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KEY POINTS

� Impact of ICU Environment on Gut Microbiota: Acute illness and ICU exposures, such as
inflammation, nutrient deprivation, and antibiotics, disrupt the gut microbiota, leading to a
loss of beneficial microbes and an increase in pathogenic species, which are linked to
higher mortality and infections.

� Need for Tailored Treatments: The lack of efficacy in current microbiome interventions
may stem from their non-specific application across diverse ICU patients. Understanding
microbial dynamics and unique dysbiotic states during ICU stays is crucial for developing
effective, tailored therapies.

� Microbiota Impact on Gut Barrier and Immune Activation: Inflammation and ICU-induced
microbiota changes weaken gut barrier defenses, contributing to the translocation of im-
mune-activating microbial components and secondary infections.

� Research Focus Areas: Future studies should clarify how gut microbiota influence critical
illness, identify the impact of patient-specific factors and the ICU environment, and
develop therapies that address or account for the disturbances in gut microbial commu-
nities and barrier integrity unique to ICU patients.
INTRODUCTION

Over the past decade, there has been an exponential increase in our understanding of
crucial roles played by the human microbiota (ie, complex community of bacteria,
fungi, and other microbes residing throughout the human body), and their collective
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genomes (ie, microbiome). With increasing accessibility of tools to study microbiota
structures and functions, explorations of how the microbiota regulate host responses
to impact disease susceptibility, severity, and response to therapy have permeated
nearly all disciplines of health. For example, changes in the microbiota are responsible
for conditions such as Crohn’s Disease, Clostridium Difficile Infection (CDI), periodon-
titis, and bacterial vaginosis, and microbiota-targeted therapies that ameliorate micro-
bial derangements are already in use in clinical practice.1 However, while most
critically-ill patients demonstrate pathologic disruption of gut microbial communities
(a state referred to as dysbiosis), developing microbiota-targeted interventions for
use in the intensive care unit (ICU) remains an unmet challenge and a possible oppor-
tunity to improve care for vulnerable patients. Despite clinical benefits observed in
various conditions in non-critically ill patients, the currently extant therapeutic trials
of prebiotics and pro/synbiotics have had inconsistent effects on mortality and most
other outcomes in the ICU. As case in point, the largest randomized controlled trial
(RCT) to date assessing the impact of probiotics on ventilator-associated pneumonia
failed to show a clinical benefit.2 Subsequently, a comprehensive meta-analysis of
RCTs with trial sequential analysis concluded that there is little value in conducting
additional studies of pro/synbiotics in critically-ill patients due to little anticipated
gain.3 Accompanying concern for lack of benefit, reports of extra-intestinal seeding af-
ter live microbial therapeutics have understandably lessened excitement for these in-
terventions as potential therapeutic options.4 However, rather than being viewed as
evidence of treatment failure, these findings simply underscore the complexity of
host-microbe interactions in the context of critical illness, and our currently incomplete
understanding of these processes. It is challenging to delineate relevant mechanisms
of microbiome-related pathology (and therapeutic targets) in the ICU when a plethora
of factors contribute to dynamic changes in the microbiome, which often happen
simultaneously with changes in clinical condition.
Geared to clinicians and scientists alike, this review aims to highlight our evolving

understanding of microbiota-mediated responses that may impact clinical trajectory
in critical illness, while underscoring gaps in knowledge and their implications. We
begin with a background discussion of the gut microbiota in states of health and crit-
ical illness. Then, we continue with an examination of dynamic factors in critical illness
that account for characteristic changes within the ICU gut microbiota, highlighting the
crucial role of ecological interactions within the gut microbial community and distur-
bances rendered by ICU exposures. Lastly, we discuss the downstream conse-
quences of these disturbances, examining several mechanisms by which changes
in the ICU gut microbiota may cause injury and impact clinical trajectory. Ultimately,
we aim to provide readers with a more nuanced understanding of the clinical relevance
of the gut microbiota in ICU patients, which both accounts for current challenges
faced in clinical trials of microbiota therapeutics, and suggest a path forward for
this potentially valuable treatment approach.

The Healthy Human Gut Microbiome and Dysbiosis in the Intensive Care Unit

In states of health, the human gut microbiome (HGM) is comprised of roughly 100 tril-
lion bacteria that occupy the gastrointestinal (GI) tract. Of these, over 99% are obligate
anaerobes and require specific growth conditions provided by the intestinal microen-
vironment.5 As a result, only a fraction of gut microbes (estimated 20%–30%) can be
grown using routinely used in clinical microbiology laboratories.6 With the develop-
ment of culture-independent techniques in the past 2 decades, and increasingly
advanced bioinformatics pipelines, researchers are now able to characterize these mi-
crobes and begin to understand how they interact with their host and environment to
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regulate health and disease. In clinical microbiome studies, the most widely used
characterization approaches are amplicon techniques, which provide information on
the relative abundance of a microbe (generally to the genus or species level) based
on recognition of a marker gene and its surrounding sequences. Commonly used ex-
amples include 16S ribosomal RNA (rRNA) sequencing, which leverages identification
of the 16 rRNA gene sequence universally expressed by bacteria and some archeo-
bacteria, and internal transcribed spacer sequencing for identification of the fungal
species.7 “Shotgun sequencing” or whole genome metagenomic approaches provide
additional resolution into functional gene expression, including those of antimicrobial
resistance (ie, “the resistome”), while other -omics techniques can identify products
derived from the microbiota (ie, microbiota-derived metabolites by metabolomics).8

Though every individual’s HGM is unique, there are universal trends characterized by
a tendency toward homeostasis.9 For example, in states of good health, over 90% of
these microbes belong to the phyla Bacillota (formerly Firmicutes), and Bacteroidota
(formerly Bacteroidetes), while the remaining 10% are classified as Actinomycetota
(Actinobacteria), Pseudomonadota (Proteobacteria), Verrucomicrobiota (Verrucomicro-
bia), and Fusobacteriota (Fusobacteria).10 Despite high inter-individual variation, at the
genus-level, a set of 15 to 20 genera—again, primarily represented by Bacillota and
Bacteroidota—are noted to be highly prevalent across healthy populations, and are ma-
jor regulators of key homeostatic functions like the modulation of immune responses,
maintenance of gut barrier, and regulation of metabolic processes.1 Gut microbes regu-
late these functions through direct actions on intestinal epithelial and immune cells, and
via secreted components including small molecule metabolites, immunomodulatory
compounds, extra-cellular vesicles, and neurotransmitters and hormones that enter
the lymph and circulation and signal to peripheral immune cells.11 Importantly, many
specieswithin the HGMhave overlapping functional repertoires, oftenworking synergis-
tically to maintain these key homeostatic processes.12 Thus, both the loss of certain mi-
crobes, and widespread disruption of the gut microbial community (ie, following
antibiotic depletion), have been shown to have profound implications on derangements
in host responses relevant to the critically-ill patient. For example, Lachnospiraceae and
Ruminococcaceae spp.metabolize undigested fibers to produce short-chain fatty acids
(SCFAs), like butyrate, acetate, and propionate, which serve as energy sources for
intestinal epithelial cells (IECs) andmodulate systemic immune cell activation and differ-
entiation through inhibition of histone deacetylases and signaling to G-protein coupled
receptors.13 Additionally, leukocyte differentiation, activation, and cytokine responses
can be mediated by tryptophan derivatives, secondary bile acids, and other
microbiota-derived metabolites, as well as by polyamines and molecules produced
de-novo by certain commensals.11

In contrast to the healthy HGM, it is now well-established that critically ill patients
exhibit profound and deleterious changes in gut microbial composition, which have
negative consequences on host responses (ie, dysbiosis).14–18 Dysbiosis is observed
within 48 h of admission and progress over the first weeks of ICU stay, with further
remodeling throughout the course of treatment and recovery. Characteristic features
of ICU-associateddysbiosis include a loss of the total number of species, anddepletion
of prevalent health-promoting commensals including Bifidobacterium and species
from the Lachnospiraceae and Ruminococcaceae family, including Faecalibacterium,
Ruminococcus, Roseburia, among others that all perform key immunoregulatory
roles19 (Fig. 1). Indeed, studiesmeasuring functional profiles demonstrate correspond-
ing reductions in fecal SCFAs and changes in serum microbiota-derived metabo-
lites.16,20,21 The loss of these beneficial microbes almost always co-occurs with
expansion of gut microbes with high pathogenic potential (pathobionts) like members
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Fig. 1. The intensive care unit (ICU) gut microbiota features a reduction in biodiversity and
loss of Firmicutes (ie, Bacillota by current nomenclature). Panels depict unpublished work
from landmark study by McDonald et al. that used 16S rRNA sequencing of fecal samples
from 162 ICU patients and 199 healthy controls from the American Gut Project (AGP) to
identify significant changes in the gut microbiota throughout ICU stay. Left panel demon-
strates differences in diversity. Right panel demonstrates Principal-coordinate (PC) plot of
distributions of Firmicutes representation (vast majority belonging to the Clostridiales
order) among ICU patients (n 5 135 samples) and healthy patients (n 5 2640 samples)
with sphere color denoting relative abundance within each sample. (Data used with
permission from Dr McDonald and Dr Knight; see reference #15 for full article.)

Lee et al382
of the Enterobacteriaceae family (Escherichia Coli [E. coli], Klebsiella Pneumonia),
Enterococcus species, Clostridium Difficile, and Candida spp., many of which express
genes associated with antimicrobial resistance.22–24 In fact, expansion of 1 or multiple
pathobionts is often reported to be a feature of over half of included patients.25,26 For
example, Enterobacteriaceae and/or Enterococcus spp., which ordinarily represent
less than 1% of the HGM in healthy patients,9,27 are frequently reported to occupy
10% to 80% of the gut microbial community in ICU patients.
The potential negative consequences of ICU-associated dysbiosis have been eluci-

dated by studies demonstrating that several of these features—either present on
admission or emerging during ICU stay—are uniquely associated with clinical out-
comes. In particular, increased mortality and risk of secondary infection has been
repeatedly observed in patients with a high intestinal burden of Enterococcus (genus)
or colonization with vancomycin-resistant Enterococcus,17,19,22,28 as well as those
with progressive enrichment of Enterobacteriaceae (family).17,26,28,29 Though less
frequently reproduced, reduced abundances of SCFA-producers (Faecalibacterium
prausnitzii, Blautia spp, and Bifidobacterium), reduced concentrations of fecal SCFAs,
and alterations in the composition of Candida spp. (mycobiome) have also been impli-
cated in morbidity andmortality.18,30,31 This body of work has been foundational to our
understanding of harmful versus protective gut microbial features, and while many are
mentioned herein, comprehensive assessments of ICU-associated dysbiosis and clin-
ical outcomes have been the focus of several excellent recent reviews.32–34 What re-
mains less well-understood are the specific mechanisms by which different elements
of disease progression and corresponding medical care, which change over time dur-
ing a patient’s course in the ICU in ways that are unique for each patient but do fall into
some predictable patterns, contribute to these dysbiotic changes.

DYNAMIC FACTORS CONTRIBUTING TO CHANGES IN MICROBIAL COMPOSITION IN
THE INTENSIVE CARE UNIT

Intensive care is highly dynamic and involves numerous elements of both disease and
medical care that alter the gut microbiota composition such that its role in maintaining
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homeostatic healthy physiology across multiple organ systems is compromised. What
follows forthcoming is primarily a discussion of the effects of inflammation, nutrient
deprivation, and antimicrobial therapy as they pertain to intensive care. These topics
are by no means a comprehensive list of factors in the ICU that are relevant to micro-
biome health, but they represent critical elements for which we have some direct ev-
idence and some extrapolated data that define them as productive areas of further
research.

Inflammation

Hyperinflammatory states are nearly universal in intensive care patients, and although
they vary widely in the specifics, all are predicted to have profound effects on the gut
microbiota. Several studies of the ICU microbiome have demonstrated evidence of
dysbiosis—namely, Enterobacteriaceae expansion and loss of SCFA-producers—
even prior to administration of antimicrobials, suggesting that intrinsic changes in
the microbiota may accompany critical illness.19,26,35 Though pinpointing a definitive
cause is challenging in patients, abundant data from preclinical models demonstrate
that inflammation itself may be responsible for these early derangements. Gut inflam-
mation from various etiologies (eg, infection, chemically-induced colitis, and immuno-
suppression) has been shown to alter the intestinal microenvironment in several ways,
all of which provide a more favorable environment for pathobionts.36 For example,
inflammation induces hypoxia in the intestinal mucosa but increases luminal oxygen
concentration, which in turn favors growth of facultative anaerobes including Entero-
bacteriaceae, Enterococcus, and other pathobionts.37 Further, signaling by proinflam-
matory cytokines promotes the release of reactive oxygen and nitrogen species by
IECs and migrating neutrophils; the nitrate-rich environment can be leveraged by
Enterobacteriaceae, which are capable of nitrate respiration, but not by commensal
Bacteroidiales and Clostridiales spp. (which lack expression of nitrate reduction).38,39

Inflammation additionally alters nutrient availability in the GI microenvironment, and
iron, zinc, and lipid byproducts (released from dying epithelial cells) can all be prefer-
entially used by commensal and opportunistic Enterobacteriaceae for growth.37,40

However, expansion of Enterobacteriaceae under these conditions is not always
harmful. In fact, the ability of commensal E. coli to perform aerobic respiration is
crucial to mediating protection against colonizing Salmonella enteritica serovars, a
subset of pathogenic Enterobacteriaceae.41,42 Importantly, this protective effect was
further traced to the ability of commensal E. Coli to outcompete Salmonella not only
for oxygen, but also for access to substrates liberated by co-occurring Clostridiales
species in a study using assembled HGM communities.43 Taken together, these
studies suggest that inflammation may account for changes in the microbiota
observed early in ICU course and serve to “prime” the intestinal microenvironment
to favor the expansion of certain species (namely, pathobionts). However, they also
underscore the importance of community membership and interactions like cross-
feeding, and the distinction between commensal and opportunistic Enterobacteri-
aceae—recurring themes throughout this review.

Nutrient Availability and Implications of Enteral Nutrient Deprivation

Changes in diet significantly alter the gut microbiota, and absence of nutrition, and mi-
cro/macronutrients provided are additional environmental factors, which likely shape
the ICU gut microbiota dynamically over the course of illness and care. Prolonged pe-
riods of enteral nutrient deprivation are common in ICU patients, and have previously
been shown to impact gut barrier defenses and reduce abundances of beneficial mi-
crobes like Bifidobacterium and Ruminococcaceae.44–46 In the past years, alterations
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in microbial responses to dietary interventions, and the processes responsible for
these changes, have been the focus of a growing body of literature. Increasingly,
studies have demonstrated that abundances of beneficial gut microbes are shaped
by the combined influences of 3 factors: (1) the carbohydrates available in the environ-
ment; (2) the metabolic capabilities of the specific microbe; and (3) metabolic interac-
tions between the microbe and community members occupying the same ecologic
niche.47 For example, Bacteroidaceae are capable of efficiently metabolizing a wide
range of diet- and host-derived carbohydrates (including mucins). This metabolic ca-
pacity not only assures resilience of Bacteroidaceae in environmental stress, but also
provides growth substrates for other community members.48 In contrast, beneficial
Bacillota (Lactobacillus, Lachnospiraceae and Ruminococcaceae spp) and Actinomy-
cetota (Bifidobacterium) have restrictive carbohydrate metabolizing capabilities,
and thus rely on simple carbohydrates provided through diet or liberated by
Bacteroidaceae.49

In settings of homeostasis, microbial composition is largely driven by a habitat-
filtering process, and diets that provide a surplus of nutrients preferred by a subset
of the community will increase the abundance of those species.50 However, nutrient
scarcity alters these dynamics, and instead favors survival and expansion of resilient
and fast-growing species.51 In a sequence of experiments using HGM communities,
investigators demonstrated that while community architecture was maintained when
simple carbohydrates were provided in excess, in environments where these re-
sources were limited, Bacteroidaceae and Enterobacteriaceae spp. preferentially
expanded, due to their abilities to outcompete Lachnospiraceae and Ruminococca-
ceae.51 The investigators further showed that expansion of Bacteroides and Entero-
bacteriaceae was able to thrive in this nutrient-limited environment by forming a
unique, mutually beneficial alliance based on metabolic cross-feeding. A similar
context-dependent synergism between these microbes was also demonstrated in un-
dernourished children who were subsequently provided a diet rich in carbohydrates
but deficient in protein, with animal models further demonstrating that this gut micro-
bial signature promoted intestinal inflammation.52 These rules of community assembly
likely have profound implications on gut microbial dynamics in the ICU—where both
absent nutrition and undernutrition are nearly universal46—and may explain the loss
of Bacillota observed in settings of nutrient deprivation, as well as other features
observed in the ICU gut microbiota, including the coordinate expansion of Bacteroides
and Enterobacteriaceae that has been demonstrated to be a feature of septic pa-
tients.14 Metabolic preferences and community dynamics may also have implications
on microbial responses to nutritional interventions. These ecological interactions, in
the context of selection pressures faced in the ICU, may account for lack of consistent
improvement in abundances of Bacillota and Bifidobacterium observed after fiber
administration in the ICU53 and mouse models of antibiotic-induced dysbiosis,54

despite success in other settings. Indeed, in our own preliminary work,55 we have
observed that providing prebiotic supplementation with short-chain fructooligosac-
charides in the setting of severe dysbiosis may provide a context-dependent advan-
tage to Bacteroides spp., further benefiting Enterobacteriaceae at the expense of less
resilient commensals.

Antimicrobials

Treatment with antimicrobials, particularly periods of broad-spectrum coverage are an
exceedingly common feature of ICU care and few patients pass through an ICU
without some course of antibiotic treatment. While effects of host factors on the gut
microbiota are largely based on conclusions from animal models, abundant studies
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in patients have demonstrated the pervasive effects of antimicrobials on the HGM.
Indeed, antibiotics, even in healthy patients, have been shown to induce changes in
the gut microbiota that mirror those observed in the ICU, namely: (1) a rapid decline
in microbial diversity; (2) loss of key beneficial commensals; (3) increased representa-
tion of pathobionts; and (4) increased expression of virulence genes and emergence of
antimicrobial-resistant organisms (AROs).56 Patients receiving antibiotics repeatedly
demonstrate a reduction in Lachnospiraceae and Ruminococcaceae species, as
well as reductions in Bacteroides and Bifidobacterium, with concurrent increases in
Enterobacteriaceae and other Proteobacteria, as well as Enterococcus.56–59 Although
the mechanisms of colonization resistance in humans are less well-defined, preclinical
studies have demonstrated how disturbances in commensals contribute to expansion
of pathobionts. For example, similar to selection pressures observed in inflammation,
antibiotic depletion of butyrate-producing species increases the concentration of ox-
ygen and contributes to expansion of Enterobacteriaceae; a finding that has been
traced to the importance of butyrate in maintaining luminal hypoxia through its effects
on colonocyte metabolism.60 Inverse correlations between Lachnospiraceae (com-
mon butyrate producers) and Enterobacteriaceae have also been observed in
critically-ill patients,26 suggesting that at least some protective mechanisms are likely
conserved across various host species.
Studies further incorporating metagenomic techniques demonstrate that selective

pressures induced by antibiotics further promote emergence of AROs. Pathobionts
often intrinsically express antimicrobial resistance genes (ARGs), and Enterobacteri-
aceae and Enterococcus have been shown to readily engage in horizontal gene trans-
fer to assimilate ARGs from other community members.37,61 As exposure to any
antibiotic preferentially selects for the survival of bacteria resistant to its effect, path-
obionts with ARGs are at an advantage and will out-survive other species. A major
focus of ongoing research is identifying mechanisms of colonization resistance that
can combat AROs. For instance, a recent study on carbapenem-resistant Enterobac-
teriaceae (CRE) found that the depletion of beneficial commensals induced by anti-
anaerobic agents (eg, Piperacillin/Tazobactam, carbapenems, ciprofloxacin, and
cephalosporins) allowed the preferential expansion of CRE. This expansion was
linked to a loss of inhibitory microbiota-mediated metabolites and changes in nutrient
availability.62 Separately, a longitudinal study of multidrug-resistant Enterobacteri-
aceae (MDR-E) involving over 800 samples from 100 patients with acute leukemia
identified specific cooperative interactions between Lactobacillus rhamnosus and
Clostridiales spp. that prevented the expansion of MDR-E by creating a hostile envi-
ronment for resistant strains through increased butyrate levels and reduced nutrient
sources.63

Other Exposures

We cannot summarize all potential factors in the ICU that can cause dysbiosis, given
the sheer number of possibilities and the lack of direct or extrapolated data; however,
there is evidence that many other common features of ICU care would be expected to
impact the gut microbiota. Some examples include the use of supplemental oxygen,
opioid analgesics, proton-pump inhibitors, and anesthetics/sedatives, all of which
have been shown to cause dysbiosis in different contexts.60,64,65 Colonization and
transmission of AROs is endemic in ICUs and may have a substantial effect on gut mi-
crobial communities. For example, a recent study exploring potential ARO sources
throughout ICU surfaces and built environments demonstrated that sink drains within
ICU rooms had the highest density of AROs. The investigators further demonstrated
that several P. aeruginosa strains within these reservoirs could be detected in a subset
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of patient blood samples, suggesting movement of this clone between the environ-
ment and patients.66 There are likely dozens, if not hundreds, of other elements of
ICU care that can and do contribute to dysbiosis. This leads to the question of what
the impact of poor microbiome health is on outcomes for patients undergoing inten-
sive care.
MECHANISMS OF INJURY MEDIATED BY ICU-ASSOCIATED DYSBIOSIS

Growing evidence indicates that the derangements in the gut microbiota in the ICU
(sustained by inflammation and/or effects of environmental exposures) modulate
host responses in acute critical illness and phases of recovery. While there are
numerous potential mechanisms, here we primarily focus on recent advances in un-
derstanding that impact the conceptualization of ICU-associated dysbiosis specif-
ically as it pertains to gut barrier hyperpermeability, translocation of microbial
components into circulation, and secondary infections. This is not a comprehensive
list of key factors, and in particular we do not discuss the numerous potential effects
of microbial-derived metabolites, an important topic that is well-studied outside the
ICU setting and remains poorly understood in this context.11,67

Gut Barrier Hyperpermeability

Hyperpermeability of the gut barrier induced by inflammation is thought to play a cen-
tral role in immune dysregulation and organ dysfunction in many infectious and non-
infectious conditions encountered in the ICU (e,g, sepsis, acute respiratory distress
syndrome, trauma, and pancreatitis).68 Comprehensive reviews of intestinal barrier
defenses have been published in greater details elsewhere,69–71 and here we have
focused on alterations in the physical barrier given accumulating recent research
exploring the role of host-microbe interactions on gut barrier hyperpermeability. Spe-
cifically, independent of its effects on the gut microbiota, inflammation directly impairs
both the physical and functional barriers in the GI tract, which ordinarily prevent entry
of luminal factors (host- and microbe-derived molecules) into mesenteric lymph and
circulation.69 Gut hyperpermeability is a result of inflammation-induced insults to
several physical barriers in the gut including mucin degradation, increased tight-
junction mediated paracellular permeability, and IEC death.69,71 IEC death, in partic-
ular, is induced in the presence of tumor necrosis factor (TNF)72 and IL-13,73 as well
as programmed cell death networks, the last of which features prominently in the
pathobiology of sepsis.74 While the mechanisms of gut barrier hyperpermeability
have only been clarified recently, the ramifications of impaired intestinal defenses
on the potentiation of systemic inflammation date back to over 2 decades ago.
Then, foundational studies demonstrated that gut-derived Microbial- or Pathogen-
Associated Molecular Patterns (PAMPs) can signal to TLRs and other pattern recog-
nition receptors on endothelial and immune cells within and outside the gut, inducing
release of pro-inflammatory cytokines. The most well-known of these PAMPS is lipo-
polysaccharide (LPS), a glycoconjugate expressed by gram-negative bacteria con-
sisting of a hydrophobic domain known as lipid A (or endotoxin), a non-repeating
“core” oligosaccharide, and a distal polysaccharide (or O-antigen).75 Landmark exper-
iments using LPS derived from E. Coli have shown that in the setting of sepsis and
other conditions of gut barrier hyperpermeability, LPS induces MyD88 and MyD88-
independent pathways following binding of toll-like receptor 4 (TLR4) on systemic
endothelial and immune cells, thus promoting release of pro-inflammatory cytokines
and potentiating end-organ dysfunction.76,77 Indeed, indirect evidence of gut barrier
permeability has been demonstrated by elevations in serum markers of enterocyte
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damage (zonulin and intestinal fatty acid binding protein) in patients with both chronic
inflammation and acute critical illness.78 Patients with surgical and non-surgical
sepsis, trauma, and cirrhosis, the extent of gut permeability on or within 7 days of
admission has also been shown to correlate with clinical outcomes like end-organ
dysfunction and mortality,79–81 supporting the relationship between gut barrier hyper-
permeability and sustained inflammation.
Compositional changes in the gut microbiota in the ICU may further modulate intes-

tinal inflammatory responses and directly impact permeability, with recent data high-
lighting the complexity and nuances of microbial features in regulating these
responses. For example, recent data suggests that inflammatory signals generated
by LPS derived from gut microbes are not uniformly pro-inflammatory, but rather,
are variable and dependent upon the LPS isoform.82 Moreover, using computational
and experimental approaches to characterize effects of gut microbiota LPS, investiga-
tors additionally found that the majority of LPS in human gut communities is derived
from Bacteroidales spp. and, in fact, antagonizes the immunostimulatory effect of
Proteobacteria-derived LPS TLR4-mediated signaling.83 However, Proteobacteria
and other pathobionts additionally employ other mechanisms beyond LPS to weaken
barrier defenses. For example, preclinical models demonstrate that colonization by
Enterobacteriaceae and Enterococcus can directly disrupt intestinal endothelial integ-
rity, including commensal and pathogenic E. Coli (via upregulation of zonulin)84;
K. Pneumoniae (via increasing pore formation)85; and, E. faecalis (via promoting secre-
tion of matrix metalloproteinase).86

Though these studies underscore the potential negative consequences of patho-
biont Enterobacteriaceae, it is important to note that the LPS isoform and designated
genus are not always enough to inform the effect of a microbe. For example, despite
the immunogenicity of its LPS, the probiotic Escherichia coli Nissle 1917, exerts pro-
tective effects on gut barrier defenses, down-regulating the expression of matrix
metalloproteinase-2 and TNF, and promoting the expression of tight junction proteins
in IECs.87 It has been used as a probiotic for treatment of IBD and demonstrated suc-
cess in a mouse model of sepsis,88 further showing promise as a platform for engi-
neered E. Coli with additional therapeutic capabilities.89

Translocation of Gut-derived Microbial Components

In the context of intestinal hyperpermeability, the composition of the ICU gut micro-
biota may additionally impact the translocation of microbial components and subse-
quent host responses. Importantly, the permeability that occurs from IEC death
does not have a size or charge restriction,69 and thus potentially allows larger DNA
components, including live microorganisms or bacterial extracellular vesicles
(BEVs), to enter systemic circulation. BEVs are nanometer-sized membrane particles
secreted by gram-negative and gram-positive microbes, used to transport nucleic
acids (including the 16s rRNA gene), as well as metabolites, proteins, and toxins
(including LPS in the case of gram-negative EVs).90 Although there are no current
studies directly assessing BEVs in the context of critical illness, in patients with chronic
inflammatory conditions associated with gut hyperpermeability, investigators reported
that EV-associated LPS, rather than lower-density soluble LPS products, was the pri-
mary source of systemic TLR4 activation.91

Both live microorganisms and BEVs of gut-origin that enter the circulation have the
potential to elicit a variety of immunologic and metabolic responses that may be
crucial to acute host responses in critical illness, and have the potential to serve as
therapeutic targets.92 Thus, characterizing these microbial DNA components using
culture-independent techniques is a growing area of interest with the potential for
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highly fruitful advances in understanding. Nonetheless, there are methodologic con-
siderations to using 16S sequencing in blood and other low biomass samples,
including a high potential for contamination, particularly in healthy patients (ie, with
low suspicion for translocation).93,94 Moreover, 16S sequencing cannot determine
viability, and the source of blood microbial DNA identified may vary based on process-
ing techniques. This microbial DNA may represent (1) live gut microbes (de-facto
translocation); (2) DNA associated with BEVs; (3) free-floating DNA fragments (ie,
from lysed bacteria); or (4) DNA fragments that were phagocytosed by leukocytes.94

Given these complexities, we use the term “blood microbial DNA signatures” to
describe these findings until definitive validation through culture is achieved.
Despite the limitations of sequencing techniques, there are growing direct and indi-

rect evidences that the amount and composition of these microbial DNA signatures
may contribute to shaping host responses in critical illness. For example, in a study
using 16S rRNA sequencing to analyze blood collected from healthy volunteers (n 5
23) and patients with sepsis (n 5 62), the investigators found a significant difference
in community composition between groups (beta-diversity), as well as relative in-
crease of Proteobacteria-derived DNA in septic patients.95 A separate investigation
focusing on translocation in the setting of ST-segment elevation myocardial ischemia
(MI) further the potential importance of microbial DNA signatures recovered from
blood leukocytes. Specifically, investigators found that compared to healthy controls
(n5 49) and those with stable coronary heart disease (n5 50), those with ST-elevation
MI had a greater proportion of gut-derived microbial DNA components in blood
(Lactobacillus, Bacteroides, and Streptococcus), and that markers indicative of gut
bacterial translocation (LPS and D-lactate) correlated with systemic inflammation
(CD1411 CD161 monocytes, C-reactive protein).96

Moreover, microbial DNA signatures and live micro-organisms have also been
recovered from distal tissues and implicated in local inflammation at these sites. For
example, a study of post-mortem brain tissue samples from patients who died from
sepsis or non-infectious causes found discrete gut-derived microbial signatures spe-
cific to the sepsis group. These findings were corroborated in a murine sepsis model,
where cultivatable live gut bacteria were found in brain tissue.97 In ICU patients with
Acute Respiratory Distress Syndrome (ARDS), landmark studies profiling microbial
communities in bronchoalveolar lavage samples demonstrated that gut-associated
microbes, including Enterobacteriaceae and Lachnospiraceae, correlated with greater
disease severity and mortality.98,99 A comprehensive study by Montassier and col-
leagues further validated the role of gut microbial translocation in ARDS pathobiology.
Using 16S rRNA sequencing data pooled from 17 studies involving 1029 critically-ill
patients (21.7% with ARDS and 26.3% with hospital-acquired pneumonia [HAP])
and 327 healthy controls, the investigators found that endotracheal aspirates from
ARDS patients were enriched with pathobionts (Staphylococcus, Ralstonia, and
Enterococcus), whereas those from HAP patients had reduced lung commensals.100

Together, these studies underscore the importance of understanding microbial DNA
signatures and the species-specific responses they may trigger upon immune cell
stimulation, highlighting a promising area for future research with significant therapeu-
tic implications. Establishing consistent protocols and nomenclature will be crucial for
accurately defining the impact of microbial DNA, and the actual biologic material they
represent, from various sources.

Dysbiosis in the Intensive Care Unit and Secondary Infection

In addition to the potential modulation of acute processes bymicrobial components (of
unclear source), an association between expansion of pathobionts and development
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of nosocomial infections has repeatedly been demonstrated in critically-ill and immu-
nocompromised patients. Two potential mechanisms have been identified that may be
responsible for these associations. The first is elucidated from countless studies
demonstrating a direct association between pathobiont expansion and/or colonization
by AROs and the subsequent development of infection by the same organism. Indeed,
translocation of live pathobionts from the gut with seeding at distal sites has been
implicated in the development of bacteremia, nosocomial pneumonia, and biofilm-
related infections.101–104 In some instances, rather than translocating as live microor-
ganisms, these pathogens may be carried by neutrophils to distant sites, potentially
facilitating secondary infections.105 Although the processes determining which patho-
bionts cause disease are not fully understood, some data suggest that pathobionts
may become virulent only in the context of a disrupted microbiota. For instance, a
model of pathobiont-induced intestinal inflammation revealed that Helicobacter bilis
only causes disease in the presence of a disturbed microbiota and that the disease
was driven by the intestinal Th17 response against other gut microbes rather than
the pathobiont itself.106 Nonetheless, translocation alone cannot explain results from
other groups showing an association between Enterobacteriaceae expansion and
the subsequent development of nosocomial infection by any organism.22,26 Insights
into these mechanisms were provided by Schectle and colleagues, who investigated
approximately 50mixed ICUpatients using longitudinal gutmicrobiota sampling (rectal
swabs), extensive immunophenotyping, and single-cell sequencing. They found that
patients with “progressive Enterobacteriaceae enrichment” (ie, doubling of Enterobac-
teriaceae on sequential samples) exhibited a unique immunosuppressed phenotype
characterized by hypofunctional neutrophils. This study integrates systems biology
approaches to explore microbiota-immune cross-talk, suggesting that alterations in
the gut microbiotamay impair the host’s ability to defend against secondary infections,
including those potentially translocating from the gut. Thus, derangements in gut
microbiota may compromise the host’s immune defenses against secondary infec-
tions by other microbes.26
SUMMARY

The data we have summarized all lead to the conclusion that disturbances in the gut
microbiota sustained throughout critical illness—some of which are potentially modifi-
able—may contribute to injury that is independent of the primary cause of the patient’s
need for ICU care. However, clinical studies of microbiome-targeted interventions
including the administration of prebiotic fiber and pro/synbiotics have failed to show
consistent benefit in large RCTs or systematic meta-analyses, even despite strong
signals indicating clinical benefit in individual studies. While these findings are at
odds with numerous conditions faced in the outpatient setting where prebiotic/probi-
otic therapy have had readily demonstrable positive impacts (eg, autoimmune medi-
ated diseases, cancer therapy, GI disorders, and COVID-19 pneumonia)107,108 and
it implies a knowledge gap that will require substantial future research both in the clin-
ical and translational settings. We hypothesize that the absence of benefit observed in
the current literature is due to a lack of specificity of treatment—all ICU patients at all
times in their treatment course do not benefit from the currently available therapies,
which may be poorly targeted to the type of dysbiosis seen in this setting. We propose
that focus should be centered in several areas that are likely to be highly productive: 1.
Understanding how to parse different types of ICU patients and different phases of
their care as it relates to putatively harmful states of dysbiosis through both clinical
and translational approaches; 2. Clarifying mechanisms under control of the HGM in
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the context of the ICU environment and identifying in which patients these mecha-
nisms are clinically relevant; and 3. Designing therapies for the microbiome that are
reflective of what is known about ICU-induced dysbiosis, taking into account the im-
plications of disturbances in gut microbial ecological interactions, as well as gut bar-
rier integrity. The types of microbiome-targeted interventions are rapidly increasing,
and a better understanding of which therapies should be provided, and at what point
in disease course, and to what population of patients has the potential for high impact
in intensive care medicine.

CLINICS CARE POINTS
� Characteristic disturbances in the gut microbiota—including loss of beneficial microbes and
increased abundance of potentially pathogenic bacterial and fungal species (pathobionts)—
are present to varying degrees in nearly all ICU patients. Certain features, namely high
intestinal burden of pathobionts Enterococcus and Enterobacteriaceae, have repeatedly
been associated with increased in-hospital mortality and development of nosocomial
infection.

� Inflammation and exposure to ICU care (ie, alterations in diet, antibiotics) alter the intestinal
microenvironment and ecological interactions within the gut microbial community, thus
impairing various mechanisms of colonization resistance and providing an environment that
preferentially favors expansion of pathobionts like Enterobacteriaceae and Enterococcus
and development of AROs.

� Inflammation in acute critical illness leads to gut barrier hyperpermeability, which further
promotes innate immune cell activation. Disruptions in the gut microbiota and increased
burden of Enterobacteriaceae and Enterococcus provoked in the ICU setting may potentially
further impact these responses by 1) weakening physical barriers via effects on intestinal
endothelial cells and 2) regulating systemic immune cell activation via signals from gut-
derived microbial components, with variations in blood microbial composition potentially
impacting clinical phenotypes.

� Development of nosocomial infections in ICU patients may be the result of translocation of
live pathobionts. Disruptions in the gut microbiota in the ICU may further contribute to this
risk by enhancing virulence and impairing innate immune defenses.

� Improved stratification of ICU patients and the development of tailored microbiome
interventions could enhance treatment outcomes. Ongoing advancements in microbiome
science offer potential for significant impact but therapies must be better matched to the
unique disturbances in the gut microbiota and GI microenvironment encountered in the ICU.
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