AN

US
CR

IP
T

ACCEPTED MANUSCRIPT

 

Corresponding Author: 

Alison Morris, MD, MS 

Vice Chair of Clinical Research, Department of Medicine 

Professor of Medicine and Immunology 

UPMC Chair for Translational Pulmonary and Critical Care Medicine 

NW628 Montefiore Hospital  

3459 Fifth Avenue 

Pittsburgh, PA 15213 

Phone: 412-692-2118 

Fax: 412-692-2260 

Email: morrisa@upmc.edu   

 
 
 
 
All authors meet the following authorship criteria:  
 
• Substantial contributions to the conception and design of the work 

• Drafting the work and revising it critically for important intellectual content 

• Final approval of the version submitted  

• Agreement to be accountable for all aspects of the work in ensuring that questions 

related to the accuracy or integrity of any part of the work are appropriately 

investigated and resolved. 

 

  



AC
CE

PT
ED

 M
AN

US
CR

IP
T

ACCEPTED MANUSCRIPT

 

Abstract:  
 
Complex microbial communities within the human body, constituting the microbiome, 

have a broad impact on human health and disease. A growing body of research now 

examines the role of the microbiome in patients with critical illness, such as sepsis 

and acute respiratory failure. In this article, we provide an introduction to microbiome 

concepts and terminology and we systematically review the current evidence base of 

the critical-illness microbiome, including 51 studies in animal models and pediatric 

and adult critically-ill patients. We further examine how this emerging scientific 

discipline may transform the way we manage infectious and inflammatory diseases in 

intensive care units. The evolving molecular, culture-independent techniques offer 

the ability to study microbial communities in unprecedented depth and detail, and in 

the short-term, may enable us to diagnose and treat infections in critical care more 

precisely and effectively. Longer-term, these tools may also give us insights in the 

underlying pathophysiology of critical illness and reveal previously unsuspected 

targets for innovative, microbiome-targeted therapeutics. We finally propose a 

roadmap for future studies in the field for transforming critical care from its current 

isolated focus on the host to a more personalized paradigm addressing both human 

and microbial contributions to critical illness.  

 

Keywords: sepsis, acute respiratory failure, acute respiratory distress syndrome, 

microbiome, microbiota, dysbiosis 

 

Abbreviations: ICU: intensive care unit; ARDS: acute respiratory distress syndrome; 

ALI: acute lung injury; VAP: ventilator-associated pneumonia; SCFA: short-chain 

fatty acid; NEC: necrotizing enterocolitis; LPS: lipopolysaccharide; BAL: 

bronchoalveolar lavage.  
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Introduction: 

 The advent of molecular, culture-independent techniques to study micro-

organisms revealed that the human host harbors approximately 40 trillion microbes 

[1], including bacteria and their phages, viruses, fungi and archaea. These microbes, 

organized in complex communities and contributing an enormous amount of genomic 

information, are clearly important, yet their roles are largely uncharacterized [2]. An 

exponentially growing body of literature explores the role of the microbiome across a 

vast array of human pathologies, while the microbiome in critical care has not been 

studied as extensively. We have just begun to explore how microbiota perturbations 

(dysbiosis) are involved in the development, evolution and outcome of critical illness, 

and such microbiome research in patients in intensive care units (ICUs) holds 

tremendous potential. In the short-term, molecular techniques may allow us to 

provide more timely, accurate and personalized management of infections compared 

to our current practice directed by traditional microbial cultures. With deeper 

understanding of host-microbe interactions, microbiome research may reveal new 

targets for groundbreaking therapeutics for inflammatory syndromes, such as sepsis 

and the acute respiratory distress syndrome (ARDS), since efforts so far to modify 

host responses (without considering their microbial counterparts) have not delivered 

any efficacious therapies [3,4]. In this article, we review the current state of 

knowledge on dysbiosis with critical illness and we also discuss important research 

challenges and strategies to move the field forward. We also provide a synopsis of 

available microbiome evidence for two common and serious clinical syndromes 

requiring care in general ICUs [5] - sepsis and acute respiratory failure.  

 

Definitions:  

 While prior reviews have extensively summarized key concepts in microbiome 

research for clinicians and investigators [6–10], we provide the basic, widely-
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accepted definitions [11] necessary for comprehending the microbiome literature in 

Table 1.  

 

Why should we study the microbiome in critical illness?  

 Contemporary “study of the microbiome” in the ICU essentially equates the use 

of molecular, culture-independent techniques to profile microbial communities in 

human samples (e.g. sputum or stool) as opposed to cultures that require ex-vivo 

growth of organisms. Although the ICU microbiome field is in its infancy, its 

importance for critical care research and practice is detailed below. 

1. Epidemiologic evidence of dysbiosis in critically-ill patients:   

 Accumulating epidemiologic evidence has provided indirect evidence for the 

presence of dysbiosis in critical illness, even prior to the application of culture-

independent techniques [10]. For example, non-infectious acute insults increase the 

risk for subsequent infections, as with bacterial peritonitis in cirrhotic patients 

following gastrointestinal bleeding [12] or ventilator-associated pneumonia (VAP) 

following ARDS [13]. Acute infections such as influenza disrupt respiratory epithelia 

homeostasis, immune mechanisms and bacterial colonization, leading to secondary 

infections [14]. In the best clinically-accepted example of dysbiosis, Clostridium 

difficile colitis, large-scale epidemiologic data show that immediately following 

Clostridium difficile colitis, patients are at 70% increased risk for rehospitalization 

with sepsis [15], highlighting again the impact of a disturbed microbial ecosystem.  

2. Critical-care interventions disrupt the microbiome:  

 The effects of iatrogenic forces applied during ICU care (Figure 1) cannot be 

overemphasized, even if they are not yet completely understood [10]. The most 

profound effects are likely accounted for by antibiotics, which, even if “tailored” to 

culture-identified pathogens, can have community-wide effects. Antibiotics can 

indiscriminately ablate commensal microbiota (i.e. indigenous microbes that provide 
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benefits to the human host), with resultant increased vulnerability to secondary 

pathogen intrusion, and enrichment for antibiotic-resistance genes [16]. Host nutrition 

is also likely important, because intestinal microbiota rely mainly on availability of 

enteral nutrients for their survival, and critical illness places them in an acute 

starvation state [17]. Additionally, pharmacological interventions may alter specific 

body-site conditions (e.g. skin decontamination, gastric acid suppression therapies) 

and invasive procedures may disrupt natural barrier mechanisms (e.g. endotracheal 

intubation, intravascular catheters) opening ports for microbial entry and proliferation. 

Finally, the ICU environmental ecosystem, including room surfaces, devices or even 

the hands of healthcare providers may form reservoirs of microbes that can colonize 

vulnerable patients, as shown in the case of gut colonization of very low birth weight 

infants by bacteria present in their room environment [18]. Overall, we have only 

limited knowledge of the impact of ICU care on the microbiome [17]. 

3. The microbiome as an organ-system in critical illness: 

 If we think of the microbiome as an internalized organ with physiologically 

important functions, then it becomes evident that microbiome disruptions can be 

harmful, similar to other “organ failures” in the ICU with damage both by the “organ” 

function being lost and also the aberrant physiology replacing that function. In this 

context, the organs being lost are the commensal microbial communities that help 

metabolize drugs, nutrients and hormones, modulate immune responses, and 

maintain mucosal barrier homeostasis. By losing commensal microbes, the host also 

loses protection against invading pathogens, offered either by direct inhibition with 

antimicrobial peptides (bacteriocins) or through nutrient resource competition [16,19]. 

Finally, the “aberrant physiology” is represented by emerging pathogens that 

dominate microbial communities to cause dysregulated inflammatory responses, 

end-organ damage, and even systemically invade the critically-ill patient to cause 

sepsis [20].  
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4. Impact of dysbiosis on the critically-ill host:  

 Disruption of the microbial communities within the human body can have 

metabolic, immune and even neurocognitive disturbances for the critically-ill host. A 

major metabolic role of gut microbes is the fermentation of dietary fiber into short-

chain fatty acids (SCFA), among which butyrate serves as a primary energy source 

for the colonic epithelium and preserves gut integrity [19]. With a rapid and persistent 

drop in fecal SCFA concentration with sepsis [21], the mucus epithelial barrier is 

degraded opening up ports for pathogen translocation, and epithelial apoptosis 

occurs resulting in malabsorption of nutrients, diarrhea and fecal energy loss [17,22]. 

Intestinal microbiota are also considered major tonic activators of host immunity 

against infections, involving both innate (via granulopoiesis stimulation and 

antimicrobial peptide production) and adaptive (through regulatory and Th17 T cell 

differentiation) mechanisms [23]. Following sepsis onset, the disturbed (in content, 

quantity or function) microbial communities can potentially injure the host both by 

excessive inflammation with end-organ damage driven by dominant pathogens, and 

by immune exhaustion with super-infections due to loss of specific microbial signals 

in the gut (such as segmented filamentous bacteria in mouse models) necessary for 

the normal maintenance of T-helper cells [24]. Finally, microbial products acting on 

human brain receptors (gut-brain axis) are responsible for the well-known 

encephalopathy in cirrhotic patients [25], but have also been implicated in the 

development of delirium among the most vulnerable elderly patients [26].   

5. Utility of culture-independent techniques for diagnosis of infections: 

 While we currently rely heavily on cultures of biological samples to guide clinical 

management of infections, our gold-standard technique is not fast or accurate 

enough: cultures take 48-72hr to result and are negative 30-40% of the time despite 

a high clinical index of suspicion for infection [27]. Negative cultures result not only 

due to pathogen growth inhibition by antibiotics administered prior to sample 
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acquisition, but also because several human microbes are considered to be 

uncultivable. Although recent research showed that most of these previously 

considered uncultivable gut [28] and lung [29] microbiota can in fact be cultured by 

using a variety of media and conditions, the conventional growth conditions used in 

clinical laboratories inevitably have limited sensitivity [30]. In the end, delayed or 

negative cultures lead to empiric broad-spectrum antibiotic regimens in the ICU, 

which can be disproportionately intense, unnecessary or ineffective for individual 

patients, and thus contribute to increased toxicity, costs and emergence of antibiotic 

resistance [31].  

 Culture-independent sequencing techniques (Table 1) can overcome some of 

the limitations of cultures and may enable us to deliver more personalized care of 

infections in the ICU. With direct (and thus timely) amplification of microbial DNA 

from samples, sequencing offers a comprehensive profile of the microbial 

communities in question, with insightful quantitative information of abundances of 

microbial taxa. With further research in this setting, we may be able to use such 

quantitative taxonomic information for etiologic inference on causative organisms 

(e.g. when community dominance is accompanied by absolute supra-threshold 

bacterial loads) or for effectively ruling out an infectious process when diverse 

communities are uncovered [32]. Furthermore, antibiotic resistance could also 

become predictable based on sequenced genes [33]. Nonetheless, several 

methodological issues of next-generation sequencing remain before clinical 

implementation, including biases with DNA extraction, primer targeting in amplicon 

studies, polymerase chain reaction contamination or artifacts, and sequencing depth 

biases. In addition, amplification of microbial DNA does not necessarily signify 

microbial viability, as both viable and non-viable bacteria can be detected [34,35]. 

While ongoing methodological research is addressing such limitations, the 

development of portable, point-of-care sequencing devices, as utilized on-field during 
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the Ebola epidemic in Western Africa demonstrates the potential feasibility of 

bedside sequencing [36]. Thus, microbiome-based diagnostic testing in the ICU is a 

field ripe for investigations to transform our current crude management and help 

promote antibiotic stewardship [37].  

6. Promise for microbiome-based therapeutics:  

 Beyond diagnostic applications, microbiome research may also open new 

avenues for treating critical illness. Early efforts to manipulate the microbiome in the 

ICU during the “pre-microbiome era” showed considerable promise [10], despite the 

fact that tested interventions had limited specificity in microbial targets. For example, 

selective digestive decontamination with antibiotics for intestinal pathogen 

suppression is the most efficacious VAP preventive measure [38], yet has limited 

clinical adoption due to concerns for inducing antibiotic resistance. Extensive 

research supports that probiotics are safe, and potentially efficacious in several 

critical care settings [39]. However, notable safety exceptions, as in the case of acute 

pancreatitis [40] and lack of efficacy in recent phase II [41] or III [42] clinical trials 

highlight the need for refinement of probiotic design, strain and dosage selection and 

host-microbiome targeting.  

 Manipulation of the microbiome for patients’ benefit, either by targeting the 

microbial community structure or by modifying the function of existing microbiota 

(Figure 2) represents an active area of research. Therapies such as microbial 

replacement (as in the case of fecal microbiota transplantation), genetic engineering 

of modified strains to outcompete pathogens, selective nutrient or prebiotic 

administration, or engineered bacteriophages may steer the microbiome structure 

towards a healthy phenotype and alter the course of critical illness [43]. Potential 

therapeutics targeting modification of microbial function might include targeted small 

molecule inhibition of specific enzymes [44], harvesting microbial bacteriocins to use 

as novel antibiotics [20], or administration of microbial product analogs such as 
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receptor agonists (postbiotics) to emulate beneficial actions of microbiota. Such 

interventions tailored to an individual’s microbiome may truly represent a new frontier 

in precision medicine.  

 

The current state of the microbiome literature in critical care  

 To synthesize this accumulating literature, we performed a systematic review of 

culture-independent microbiome studies for sepsis and acute respiratory failure in 

humans (adult and pediatric patients) and in animal models. We defined acute 

respiratory failure broadly as the requirement for invasive mechanical ventilation in 

an ICU, to include the clinically-defined ARDS [45], mechanically-ventilated patients 

for any indication, serious complications such as VAP, and also corresponding 

experimental models of ARDS. We provide detailed methods, graphical and 

qualitative summaries (Evidence Map) in Figure 1 and in the Online Data 

Supplement. In the next sections, we present the major findings of primary studies 

for sepsis and acute respiratory failure.  

  

The microbiome in sepsis  

 Dysbiosis in the gut is considered a central orchestrator in sepsis (gut-origin 

sepsis), both in triggering pathogen invasion (microbial translocation) and in 

mediating distal end-organ damage by inflammatory mediators (gut-lymph 

hypothesis) [46,47]. Current theories consider interactions at the interface between 

the intestinal mucosal layer and the indigenous microbiome, with barrier integrity 

failure on the epithelial side, and pathogen expansion on the micro-organism end. 

The latter occurs as microbes continuously monitor their environment and the density 

of surrounding bacteria (quorum sensing system) and in response to injury signals 

(e.g. luminal hypophosphatemia [48], depletion of carbohydrate nutrients [49]) 

pathogenic bacteria proliferate, increase their virulence, and alter the micro-
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environment to their benefit. While alternative sources of microbial translocation are 

plausible in critically-ill patients (e.g. from the skin, mouth or lung), our systematic 

search identified almost exclusively studies focused on the gut microbiome in 

accordance to the gut-origin sepsis theory.  

 Sepsis in animal models: Animal model studies have provided insights into the 

mechanisms of dysbiosis in sepsis, especially when systemic antibiotics disturb the 

microbiome. In a study of mice subjected to chemical-induced intestinal injury, 

systemic expansion of intestinal Escherichia coli resulted in sepsis and organ 

dysfunction through activation of IL-1β via the inflammasome. These effects were 

observed only in mice pre-treated with antibiotics [50]. In another mouse model of 

neonatal sepsis, perinatal antibiotics decreased intestinal microbial diversity and 

impaired IL-17A-mediated granulopoiesis leading to sepsis vulnerability. The 

detrimental antibiotic effects were partially reversed with fecal transplantation from 

normal donors [51]. Antibiotic-induced dysbiosis in mice has been shown to lead to 

translocation of both pathogenic and commensal Enterobacteriacae through 

transcytotic routes [52]. In a recent study, two experimental murine models of sepsis 

both resulted in enrichment of the lung microbiome with gut bacteria, including 

unculturable anaerobes, suggesting a plausible translocation mechanism [53]. 

 Study of investigational dietary therapies in sepsis animal models showed 

predictable shifts in microbiota, but variable clinical effects. For example, whey-

based peptide diets encouraged the growth of protective microbiota like Lactobacillus 

and improved intestinal atrophy and permeability [54]. In contrast, omega-3 fatty acid 

supplementation, despite promoting an anti-inflammatory microbial composition, led 

to worse outcomes with experimental sepsis [55,56]. This research emphasizes the 

need for future explorations to assess not only the nutritional demands of the 

critically-ill host, but also of the indigenous gut microbiota (feed the microbiome 

concept).   
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 Sepsis in adults: Cumulatively, observational studies have analyzed 

approximately 400 adults in ICUs before (at risk for) or after the onset of sepsis. 

Clinically evident sepsis was associated with a significant loss of intestinal microbial 

diversity over time, with resultant abundance of particular pathogens. Among 

dominant pathogens, Enterococcal species dominated in general ICU [57], 

hematopoietic stem cell transplant [58,59] or burn injury [60] patients, and appeared 

to predict subsequent bacteremia and multiple organ failure [57]. As expected, 

antibiotics were associated with specific microbiome signatures. For example, 

metronidazole was associated with a 3-fold increased risk of Enterococcal 

dominance whereas fluoroquinolones decreased Proteobacterial dominance by as 

much as 10-fold [59]. More recent evidence highlights extreme patterns of dysbiosis 

in the gut microbiome of 115 critically-ill patients in general ICUs, with progressive 

depletion of “health-promoting” organisms, such as Faecalibacterium, and conversely 

increased abundance of “pro-inflammatory” taxa of the Enterobacteriaceae family 

[61]. With a broader assessment of taxonomic composition at the phylum level, a 

smaller study in critically-ill adults showed that the ratio of Bacteriodetes to 

Firmicutes phyla (B/F ratio) was associated with hospital mortality, since the 

development of a B/F ratio >10 was more common in patients who died [62]. 

 Sepsis in neonates and infants: Neonatal ICUs offer a unique setting for studying 

the microbiome, as sampling can begin at birth (before the onset of sepsis) and be 

repeated prospectively as the neonatal microbiome evolves overtime. Bacterial 

populations in fecal samples have been analyzed from a total of 600 preterm infants 

in 13 individual studies that classified sepsis into early-onset (<72hr from birth), late-

onset (>72hr from birth) and sepsis in the setting of necrotizing enterocolitis (NEC), 

as the pathophysiology of these syndromes is distinct. For early-onset sepsis, a 

microbial link has been established between the amniotic fluid, cord blood and 
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neonatal blood stream, with the same uncultured species detected in all three 

specimens in septic neonates [63]. In contrast, research in late-onset sepsis points 

towards a gut origin with loss of intestinal diversity preceding sepsis onset [64,65]. 

Often, there is eventual dominance of Staphylococcus and Enterobacteriaceae taxa 

[65–68] or lack of Bifidobacteria [69]. Development of NEC-related sepsis has not 

been associated with a clear-cut taxonomic composition. Dominant microbial profiles 

across different cohorts of premature infants have been variable. Abundant 

organisms included Enterococcus alone [70] or in combination with Staphylococcus 

[64], Sphingomonas [71], Escherichia [72], and Clostridium Perfringens A [73].  

 Empiric antibiotics are often prescribed in the first week of life in preterm infants 

and have sustained effects on the intestinal microbiome. Antibiotic administration is 

associated with reduced diversity, increased abundance of Enterobacter and 

Staphylococcus species, and overall increased risk for sepsis and NEC [67], 

suggesting that this commonly used practice may have unintended effects on the 

microbiome that should be factored into treatment decisions.  

 In summary, available research highlights a pattern of intestinal diversity loss 

with abundance of pathogens in septic adults, indicates different mechanisms of 

dysbiosis for sepsis subtypes in neonates, and provides a concerning signal for the 

effects of early life antibiotics. Animal studies in sepsis have offered an experimental 

platform to study mechanisms of dysbiosis-related inflammation, with corroboration 

of microbial composition patterns observed in humans. 

 

The microbiome in acute respiratory failure and ARDS 

 The role of the lung microbiome in acute respiratory failure syndromes and 

especially the most serious form of ARDS has a less established theoretical and 

experimental evidence base compared to sepsis. The prevailing theories consider 

how changes in the alveolar space, which is inflamed and flooded by protein-rich 
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edema, can affect microbial growth (nutritional homeostasis and interkingdom 

signaling models), as extensively reviewed elsewhere [74]. Three animal studies 

examined sterile ARDS models (intratracheal lipopolysaccharide (LPS)), whereas in 

adult humans only one study examined ARDS and the remainder studies enrolled 

mechanically ventilated patients with acute respiratory failure (Online Data 

Supplement), as discussed below.  

 ARDS in animal models: In LPS-induced lung injury in mice [75], bacterial load 

increased 5-fold in bronchoalveolar lavages (BALs), accounted by a bloom of 

indigenous Proteobacteria capable of metabolizing the nutrients of the BAL fluid. 

Notably, intratracheal administration of BAL microbiota from LPS-treated mice did not 

cause ARDS in naïve mice, but further intensified IL-6-induced lung inflammation in 

mice treated with IL-6, suggesting that the altered microbiome can act as an effect 

modifier in ARDS following an initial insult [75].  

 ARDS in adults: The first evidence that alterations in the lung microbiome are 

related to the systemic and alveolar inflammation characteristic of ARDS comes from 

the single available study in 68 adult patients with ARDS [53]. Lung communities 

were enriched with an uncultured, anaerobic member of the Bacteroides genus. This 

lung enrichment with gut-specific bacteria was significantly correlated with systemic 

inflammation, measured by serum TNF-α concentration, whereas alveolar 

inflammation (by BAL TNF-α concentration) was positively correlated with abundance 

of the Proteobacteria phylum, even in the absence of clinically-identified pneumonia.  

 Acute respiratory failure in adults: Mechanically-ventilated patients with 

respiratory failure showed a pattern of decreased alpha diversity around the time of 

intubation, with further diversity decline overtime while on ventilatory support [76]. 

With clinical suspicion of VAP, comparisons of dominant taxa by sequencing versus 

organisms grown in microbial cultures of lower respiratory tract specimens had 

overall limited concordance [77–79], and in certain cases indicted previously 
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unsuspected organisms as VAP culprits (e.g. Dialister pneumosintes [78] or 

Ureaplasma parvum [76]).  

 Neonatal respiratory distress syndrome: In the single available study in 

neonates, VAP development was associated with decreased diversity and profound 

time-related shifts in the abundance of pathogenic species in tracheal aspirates, 

including Klebsiella, Acinetobacter and Serratia. Overall, these shifts in bacterial 

abundance did not follow a predictable pattern [80].   

 In summary, the available evidence highlights generally limited concordance of 

VAP molecular analyses with culture-based techniques, progressive diversity 

reduction in the airspace, and nutrient-related bacterial proliferation and propagation 

of inflammation. Rigorous investigation is needed to examine how lung microbiota 

perturbations could be modified to prevent development of VAP and ongoing alveolar 

injury in ARDS.  

 

Challenges and opportunities for microbiome research in the ICU 

 Microbiome studies often are faced with technical and analytical challenges.  

Such studies in the ICU are particularly difficult, as the acuity of illness makes the 

design and conduct of translational –omics research challenging. In the next 

paragraphs, we consider relevant research challenges and opportunities, and we 

propose a roadmap for future microbiome research in critical care (Box 1) 

[81,82].   

  At a conceptual level, the dynamic nature of microbial shifts, high inter-individual 

variability and specificity of dysbiosis patterns in particular subphenotypes of critical 

illness may limit our capacity to identify broad actionable patterns in diverse 

populations. Thus, microbiome information will have to be highly individualized in 

order to be helpful in clinical practice. Experimental design in the ICU is also 

challenging. Cross-sectional studies are of limited value, yet they account for about 
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half of the published evidence. With the evolution of critical illness and corresponding 

ICU interventions tightly interweaved, it becomes difficult to infer causality and 

direction of effects for observed dysbiosis. Large sample sizes and advanced 

statistical methods are needed to account for the multiple confounders at play, 

whereas randomized clinical trials to dissect the causal effects of ICU therapies on 

microbiota are hard to undertake. Consortium efforts may improve our ability to 

rapidly and reliably generate rich microbiome data in critical care, and microbiome 

outcomes should be considered for inclusion in the design of future clinical trials.    

 Inherent to critical care research are challenges related to the ability to obtain 

timely informed consent and high quality biological samples from body sites of 

interest (e.g. BAL samples from ARDS patients on high ventilator support). 

Particularly in low biomass samples such as the lung microbiome, it is necessary to 

control for experimental sequencing noise from contamination by using stringent 

analytical control protocols. As causal inference from human studies is difficult, 

animal models (including gnotobiotic and germ-free mice) are indispensable for 

mechanistic studies. At the same time, further research is also needed to determine 

the applicability of animal microbiome studies to human disease. Most microbiome 

studies have been limited to examination of bacteria, but other organisms (i.e. 

viruses, archaea, and fungi) likely play a role and community interactions may be 

critical. Although there are methodological challenges, future studies should consider 

broadening the scope of microbes examined in multiple body sites including the lung, 

gut, oral and skin microbiome.  

 Perhaps the biggest challenge pertains to the analysis and integration of 

microbiome “Big Data”. The critical care literature consists predominantly of a first 

wave of descriptive studies with 16S rRNA gene sequencing that capture broad 

taxonomic information. Further advancements in our understanding of 

pathophysiology require moving beyond taxonomic comparisons by examining the 
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microbial genome comprehensively, by defining interactions of microbial and host 

gene expression, and by determining effects of bacterial metabolic processing on the 

host. Advancing to the level of predictive modeling and functional analytics is not an 

easy task and will require cross-disciplinary collaborations between clinical scientists, 

bioinformatics experts, statisticians, and systems biologists.  

 

Conclusions – A call for critical care microbiome research:  

 The evolving field of microbiome research is likely to transform the current 

culture-based paradigm of clinical practice in the ICU. These studies promise to open 

new avenues for diagnosing, treating or even preventing critical illnesses. Ultimately, 

clinical translation will require transition from a descriptive/correlative phase to causal 

modeling and targeted interventions. While formidable challenges for advancing this 

research agenda exist, the momentum is such that the microbiome is the current big 

revolution in the post-genomics era. The call for national and global initiatives on 

microbiome research is encouraging and can catalyze its maturation [83,84].  

 We anticipate opportunities for selective microbiome manipulation in critical 

illnesses, even before the microbiome function has been fully elucidated. Such 

innovative microbiome-directed interventions (including symbiotics, nutritional 

supplements, fecal transplant, etc.) can potentially be applied in the ICU, even if their 

exact mechanisms remain to be clarified [85]. We can envision a time in the not-too-

distant future when the microbiome will be viewed as yet another organ system of the 

critically-ill patient, requiring special attention and plan of care during our daily ICU 

rounds.  
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Table 1. Terminology used in human and animal microbiome research presented in order of 

experimental and analytical workflow.  

 

General 
Terms 

Microbiome The totality of human (or other host) body’s micro-organisms 
(including bacteria, viruses, fungi, archaea, protozoa), their 
genomes and molecular products, and the surrounding environmental 
conditions. 

Microbiota The assemblage of microorganisms present in a defined environment 
(e.g. human lung microbiota) 

“Meta-omics”: 
Metagenome 
Metatranscriptome 
Metaproteome 
Metabolome 

The total content of a community of microbiota in terms of: 
- genomic DNA 
- transcribed RNA 
- entire protein complement 
- metabolite pool  

Commensal 
microbiota 

Microbes that provide benefits to the (human) host without being 
affected by it 

Symbiotic microbiota Microbes in a mutually beneficial relationship with the (human) host 
Dysbiosis A condition in which the normal structure and function of the 

microbiome has been disturbed and which is considered to be 
detrimental for the host 

Experimental 
Analysis 
Terms 

Culture-independent 
techniques 

Molecular techniques that analyze the DNA (or other biologic 
material) directly from a sample rather than from individually cultured 
microbes 

Marker A DNA sequence that identifies the genome that contains it  
Amplicon 
sequencing 

Amplification (with PCR) and sequencing of specific markers  

16s rRNA (or 16S rDNA) 16S ribosomal subunit gene, unique to prokaryotic 
cells, with highly preserved sequence and hypervariable regions, 
which are amplified and used as markers for bacterial identification 

Whole Metagenome 
Shotgun sequencing  

Sequencing of short, random DNA/RNA fragments in an undirected 
whole-genome fashion  

Bioinformatic 
Analysis 
Terms 

Operational 
Taxonomic Units 
(OTUs)  

A common classification used for the amplicon sequences, which are 
clustered based on a similarity threshold (e.g.>97%) as a proxy for 
species-level taxonomic assignment.  

Abundance Prevalence of a particular taxonomic group in a microbial community 
Diversity Taxonomic distribution within a community, including both the 

number of distinct taxa and their relative distribution 
Richness Number of taxonomic groups in a microbial community 
Evenness Relative abundance of different taxonomic groups 
Dominance Emergence of a single, overtly abundant taxonomic group 
Alpha-diversity Within-sample taxonomic diversity (including richness and evenness) 

as a summary statistic of a single population 
Beta-diversity Between-sample taxonomic diversity describing absolute or relative 

taxonomic overlap between samples 
Community structure Taxonomic composition of a microbial community 
Functional 
metagenomics 

Computational or experimental analysis of a microbial community 
with respect to the molecular activities of its composite genome 

Interventional 
Studies Terms 

Germ-free animal Host animal containing no microorganisms 
Gnotobiotic animal Host animal containing artificially transferred humanized microbiota  
Prebiotic A nutrient promoting the growth of symbiotic or commensal microbes 
Probiotic A live microbe introduced in the host with the intention to preserve or 

restore symbiosis 
Symbiotics Combination of both prebiotics and probiotics 

 
Abbreviations: PCR: polymerase chain reaction  
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Box 1: A roadmap for future microbiome research in critical care:  
A. Conceptual Design: 
x Standardization of human disease phenotypes for microbiome research  
x Leverage of microbiome profiles for determining disease subphenotypes (e.g. 

microbiome in infectious versus “non-infectious” ARDS) 
x Public education on the microbiome, stakeholder engagement, development 

of accelerated consent mechanisms for microbiome research  
x Transition to whole metagenome sequencing from amplicon studies 
x Functional assessments of the microbiome with metabolomics/proteomics 

approaches 
x Mechanistic studies in animal models, including gnotobiotic and germ-free 

models 
B. Experimental Design and Conduct: 
x Prospective studies with serial microbiome sampling 
x Detailed metadata (clinical data) recording, including key external variables 

(i.e. antibiotics, nutrition, vasopressors etc.) 
x Standardization of sampling sites, techniques (e.g. oral swabs, 

bronchoalveolar lavage sites etc.) and analytical (negative) controls 
x Incorporation of microbiome sampling from ongoing clinical trials in critical 

care and design of new studies with microbiome readouts 
C. Analytics:  
x Standardization of microbial composition metrics (e.g. expressions of 

taxonomic abundances, diversity metrics) 
x Methodological/analytical innovation for optimal analyses of multidimensional 

Big Data 
D. Information synthesis, validation and dissemination:  
x Consortium efforts – creation of large cohorts of patients 
x External validation of results in independent cohorts 
x Evidence synthesis approaches for pooling individual patient data across 

cohorts and analytical platforms  
x Public availability of data and programming codes to ensure reproducibility 
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Figure Legends:  

 

Figure 1: Factors that may alter the microbiome in the ICU (shown in red boxes) and 

references of reviewed microbiome studies according to body site sampled and study 

subjects (animal, adult or pediatric patients) (shown in blue boxes). Reference numbers 

(prefaced by “S”) correspond to the reference list provided in the Online Data Supplement. 

References for studies in sepsis are presented in black font and for studies in acute 

respiratory failure in red font.  

Abbreviations: ETT: endotracheal tube; PPIs: proton-pump inhibitors; H2B: histamine-2 

receptor blockers; TPN: total parenteral nutrition; PPV: positive pressure ventilation; VILI: 

ventilator-induced lung injury; Peds: pediatrics  

 

Figure 2: Overview of therapeutic strategies for targeted microbiome manipulations. A. 

Strategies targeting microbiome structure include commensal enrichment approaches 

(bacterial transplantation, probiotics or prebiotics) and pathogen suppression approaches 

(with bioengineered commensals designed to outperform pathogens or bacteriophage 

transfection). B. Strategies targeting microbiome function include direct bacterial enzyme 

inhibition, isolation of bacteriocins as naturally occurring antibiotics or isolation of small 

molecule agonists of host receptors (postbiotics) to emulate the beneficial effects of 

commensal microbes. 

Abbreviations: SCFA: short-chain fatty acids. 
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