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More of the Gut in the Lung: How Two 
Microbiomes Meet in ARDS
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In critically ill patients, lung and gut microbiomes undergo profound changes. Lung microbiome might 
become enriched with gut-associated microbes as recently demonstrated in sepsis and acute respiratory 
distress syndrome (ARDS†). It has been proposed that in these conditions, bacteria from the gut might 
enter the lungs via translocation, a process facilitated by increased gut and alveolo-capillary permeability. 
In patients requiring mechanical ventilation after severe trauma, lung microbiome enrichment with gut-
associated microbes was found to correlate with the development of ARDS. The lungs in ARDS are 
increasingly susceptible to opportunistic infections which can further perpetuate alveolar inflammation and 
injury. Undoubtedly, more research on the gut-lung crosstalk in critically ill patients is needed to identify 
causal relationships between the altered microbiome, infections, inflammation, and acute lung injury. With 
further insights, this area of investigation could lead to the development of novel, microbiome-targeted, 
and immunomodulation strategies with the potential to improve outcomes of critically ill patients with 
sepsis, trauma, and ARDS.
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INTRODUCTION

Alveolar space is never sterile – microbes or their 
products continuously reach alveoli via oropharyngeal 
aspiration, gastroesophageal reflux aspiration, or inhala-
tion [1,2]. Although differences exist among individuals, 
alveolar microbiome of a non-diseased lung is typically 
composed of non-pathogenic anaerobes (Prevotella, Veil-
lonella, Fusobacterium) that originate from oropharyn-
geal flora [3-5]. Despite their relatively low numbers in 
the alveoli, these bacteria play a key role in maintaining 
lung immune homeostasis [6]. In the lungs of critically 

ill patients, the normal microbiome becomes rapidly dis-
rupted. Bacterial diversity is decreased, and commensals 
might become displaced by potential pathogens, often 
originating from other ecosystems (gut, skin) [3,7]. Illus-
trating some of these complex events are recent studies in 
sepsis, trauma, and ARDS in which culture-independent 
methods were utilized to investigate dynamics of lung 
microbiome. In these conditions, pulmonary microbiome 
was frequently found to be enriched with gut-associat-
ed bacteria, primarily represented by Bacteroidetes and 
Enterobacteriaceae [8,9]. The phenomenon of “more of 
the gut in the lung” appears clinically important, as this 
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microbiome shift is associated with increased markers of 
adverse inflammation and lung injury [8,10,11].

How do the gut microbes enter the lungs of critically 
ill? In patients that require invasive mechanical ventila-
tion due to respiratory failure, the pathogenic inoculum is 
traditionally believed to originate from oral flora, compo-
sition of which becomes gradually altered during the ICU 
stay [12]. In a susceptible host, continuous micro-aspira-
tion of potential pathogens may lead to the development 
of respiratory infection [13]. Therefore, ICU “ventilator 
bundles” include interventions aimed at reducing aspi-
ration such as head of the bed elevation, oral care and 
intermittent tracheal suctioning [14]. Despite these in-
terventions, nosocomial pneumonia remains a frequent 
complication of the ICU stay, significantly contribut-
ing to the mortality of critically ill patients [13]. Recent 
studies in sepsis, ARDS, and stroke suggest that during 
these conditions, certain gut microbes might increasing-
ly translocate across the bowel wall and even enter the 
lung [9,15] (Figure 1). Such mechanism of bacterial en-
try to the lung is believed to be facilitated by increased 
gut and alveolar permeability [9,16,17]. In this review, 
we will discuss the influence of gut microbes on alveolar 
inflammation, infection, and acute lung injury. Although 
the complex links between the gut and lung microbiomes 
are yet incompletely understood, a mounting evidence 
suggests that a perturbed gut-lung axis might play a key 

role in the pathogenesis of pulmonary complications in 
critically ill patients [8,9,18].

HOW GUT AND LUNG MICROBIOMES 
BECOME CLOSER IN CRITICALLY ILL 
PATIENTS

Mucosal lining of respiratory and gastrointestinal 
tract is de facto continuous, allowing micro-aspiration 
of oropharyngeal flora to normally occur even in healthy 
individuals [1,19,20]. The anaerobes which in this way 
enter alveolar spaces are typically non-pathogenic con-
stituents of normal oral flora [1,8,19,20]. In critically ill 
patients, lung microbiome undergoes substantial changes 
[3,9]. In patients receiving mechanical ventilation, bac-
terial diversity is often decreased, and a single popula-
tion, often an opportunistic pathogen, might eventually 
become dominant [3,7,21].

Multiple factors acting in concert likely promote this 
microbial dysbiosis. In patients with sepsis or ARDS, the 
adverse inflammation alters the physiochemical (pH, ox-
ygen tension, free radicals) and metabolic environment 
(presence of nutrients) of the alveoli [22-24]. The anaer-
obic zones that arise due to the alveolar edema or alve-
olar collapse (atelectasis) in the injured lungs are more 
permissive to the growth of potential pathogens [24]. The 
presence of an endotracheal tube in mechanically venti-

Figure 1. Pulmonary microbiome in health and critical illness. In healthy individuals, lungs and gut harbor 
markedly different microbiomes. Composition of lung microbiome closely resembles the one of oropharynx. In 
critically ill patients with sepsis, severe trauma, or ARDS, lung microbiome might become enriched with gut-
associated microbes. Potential pathogens can enter lung via aspiration and possibly translocation from the gut. The 
resulting state of dysbiosis promotes inflammation and acute lung injury.



Mukherjee and Hanidziar: Microbiome in ARDS 145

lated patients allows continuous micro-aspiration of the 
oropharyngeal flora while impairing natural airway clear-
ance mechanisms [25].

Recent evidence suggests that lung microbiome 
might also be altered as a result of pathogenic links that 
exist between the gut and the lungs of critically ill patients 
[8,10]. Using a culture-independent method of 16S rRNA 
gene sequencing, Dickson and colleagues found that lung 
microbiome in experimental sepsis in mice as well as in 
patients with established ARDS becomes enriched with 
gut-associated bacteria, of which Bacteroides, an anaer-
obic gut commensal, was most commonly found in both 
settings [9]. Identified in lungs of mice with sepsis were 
also other gut commensals, such as Enterococcus faecalis 
and species belonging to the Enterobacteriaceae family. 

Given that these gut microbes were not detected in 
the upper airways of intubated subjects with ARDS or 
mice with sepsis, authors suggested that translocation, 
rather than aspiration, was the primary mechanism of 
microbial entry to the lung. While definitive data are yet 
lacking, it has been proposed that the route of bacterial 
migration might involve gut-draining lymphatics, portal, 
or systemic circulation [9,26-28]. Increased gut and al-
veolar permeability are believed to be required for this 
process to take place. Gut permeability is known to be 
increased during sepsis and possibly during other acute 
conditions involving the digestive tract such as bowel 
obstruction, ischemia, severe pancreatitis, or enterocyte 
toxicity due to chemotherapy [29-33].

Recently, increased gut permeability has also been 
found in experimental stroke and hypothesized to be a 
result of autonomic dysregulation (increased sympathet-
ic tone) that occurs in this setting [15]. In ARDS, alveo-
lo-capillary membrane becomes increasingly permeable 
as a result of a direct (primarily epithelial) or an indirect 
(primarily endothelial) injury that can occur in the whole 
host of acute conditions including sepsis, pancreatitis, 
trauma, or pneumonia [34]. Hence, it is reasonable to 
posit that critically ill patients with conditions that in-
crease both gut and alveolo-capillary permeability might 
be at the highest risk of gut-lung bacterial translocation.

What are the clinical implications for the ICU care? 
If translocation of gut bacteria to the lungs occurs in at 
least some critically ill patients, it would represent an ad-
ditional mechanism that potentially contributes to lung 
dysbiosis, pneumonia or lung injury. Current pneumo-
nia prevention measures focused at reducing aspiration 
in mechanically ventilated patients would be ineffective 
against this alternative route of bacterial entry. In fact, 
despite broadly used “ventilator bundles,” pneumonia 
continues to be a frequent complication of ICU stay [35]. 
Gut-associated anaerobes such as Bacteroides, even if 
increasingly present in the lungs during sepsis or ARDS 
would remain undetected by conventional culture tech-

niques [36]. Furthermore, microbiology studies of bron-
choalveolar fluid would be pursued only when infection is 
suspected by treating clinicians. Gut anaerobes, however, 
might be increasingly present in the injured lungs even 
when these do not appear to be infected. It is also import-
ant to note that at present, anaerobic antibiotic coverage 
is not uniformly administered to critically ill patients with 
ARDS unless a clinical suspicion for an anaerobic infec-
tion is high [37].

It therefore remains to be determined whether these 
potential pathogens, when present in the lungs of patients 
at risk for ARDS, are associated with adverse outcomes 
and therefore need to be identified early and targeted 
therapeutically [10]. Further research is needed to identi-
fy these potential causal relationships. A recent study by 
Panzer and colleagues suggests that a link exists between 
pulmonary dysbiosis in critically ill patients and the risk 
of subsequent development of ARDS [8]. The authors 
found that in mechanically ventilated patients with severe 
trauma, the enrichment of lung microbiome with gut mi-
crobes, particularly Enterobacteriaceae, correlated with 
development of ARDS. As the evidence for the adverse 
roles of gut-associated microbes in ARDS increases, it is 
likely that their timely detection and therapeutic target-
ing could represent a new opportunity to improve patient 
outcomes.

A CIRCLE OF DYSBIOSIS, INFECTION, 
INFLAMMATION, AND LUNG INJURY

Both sepsis and ARDS, regardless of their specific 
etiologies, are accompanied by adverse forms of inflam-
mation [38,39]. However, targeting select immune path-
ways with the goal to favorably modify the inflammatory 
milieu in these conditions has thus far failed to improve 
patient outcomes in clinical trials [40,41]. As close links 
between inflammation and microbiome continue to be 
unraveled, it is being increasingly recognized that ther-
apeutic interventions in sepsis and ARDS might need to 
involve a modulation of the microbiome that is itself pro-
foundly altered in critically ill patients [42,43]. Recent 
studies in patients with ARDS have revealed the enrich-
ment of lung microbiome with gut-associated microbes 
including Bacteroidetes and Enterobacteriaceae [8]. 
While these findings could simply reflect a generalized 
state of dysbiosis in these critically ill patients, the study 
by Panzer and colleagues also points to a potentially ac-
tive role of these microbes in ARDS pathogenesis [8]. 
The authors found that in severely injured mechanically 
ventilated patients, an early lung dysbiosis is associated 
with increased markers of inflammation (IL-6, IL-8) and 
in these patients, subsequent development of ARDS is 
more likely [8]. Dickson and colleagues have suggested 
that translocation might be the key process by which gut 
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quired for pulmonary host defense [50]. The impairment 
of anti-infectious immunity in the critically ill is a major 
clinical problem [40,53] as patients with sepsis, trauma, 
or ARDS are highly susceptible to the development of 
nosocomial infections such as ventilator-associated pneu-
monia [54]. Impaired clearance of the pathogens due to 
the acquired immune dysfunction might perpetuate the 
circle of inflammation and tissue injury [10]. Importantly, 
it has become increasingly recognized that both immune 
dysfunction [40] and dysbiosis might persist for extend-
ed time periods even after physiologic “recovery” of the 
critically ill patient has occurred [11]. The survivors con-
tinue to be susceptible to infections with opportunistic 
pathogens and are more likely to develop another episode 
of sepsis [55,56]. Hence, restoring the immune compe-
tence [40,57,58] as well as a normal composition of the 
microbiome [46] might be needed to improve long-term 
outcomes of critically ill.

CONCLUSION AND FUTURE DIRECTIONS

Despite decades of research into molecular mecha-
nisms of sepsis and ARDS, current management of these 
conditions remains largely supportive [59,60]. In severe 
cases of sepsis and ARDS, mortality reaches 40 percent 
[61,62] and is typically a result of a refractory multiple 
organ failure [63]. Non-resolving inflammation and im-
mune dysregulation have been implicated in multiple or-
gan dysfunction syndrome [40,64].

However, immune-targeted strategies expected to 
favorably modify the adverse inflammation have not im-
proved outcomes in clinical trials of sepsis or ARDS [40]. 
It has therefore been advocated by many that the list of 
potential therapeutic targets might need to be expanded 
beyond the components of the dysregulated immune sys-
tem [10].

It is now broadly acknowledged that critical illness 
is associated with a profound and rapid disruption of all 
microbiomes [11,65,66]. For instance, an abnormal gut 
microbiome has long been considered to play a key role 
in sepsis by driving systemic inflammation and immune 
suppression simultaneously [32,45]. Recent evidence 
also suggests that an altered lung microbiome might 
promote inflammation and lung parenchymal injury in 
ARDS [8-10]. Further complicating matters is the simul-
taneous impairment of anti-infectious immunity which 
predisposes critically ill patients to infections with oppor-
tunistic pathogens, often leading to prolonged treatment 
with broad spectrum antibiotics [67,68]. The complex 
circle of dysbiosis, inflammation, infection and tissue 
injury that characterizes these conditions creates major 
challenges when designing rational therapeutic interven-
tions [10]. The ideal interventions in sepsis and ARDS 
would not only target the adverse inflammation but also 

bacteria immigrate into the lung during ARDS [9]. While 
the evidence for translocation in ARDS still remains only 
indirect, these new findings further expand the already 
exhaustive list of mechanisms by which the digestive 
tract might promote lung inflammation and injury in crit-
ically ill patients.

As a result of circulatory and neuroendocrine dys-
regulation in critically ill, gut barrier function is frequent-
ly impaired [44]. In this setting, increased amounts of 
luminal components, mainly from small intestine (whole 
bacteria, bacterial DNA, lipopolysaccharide, pancreat-
ic enzymes, pro-inflammatory cytokines, high mobility 
group box 1 protein), might enter either portal circula-
tion or draining mesenteric lymph vessels and eventually 
reach the lung, promoting alveolar inflammation [44].
In contrast to portal blood, mesenteric lymph bypasses 
the liver, allowing for high concentrations of gut-derived 
“danger molecules” to directly enter central circulation 
via thoracic duct and potentially cause lung injury, pri-
marily through toxic effects upon pulmonary microvascu-
lature and recruitment of neutrophils [28,44]. The patho-
genic role of mesenteric lymph has been demonstrated in 
experimental models of hemorrhagic shock when ligation 
of the thoracic duct and the mesenteric ducts was protec-
tive against lung injury, likely by preventing the influx 
of the inflammatory mediators from the gut to the lung 
[28,48].

Increasing evidence also points to the detrimental 
role of an altered gut microbiome upon the lungs of the 
critically ill [32,44]. Gut ecosystem of critically ill pa-
tients is profoundly disrupted and characterized by de-
creased bacterial diversity and decreased numbers of key 
anaerobic commensals (Bacteroidetes, Firmicutes). An 
overgrowth of a single taxon (Escherichia coli, Entero-
coccus, Clostridium difficile, Salmonella, Pseudomonas) 
occurs in a substantial proportion of patients [45,46]. 
These changes occur as a result of multiple factors in-
cluding mesenteric hypoperfusion, interruptions in en-
teral nutrition, and administration of vasoactive agents, 
opioids, stress ulcer prophylaxis, and antibiotics during 
the intensive care [11]. Experimental evidence suggests 
that the altered gut microbiome has detrimental effects 
on pulmonary defense against pathogens [49-52]. Anti-
biotic-treated and germ-free mice manifest an increased 
susceptibility to lung infections with Streptococcus pneu-
moniae and Klebsiella pneumoniae which is linked to 
low pulmonary levels of interleukin (IL)-17 and granu-
locyte macrophage colony stimulating factor (GM-CSF) 
in these mice. That IL-17 and GM-CSF are required 
for an effective lung defense was confirmed by experi-
ments blocking these mediators in vivo [49]. Gray and 
colleagues demonstrated that an intact gut microbiome 
promotes development of innate lymphoid cells, influx 
of which to the lung in the early postnatal period is re-
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simultaneously restore the immune competence as well 
as normal composition of altered microbiomes. On the 
other hand, the microbes causing infection or the ones 
promoting adverse inflammation would be targeted by 
a highly specific antibiotic therapy. Small steps have al-
ready been taken in some of these directions. Clinical tri-
als with immune checkpoint inhibitors (PD-1 antagonist), 
drugs that are now broadly used in cancer immunothera-
py are currently ongoing in sepsis [40,57]. Reversing the 
“immune exhaustion” by these drugs in the right patient 
populations might be beneficial in reducing opportunistic 
infections and recurrent sepsis episodes [57,68]. First mi-
crobiome-targeted interventions consisting of either de-
pleting [69] or adding microbiota [43] have already been 
tested in patients with multiple organ failure, sepsis, and 
C. difficile colitis. However, a large amount of addition-
al research is needed for these interventions to become 
broadly utilized in clinical care.

As our knowledge on microbiome dysregulation in 
sepsis and ARDS increases, new questions also arise as 
to the value of serially monitoring the dynamics of the 
microbiome during ICU care, for example, in cases of 
non-resolving multiple organ dysfunction or severe 
ARDS. Of note, recent identification of gut anaerobes in 
lungs of patients with ARDS was made possible with the 
use of culture-independent techniques that are not routine-
ly used by clinical laboratories. Because these potential 
pathogens are likely to remain undetected using routine 
culture methods [36,70], their antibiotic targeting would 
also remain only empiric. As the evidence for pathogenic 
roles of gut-associated microbes in sepsis, trauma, and 
ARDS further expands, clinical practice might need to 
adjust to the new requirements for precise and timely bac-
terial identification, characterization, and antibiotic sus-
ceptibility testing. The exact process of bacterial translo-
cation to the lung during sepsis and ARDS also requires 
further study. Given that the current evidence is only in-
direct, the use of radio-imaging techniques to visualize 
bacterial migration to the lung might be warranted when 
testing novel interventions to attenuate this potentially 
important pathogenic process [71].
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