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Abstract

Clinical and molecular heterogeneity are common features of
human disease. Understanding the basis for heterogeneity
has led to major advances in therapy for many cancers and
pulmonary diseases such as cystic fibrosis and asthma. Although
heterogeneity of risk factors, disease severity, and outcomes in
survivors are common features of the acute respiratory distress
syndrome (ARDS), many challenges exist in understanding the
clinical and molecular basis for disease heterogeneity and using
heterogeneity to tailor therapy for individual patients. This report
summarizes the proceedings of the 2021 Aspen Lung Conference,

which was organized to review key issues related to
understanding clinical and molecular heterogeneity in ARDS. The
goals were to review new information about ARDS phenotypes, to
explore multicellular and multisystem mechanisms responsible for
heterogeneity, and to review how best to account for clinical and
molecular heterogeneity in clinical trial design and assessment of
outcomes. The report concludes with recommendations for future
research to understand the clinical and basic mechanisms
underlying heterogeneity in ARDS to advance the development of
new treatments for this life-threatening critical illness.
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Acute respiratory distress syndrome (ARDS)
is characterized by severe abnormalities of
pulmonary gas exchange not fully explained
by cardiac failure or fluid overload (1). As a
syndrome, ARDS is not a single disorder
with a well-defined cause and a dominant
pathophysiological pathway to guide the
development of potential treatments, which
creates major challenges for developing new
clinical and pharmacological therapies.
Although substantial progress has beenmade
in understanding the clinical and molecular
heterogeneity of ARDS, this progress has not
yet been translated into new therapies, and
many questions remain (2).

In 2021, the Aspen Lung Conference,
entitled “ARDS in the 21st Century: New
insights into clinical andmechanistic
heterogeneity”, addressed emerging concepts
of heterogeneity in ARDS and implications
for new diagnostic and therapeutic
approaches. The specific goals of the
Conference were to address the importance
of heterogeneity in ARDS with a focus on
1) understanding the presence and
therapeutic significance of ARDS
mechanistic and phenotypic subtypes;
2) exploring multicellular andmultisystemic
mechanisms responsible for this
heterogeneity; and 3) determining how to
best account for disease heterogeneity during
clinical trial design and assessment of
outcomes. In this summary, we highlight key
points and new developments that were
discussed and conclude with a discussion of
areas for continuing research.

Historical Evolution of the
Importance of Clinical and
Molecular Heterogeneity
in ARDS

The importance of clinical and
pathophysiological heterogeneity has been
recognized since the original description of
ARDS by Ashbaugh and colleagues, and key
milestones are shown in Table 1. The first
report included 12 patients with acute lung
injury from diverse etiologies, including
trauma, pancreatitis, gastric aspiration, drug
overdose, and suspected viral pneumonia (3).
Mortality was 58% (7/12), and pathologic
examination of the lungs suggested severe

injury to the gas exchange parenchyma.
Five patients were treated with positive end-
expiratory pressure (PEEP) ranging from
5 to 10 cmH2O, with improvement in
oxygenation, suggesting that PEEPmight be
an effective therapy, and lung samples from
two patients who died had reduced surface
tension lowering properties in vitro,
suggesting that surfactant depletion might
contribute to the pathophysiology, which
was confirmed in subsequent studies (4, 5).
The pathologic findings suggested that
ARDSmight be a common response to
heterogeneous causes of lung injury.

Initial progress in understanding acute
lung injury was on the basis of identifying
mechanisms of edema formation and
clearance in the lungs, the importance of
the lung surfactant system, inflammatory
mechanisms in injured lungs, and the
consequences of ventilator-induced
mechanical forces across alveolar walls
(Table 1). Norman Staub used Starling’s
equation to define mechanisms responsible
for edema formation in the lungs, leading to
the critical distinction between edema caused
by increased hydrostatic pressure versus
increased vascular permeability (6).
A sampling of undiluted pulmonary edema
fluid by direct endobronchial aspiration in
newly intubated patients showed that most
patients with clinically defined acute lung
injury had high permeability protein edema,
defined by a high edema fluid to plasma
protein ratio (7).

The critical role of the lung epithelium
in reabsorbing edema fluid was shown in a
series of studies byMatthay and colleagues
showing active fluid and protein clearance
from the airspaces of intact lungs. Alveolar
fluid reabsorption is driven by active sodium
and chloride transfer through specific
epithelial sodium and chloride channels
(8–10), whereas alveolar proteins are
absorbed by separate transporters (11).
Alveolar fluid is reabsorbed more rapidly
across the epithelium than protein, causing
the edema fluid protein concentration to rise
with time in normal lungs. The clinical
relevance of this experimental finding was
shown in an important human study by
Ware and colleagues (12). When lung edema
fluid from patients with acute lung injury
was sampled two times soon after intubation,

the patients in whom the edema fluid protein
concentration rose had a better prognosis,
suggesting that relatively preserved alveolar
epithelial function is an important
determinant of the outcome of acute lung
injury in humans.

The important role of lung surfactant
was established in studies by Clements and
colleagues, who showed that alveolar type
II cells produce surfactant that stabilizes
alveolar units at low lung volumes, and
by Avery and colleagues, who showed
that surfactant replacement could save
newborns with infant respiratory distress
syndrome (13, 14). Petty’s original
observation about abnormal surfactant
function in injured lungs led to trials of
various surfactant replacement strategies
in adults with ARDS, but these were
unsuccessful (15, 16).

The classic ultrastructural studies of
Bachofen andWeibel showed that ARDS is
characterized by extensive injury to lung
microvascular endothelial cells and alveolar
type I cells, microvascular thrombosis,
prominent neutrophilic infiltrates in the
alveolar spaces, denuded alveolar basement
membranes and areas of reepithelialization
by type II cells, suggesting areas of active
epithelial repair (17). The prominence of
neutrophils in the inflammatory alveolar
infiltrates and the known capacity of
neutrophils to produce oxidants and release
proteolytic enzymes led to the hypothesis
that neutrophils were the primary drivers
of the acute lung injury process; however,
additional studies showed that neutrophil
migration does not necessarily injure tissue
and that acute lung injury also occurs in
neutropenic adults and children, so
neutrophils are not absolutely required
(18–22). These observations supported the
concept of heterogeneous mechanisms
causing acute lung injury. Microvascular
thrombosis was identified in early autopsy
studies and also is a prominent feature of
lung injury because of severe acute
respiratory syndrome coronavirus 2
(SARS-CoV-2) (23–25). Thus, severe
hypoxemia in patients with ARDS is
explained largely by V_=Q_ mismatching and
shunting because of alveolar exudates, the
collapse of alveoli because of surfactant
depletion, andmicrovascular abnormalities.
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The recognition that some patients with
ARDS required high inspiratory pressures to
support ventilation led to the hypothesis that
high distending pressures might injure
relatively normal areas of injured lungs. In a
classic study,Webb and Tierney found that
ventilation of rats with high inspiratory
pressures caused hemorrhagic lung injury and
that low concentrations of PEEPwere
protective (26). These findings were confirmed
and extended by Parker and colleagues and
Dreyfuss and colleagues and formed the
rationale for the NIH (National Institutes of
Health)-sponsored ARMA (Lower Tidal
Volume Trial) that showed that ventilating

patients with relatively low tidal volumes
(6 ml/kg vs. 12 ml/kg predicted body
weight) and a plateau pressure limit of
30 cmH2O was associated with a significant
reduction in mortality in ARDS (27–29).
Importantly, the lung-protective strategy
was associated with a significant reduction
in plasma biomarkers of inflammation as
well as endothelial and alveolar epithelial
injury, suggesting that mechanical forces
across the injured alveolar epithelium were
driving some of the alveolar inflammation
(30, 31). This landmark study changed the
standard of practice for how to ventilate
patients with ARDS.

Although the mortality from acute lung
injury was high after the initial description of
ARDS, many patients survived, raising
important questions about how injured lungs
are repaired. Henson and colleagues were
instrumental in identifying the cellular
processes involved in the resolution of
inflammation, including the important role
of macrophages in the phagocytosis of
neutrophils and clearance of cellular debris
from the airspaces (32–34). Studies by
Snyder and colleagues and Clark and
colleagues showed that markers of fibroblast
proliferation and collagen production are
detectable in lung fluids soon after the onset

Table 1. Key Milestones in the History of Acute Respiratory Distress Syndrome

Authors Item Sponsor References

Pre–COVID-19
Ashbaugh, et al. & Petty Description of ARDS, with heterogeneous causes. None (3)
Staub, et al. Mechanisms of edema formation and clearance;

the concept of hydrostatic vs. increased
permeability edema.

NHLBI (6, 7)

Clements, et al. & Avery, et al. Biology of lung surfactant; the importance of lung
epithelium.

NHLBI (13, 14)

Webb & Tierney Demonstration that high VT injures rat lungs. NHLBI (26)
Bachofen & Weibel Morphologic features of acute lung injury. (17)
Matthay, et al. Physiology of alveolar fluid clearance. NHLBI (9, 10)
Wiener-Kronish, et al. Differential responses of endothelial and epithelial

barriers in the lungs.
NHLBI (260)

Ware, et al. Better alveolar fluid clearance in ARDS is
associated with a better outcome, building on
advances in the physiology of edema fluid
clearance in the lungs.

NHLBI (12)

ARDSnet ARMA Improved outcome with low VT ventilation.
Factorial trial design.

NHLBI (29)

Other trials of clinical care Conservative fluid therapy, prone positioning,
neuromuscular blockade, HFNO.

NHLBI and others (53, 60, 62, 64)

Herridge, et al. Long-term outcomes after ARDS. (72, 73)
NHLBI SCOR & SCCOR programs Characterization of alveolar inflammation and

repair before and after the onset of ARDS.
NHLBI (36, 37, 40, 45)

Parsons, et al. Use of plasma biomarkers to understand effects of
interventions (low VT reduces biomarkers of
inflammation and injury).

NHLBI (30)

Calfee, et al. Latent class analysis to define clinical subgroups. NHLBI (92)
NIH/NHLBI Petal Network Treatment trials enrolling subjects before the ICU. NHLBI (261)
Frat, et al. (FLORALI group & REVA
network)

HFNO Trial: changed practice before and after the
onset of COVID-19.

REVA (62)

COVID-19 era
RECOVERY investigators Design of large open-label trials of potential

therapies in the pandemic setting (e.g.,
dexamethasone).

UK (65)

NIH, RECOVERY, REMAP-CAP Large clinical trials with negative
(hydroxychloroquine) and positive
(dexamethasone, tocilizumab, and baricitinib)
signals in moderate, severe, and critical
COVID-19 illness.

NIAID, others (65–67, 261)

Definition of abbreviations: ARDSnet =Acute Respiratory Distress Syndrome Network; ARMA=Lower Tidal Volume Trial; COVID-19=coronavirus
disease; FLORALI=High-Flow Oxygen through Nasal Cannula in Acute Hypoxemic Respiratory Failure; HFNO=High-flow nasal oxygen;
NHLBI=National Heart, Lung, and Blood Institute; NIAID=National Institute of Allergy and Infectious Diseases; NIH=National Institutes of
Health; RECOVERY=Randomised evaluation of COVID-19 therapy; REMAP-CAP=Randomized Embedded Multifactorial Adaptive Platform for
Community-acquired Pneumonia; REVA=R�eseau Europ�een de Recherche en Ventilation Artificielle Network; SCOR=Specialized Centers of
Research; SCORR=Specialized Centers of Clinically Oriented Research; VT= tidal volume.
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of ARDS, which made the important point
that repair processes begin very soon after
the onset of injury (35–37). A persistent
fibroproliferative response in the lungs
occurs in some survivors and has an adverse
effect on long-term outcomes (38).

The Lung Division of the National
Heart, Lung, and Blood Institute of the NIH
has had an important role in advancing basic
and clinical studies of the mechanisms and
treatment of ARDS through the funding of
Specialized Centers of Research (SCORs) and
Specialized Centers of Clinically Oriented
Research (SCCORs) and Clinical Trial
Networks (ARDSnet, PETAL [Prevention
and Early Treatment of Acute Lung Injury]).
The SCOR and SCCOR programs
contributed a great deal to understanding
inflammation and repair in the lungs of
patients with ARDS and also supported small
pilot studies of potential new therapies. BAL
was shown to be a safe procedure in critically
ill patients (39), and sequential BAL
sampling during the course of ARDS showed
important differences in the evolution of
lung inflammatory responses in patients with
sepsis versus trauma, reflecting heterogeneity
by etiology (40). Subsequent studies
described components of the lung
inflammatory response, including cytokines
and cytokine balance, early markers of repair,
the importance of cell death pathways, and
other pathophysiological events (41–46).
These studies, along with studies of
pulmonary edema fluid obtained by direct
endotracheal aspiration, showed the value of
studying samples obtained directly from the
site of injury in the lungs (12, 47). The
SCCOR programs also conducted proof-of-
concept studies of potential new therapies,
including granulocyte-macrophage colony
stimulating factor (GM-CSF) (i.v.), activated
protein C (i.v.), and enteral v3 fatty acids,
but none of these pilot studies suggested a
benefit (48–50).

The Clinical Trial Networks established
by the NHLBI (National Heart, Lung, and
Blood Institute) Lung Division (ARDSnet,
PETAL) have had key roles in sponsoring
clinical studies in ARDS (51, 52).
Importantly, the investigators in these
networks had the foresight to collect plasma
samples from enrolled subjects for the study
of biological mechanisms that might be
reflected in plasma, adding a great deal of
value to these clinical trials. The second of
the ARDSnet trials (ARMA) used an
innovative 23 2 factorial design to study the
antiinflammatory effects of ketoconazole

together with the effect of lowering tidal
volume during mechanical ventilation.
Although the drug treatment arm with
ketoconazole showed no benefit, the
mechanical ventilation arm showed a
significant and clinically important reduction
in mortality, as noted above (29).
A subsequent trial used a similar factorial
design to test the effects of liberal versus
conservative fluid therapy in one arm and
two different clinical monitoring strategies
(pulmonary artery catheters vs. central
venous catheters) in the other (53). This
second landmark trial showed that the fluid
conservative strategy led to a shorter time on
mechanical ventilation, whereas using
pulmonary artery catheters for patient
monitoring did not provide a measurable
clinical benefit. Each of these results
regarding clinical management changed
clinical practice, although lack of uniform
application in “real world” use could
contribute to heterogeneity in clinical
outcomes. Additional trials of pharma-
cological treatments for ARDS have not
shown consistent benefits, including statins,
enteral omega-3 fatty acid and antioxidant
supplementation, inhaled albuterol,
corticosteroids, and others (54–59).

Other international networks, including
the French R�eseau Europ�een de Recherche
en Ventilation Artificielle Network (REVA),
also have performed important clinical trials
of therapies for all-cause ARDS. The
PROSEVA (Proning Severe ARDS Patients)
trial was based on earlier studies showing
that prone positioning can redistribute lung
fluid density on computed tomography
scanning and showed that a protocol of
intermittent prone positioning improved
short- and long-term outcomes in ventilated
patients with moderate or severe ARDS (P/
F, 150) (60, 61). The High-Flow Oxygen
through Nasal Cannula in Acute Hypoxemic
Respiratory Failure (FLORALI) trial of
different methods of oxygenation support in
patients with nonhypercapnic respiratory
failure showed a beneficial effect of high-flow
nasal oxygen on 90-day mortality and
reduced need for mechanical ventilation in
the subgroup with moderate to severe ARDS
(P/F< 200 mmHg) (62). Neuromuscular
blockade in patients with severe ARDS was
shown to have a beneficial effect in a French
trial, but this was not reproduced in the NIH
Network ROSE (Reevaluation of Systemic
Early Neuromuscular Blockade) trial that
enrolled similar patients (63, 64). International
networks organized to study coronavirus

disease (COVID-19)-associated ARDS have
identified new therapies with positive signals,
including dexamethasone, tocilizumab, and
baricitinib, but whether these will translate
into successful treatments for all-cause ARDS
remains to be seen (65–67).

A great deal of progress also has been
made in understanding the epidemiology and
outcomes of ARDS, and the concept of
heterogeneity has been important. A
comprehensive survey of mechanically
ventilated hospitalized patients in King
County,Washington, showed that the
incidence of acute lung injury was
approximately 86/100,000 per year,
amounting to 190,000 cases annually in
the United States, with a mortality of 24%
in patients 15–19 years old rising to over
40% in patients 65 years of age or older (68).
A subsequent study using ICD9
(International Classification of Diseases,
Ninth Revision) codes for hospitalized
patients produced higher annual
estimates (69). The LUNGSafe Study (Large
observational study to UNderstand the Global
impact of Severe Acute respiratory FailurE)
was an international cross-sectional study of
all patients in 459 ICUs in 50 countries over a
1-month period (70). This study showed that
ARDS is still underrecognized, even in high-
quality ICUs, and provided mortality data for
categories of ARDS severity defined by the
Berlin Consensus Conference criteria.
Hospital mortality was 40% overall and
ranged from 34.9% to 40.3% to 46.1% for
mild, moderate, and severe ARDS,
respectively. The COVID-19 pandemic has
greatly increased the number of cases of
ARDS worldwide (Figure 1) (71).

The work of Herridge and colleagues
provided new insights into the long-term
outcomes of patients who survived ARDS
before the COVID-19 pandemic at 1 and
5 years after hospital discharge (72, 73).
Although lung function improved by 1 year
in most survivors, persistent neuromuscular
and psychological dysfunction were
identified as major determinants of long-
term disability. Prehospital health status and
comorbidities also have emerged as
important risk factors for events after
hospitalization (74–76).

As noted, ARDS is a clinical syndrome
associated with heterogeneous clinical events,
and underlying host factors are likely to be
important contributors to heterogeneity in
clinical outcomes. For the most part, the
clinical features of COVID-19 ARDS are very
similar to those of all ARDS (77). In most
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cases, the initial pathophysiological event
appears to be the activation of innate
immune mechanisms in the lungs and
systemic organs, triggered by infectious
agents (eg, microbes and viruses) and/
or primary tissue damage from
noninfectious causes (eg, acid aspiration
or physical trauma). In COVID-19
ARDS, both the innate and the adaptive

immune systems have important roles,
and both are likely to be involved in
non–COVID-19 ARDS as well (78, 79).
Differences in the severity of the initial
event, as well as individual differences in
host inflammatory responses, are likely
to underlie heterogeneity in the clinical
severity of the disease and response to
therapy.

Understanding molecular heterogeneity
has been fundamental in developing new
treatments for cancer as well as pulmonary
diseases like cystic fibrosis and asthma,
but less progress has been made in
understanding molecular heterogeneity
in ARDS. The discovery of the specific
molecular abnormalities in cystic fibrosis led
to the development of effective medications
for patients with molecular variants in
the cystic fibrosis conductance regulator
protein (80). Identification of different
clinical phenotypes of asthma and the
importance of the IL-5 and IL-4/IL-13
pathways (Th2 phenotype) has led to
effective newmolecular therapies for the
subgroup of patients with severe eosinophilic
asthma (81–84). Similar advances are needed
for ARDS to improve patient-centered
treatment and move toward precision
medicine (2, 71).

Clinical and Molecular
Dimensions of Heterogeneity
in ARDS

Carolyn Calfee reviewed major advances in
understanding the clinical heterogeneity of
ARDS. The importance of clinical and
pathophysiological heterogeneity in ARDS
has been recognized since Steinberg and
colleagues showed that hospital mortality
was higher and lung inflammatory responses
were more persistent in patients with sepsis-
associated vs those with trauma-associated
ARDS (40). The NIH ARDSnet low tidal
volume study collected plasma samples to
use circulating biomarkers to investigate the
biological basis for the beneficial effect of low
tidal volume ventilation. Improved survival
in the low tidal volume (VT) group was
associated with lower plasma concentrations
of IL-8, IL-6, and sTNFR1 (soluble tumor
necrosis factor receptor-1), suggesting
reduced systemic inflammation, whereas
lower plasma concentrations of SP-D
(surfactant protein D) and RAGE (receptor
for advanced glycation end-products)
suggested less alveolar injury (30, 85–87).
These and other plasma biomarkers of
endothelial (e.g., vonWillebrand factor and
ANG2 [angiopoietin 2]) and epithelial (SP-D
and RAGE) injury have been evaluated as tools
for predicting outcome (42, 88–91).

A major conceptual advance occurred
when Calfee and colleagues used latent class
analysis (LCA) to identify subgroups of
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Figure 2. Mortality in subclasses is defined by latent class analysis in eight different clinical
trials of ARDS. The numbers at the bottom of each column show the percentage of patients in
each subclass in the clinical trial population. The proportion in subclass 2 (hyperinflammatory)
ranged from 26–40% across trials. Data are from references (92, 94–96, 100, 104).
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Figure 1. Effect of the coronavirus disease (COVID-19) pandemic on numbers of ARDS cases.
COVID-19 acute respiratory distress syndrome (ARDS) cases (940,000) are estimated from
COVID-19 deaths in the United States from March 2020 through February 2022, assuming 80%
of deaths had severe pneumonia/ARDS and mortality of 20% from COVID-19 ARDS. ARDS
cases before COVID-19 (380,000) are estimated for a similar period from the annual incidence
data of Rubenfeld and colleagues. (68). Modified with permission from reference (71).
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patients with ARDS with different outcomes
(92). LCA is a validated statistical method
that uses baseline parameters in an unbiased
computational approach to determine
whether there are distinct subgroups at
baseline within a potentially heterogenous
population.With this approach, two
subclasses (latent phenotypes) of patients were
identified using clinical, laboratory,
and biomarker data from two large NHLBI-
sponsored clinical trials, ARMA (lower versus
higher VT) and ALVEOLI (Assessment of
Low Tidal Volume and Elevated End-
Expiratory Lung Volume to Obviate Lung
Injury) (lower versus higher PEEP). Patients
in Class 2 (Phenotype 2, 31% of patients)
included patients with more severe clinical
characteristics, higher plasma concentrations
of inflammatory biomarkers, and worse
outcomes, whereas patients in Class 1
(Phenotype 1, 71% of patients) had less severe
illness, lower concentrations of inflammatory
biomarkers, and better outcome. For
example, patients with Phenotype 2
(“hyperinflammatory”) had significantly more
vasopressor use, lower plasma bicarbonate
and protein C concentrations, and higher
plasma concentrations of IL-8, IL-6, and
TNFR1. In the ARMA cohort, mortality was
44% for Phenotype 2 versus 23% for
Phenotype 1 (P=0.006), and there were
significantly fewer ventilator-free and organ
failure-free days. Importantly, these findings
were present in both the ARMA and
ALVEOLI cohorts and were not explained by
the overall severity of illness scores. In
analyses of data from eight separate
randomized controlled trials, mortality in
patients with the hyperinflammatory
phenotype (Phenotype 2) was consistently
higher, ranging from 38–60% for Phenotype 2
versus 19–33% for Phenotype 1 (Figure 2).
These twoARDS phenotypes appeared to be
stable over the first 3 days of mechanical
ventilation andwere associated with different
responses to PEEP and fluid administration
(92–94). By contrast, different treatment
responses were not observed in subgroups
defined by overall severity of illness scores.

When these phenotypes were used to
evaluate response to therapy in a trial of
simvastatin in ARDS, that showed no
overall effect, the patients with the
hyperinflammatory phenotype appeared to
have benefitted from simvastatin therapy
(95), raising the possibility that this approach
to phenotyping patients at baseline might be
a useful way to manage heterogeneity in
clinical trials of new therapies. However, a

similar retrospective analysis of these
phenotypes in the NHLBI trial of
rosuvastatin in ARDS did not show a
differential response to treatment (96). When
long-term outcomes were evaluated by
phenotype, delirium was more common
during the ICU stay in Phenotype 2, but
there were no differences in patient-reported
outcomes or functional status in survivors
after hospital discharge (97). More
information is needed about factors during
critical illness that contribute to
heterogeneity in long-term outcomes.

These phenotypes also have been
identified in patients with COVID-19–
associated ARDS, suggesting that they are
not unique to specific etiologies of lung
injury (98). In one study, patients with
COVID-19 with the more hyperin-
flammatory Phenotype 2 had a better
treatment response to corticosteroids,
although the steroid treatment was not
controlled or randomized (99).

Importantly, the LCA-defined
phenotypes also have been identified in
several different large observational cohorts
of ARDS, including the Validating Acute
Lung Injury markers for Diagnosis cohort at
Vanderbilt and the Early Assessment of
Renal and Lung Injury cohort at the
University of California, San Francisco (100).
Similar phenotypes (termed “reactive” and
“uninflamed”) have been identified in the
Molecular Diagnosis and Risk Stratification
for Sepsis cohort in Europe (101). Taken
together, the hyper- and hypoinflammatory
phenotypes identified by LCA analysis have
been identified in over 4,000 patients in
randomized and observational cohorts.
Recent evidence also suggests that the hyper-
and hypoinflammatory phenotypes identified
in patients with ARDS are relevant in patients
who aremechanically ventilated but do not
meet the criteria for ARDS, as well as the
broader population of patients with hypoxemic
respiratory failure (102, 103).

An important question is whether these
clinical phenotypes can be identified rapidly
and prospectively so that patients might be
stratified by phenotype when they enter
clinical trials. Sinha and colleagues used a
machine learning approach to identify
important variables in three NIH cohorts and
then validated the models in three
independent ARDS cohorts, using LCA as the
gold standard (104). Six classifier variables
were identified, including five serum or
plasmamarkers (IL-6, IL-8, TNFR1, HCO3

2,
Protein C) and one clinical variable

(vasopressor use). Models combining 3 or 4
of these accurately classified the LCA
phenotypes, suggesting that as technology for
rapid measurements improves, prospective
classification of patients by phenotype at
baseline will become feasible.

The biological basis for the differences
in the two clinical phenotypes identified by
LCA is not yet clear. The variables that are
most different between Phenotypes 1 and 2
suggest that Phenotype 2 has more intense
systemic inflammation at baseline. Whether
this difference is because of differences in
the intensity of the initial stimulus (e.g., an
inoculum of microbial agent), differences in
individual host responses to the stimulus, or
both, is not clear. Transcriptomic analysis of
blood samples from patients with ARDS has
identified differences in upregulated and
downregulated genes in patients classified as
reactive versus uninflamed, an important
first step in understanding pathways that
are differentially regulated (105). As an
alternative approach to blood sampling,
Sarma and colleagues performed a
transcriptomic analysis using tracheal
aspirate samples derived from the lung
compartment to identify biological
differences between COVID-19 and
non–COVID-19 ARDS (106). This more
lung-specific approach could lead to a better
understanding of the key events and
molecular pathways in the lungs that
characterize the hyper- and
hypoinflammatory phenotypes.

Overall, the use of LCA has been a major
advance in understanding heterogeneity in
ARDS, but several key issues need to be
considered in using this approach (Table 2).

Cellular and Molecular Heterogeneity
in ARDS
NualaMeyer reviewed new approaches to
understanding molecular heterogeneity in
critical illness, focusing on baseline genetic
determinants, gene expression in peripheral
bloodmononuclear cells, and plasma
proteomics. SNPs in genes involved in
inflammatory responses and tissue injury
have been used to identify heterogeneity in
risk and treatment effects in critical illness
and identify possible causal contributors
(107). For example, SNPs in the IL-1RA gene
are associated with higher plasma IL-1RA,
lower risk of ARDS, and lower mortality in
sepsis (108, 109). A retrospective subgroup
analysis of a trial of IL-1RA in sepsis showed
that the risk of death was related to baseline
plasma concentrations of IL-1RA and that
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treatment with IL-1RA improved survival in
patients with high baseline IL-1RA
concentrations (110). A recent trial of
anakinra (ILb-1 receptor antagonist) in
patients with moderate to severe COVID-19
illness selected for higher risk on the basis of
high baseline concentrations of plasma
soluble urokinase/plasminogen activator
receptor, a biomarker of inflammation in
COVID-19, showed significant benefit in
reducing mortality and hospital stay (111).
On the other hand, genetic variants
associated with higher plasma concentrations
of an endothelial marker, ANG2, and an
epithelial marker, sRAGE (soluble RAGE),
are strongly associated with the onset of
ARDS, implicating ANG2 and sRAGE as
contributors to ARDS risk (89, 112).

SNPs in a number of other genes have
been associated with outcomes in ARDS, but
these have not been tested prospectively
because of the difficulty in performing
sequencing fast enough to classify patients at
baseline. In general, single SNPs explain only
a small part of the variability in critically ill
patient populations, but gene- or protein-
controlling SNPs could be more informative,
particularly when combined with clinical
variables, such as those identified using LCA.

Peripheral blood leukocytes provide an
opportunity to study the heterogeneity of
“immunophenotypes” of patients with a
critical illness. In patients with COVID-19
illness, an analysis using single-cell mRNA
profiling identified three dominant patterns
of lymphocyte responses (113). Patients with
immunotype 1 had highly activated CD4 and
CD8 cells; patients with immunotype 2 had
highly active T-bet1 CD4 and CD8 cells plus
activation of memory B cells; whereas
patients with immunotype 3 had little
activation of CD4 or CD8 cells. More
information is needed about whether this
approach could be useful in the broader
population of patients with ARDS, in whom
bacterial infections predominate. As with

genetic phenotyping, immunophenotyping is
not routinely available but is helpful in
studying the underlying pathophysiology of
illness, including responses to therapy and
potential new biomarkers for rapid
classification of patients at baseline.

Proteomics approaches have been
explored in ARDS and applied to
understanding the pathogenesis of COVID-19
illness (114–117). A small study comparing
BAL fluid from normal volunteers and patients
with ARDS identified protein networks
associated with inflammation, infection, and
tissue injury in the lungs (115). In COVID-19
illness, plasma proteomics analysis identified
protein patterns associated with the initial
severity of illness, including 27 new candidates
for biomarkers of disease severity (116). In a
separate study of over 700 different plasma
proteins in 161 patients withmoderate versus
severe COVID-19 illness, Cosgriff and
colleagues identified a combination of 9
proteins representing different dysregulated
pathways that separated patients withmoderate
versus severe disease (118).

Although technological advances have
greatly reduced the time needed for
proteomics analyses, the methodology
remains too complex to be used in a
prospective manner to classify patients at
baseline. However, the proteomics approach
is useful in understanding pathways involved
in the pathogenesis of disease and identifying
new biomarkers.

Computational Approaches to
Phenotyping Patients with Disease
Lisa Bastarache reviewed new computational
approaches to extracting information from
electronic health records (EHRs) that are not
well-organized for research (119). These new
approaches can facilitate research about a
range of primary diseases that may or may
not have been identified as known ARDS
risk factors and the modifying effects of
comorbid conditions. Similarly, the risks of

different outcomes can be evaluated for an
index disease, such as ARDS or critical
illness. Combining data from EHRs in
different medical centers that use identical
or similar EHRs greatly expands the database
of patients at risk or with established ARDS.

There are numerous ways to extract
patient-level phenotype data from the EHR.
Phenotype algorithms can be used to define
cases and controls for a single disease
outcome by combining various data
elements (e.g., laboratory results, medication
orders, ICD codes, etc.) using a series of
predefined rules (120). These algorithms can
achieve high accuracy across institutions but
may take considerable time to develop and
implement (121).

An alternative approach to EHR
phenotyping is to use “phecodes” that
combine related ICD-9 and ICD-10 billing
codes into higher-level disease-related codes.
Phecodes were originally developed to
conduct phenomewide association studies to
scan for phenotypic associations with
common genetic variants, but they also have
been used to study genetic and nongenetic
risk factors for numerous chronic and acute
conditions (122). ICD-based phecodes are
powerful because they allow researchers to
rapidly ascertain case or control status for
diseases across the medical phenome.
Moreover, they can aggregate data across
institutions because of the relative
standardization of ICD codes. Although
there is heterogeneity in the way ICD codes
are assigned, phecodes reduce heterogeneity
by combining related ICD codes into
clinically relevant groups to facilitate clinical
research. Importantly, in many EHRs, ICD
diagnosis codes capture outpatient as well as
inpatient data, so phecodes have the potential
to provide an innovative way to study clinical
events before, during, and after critical
illness.

Heterogeneity of Outcomes in ARDS
and Critical Illness
Catherine Hough reviewed advances and
challenges in understanding the
heterogeneity of outcomes in survivors of
ARDS and critical illness. Initial studies
showed that survivors left the hospital with
restrictive pulmonary function abnormalities
that tended to resolve over 6 months, but
they often had important physical and
neuropsychiatric disabilities and impaired
overall health status (123–126). In a
comparison of outcomes in matched groups
of critical patients with or without ARDS,

Table 2. Key Questions About Latent Phenotypes

Generalizability Are ARDS phenotypes also present in nonrandomized trials or
in “real-world” patients?

Feasibility Can ARDS phenotypes be identified in real-time to allow
use in the stratification of subjects?

Specificity Are the identified phenotypes specific for ARDS, or are
they applicable more broadly to critical illness?

Mechanism What are the biological determinants of differences and
outcomes in each phenotype?

Approach How should clinical trials incorporate clinical phenotypes?

Definition of abbreviation: ARDS=acute respiratory distress syndrome.
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long-term survival was similar whether or
not patients had a diagnosis of ARDS (127).
Long-term outcome was determined in large
part by age, an underlying risk factor for
ARDS and baseline comorbidities, and older
patients with sepsis had the worst long-term
survival. This study provided an important
clue that outcomes after ARDS are
heterogeneous and are associated with many
factors other than ARDS, including baseline
age, health status and comorbid disease,
ARDS risk factors, andmore.

The landmark studies of Herridge and
colleagues of survivors 1 and 5 years after
recovery from ARDS showed that the most
common disability at 1 year was related to
physical functioning (72). At 5 years, many
survivors had persistent physical and
psychological sequelae and higher overall
healthcare costs (73). A high proportion of
caregivers for survivors of critical illness also
report depressive symptoms (128).

The recognition that critical illness by
itself is an important determinant of
outcome led to a series of studies showing a
strong relationship between critical illness,
cognitive function, and physical function
after hospital discharge (75, 129–131). The
term “Post-Intensive Care Syndrome” was
coined to describe this collection of
abnormalities in survivors of critical illness,
and the COVID-19 pandemic has amplified
its importance (132–134). In observational
studies, risk factors for cognitive and physical
impairment have included ICU delirium,
older age, longer ICU stay, and immobility,
among others (135–137). Importantly, in two
different studies, functional independence
before the ICU stay predicted better long-
term functioning (135, 136). Other
parameters related to the critical illness,
including the underlying cause, the
“hyperinflammatory” phenotype, plasma
markers of inflammation and coagulation,
andmedications such as corticosteroids and

neuromuscular blockers have not had
consistent relationships to long-term
outcomes across studies (64, 97, 138, 139).
More information is needed about risk
factors, including treatments that can be
modified during the hospital stay and the
pathophysiological mechanisms that affect
long-term outcomes.

One important possibility is that
heterogeneity in patient outcomes might
obscure subgroups that could benefit from
specific approaches to modify or treat risk
factors. Gandotra and colleagues applied
LCA to data from a large trial of
rehabilitation of survivors of acute
respiratory failure to identify patient
subgroups with different outcomes and the
characteristics of patients in each group
(140). Four subgroups were identified that
differed in the degree and rate of recovery of
physical functioning. The group with the best
recovery included younger females with a
shorter length of stay and fewer days of
sedation, whereas the group with the slowest
recovery included older patients with a
longer length of ICU stay and more sedation
days.

Although knowledge has improved
about the domains of disability and the
effects of patient heterogeneity on overall
outcomes after hospitalization, specific
approaches have not had major effects on
long-term physical or cognitive function
(141–144), mental health (145–147), or
overall health-related quality of life in
survivors (148–150).

Major challenges remain in
understanding the underlying pathophysiology
of long-term outcomes of critical illness.
Table 3 lists some of the elements in a
roadmap for improving long-term outcomes.
In particular, better methods are needed to
assess health status before hospitalization and
health trajectory before critical illness. Larger
prospective observational cohorts are needed

in which subgroups with different health
outcomes can be identified and evaluated.
Improved specific andmeasurable
intermediate outcomes are needed for
mechanistic and interventional studies, along
with better ways tominimize bias and identify
competing risks. Increasing collaboration
across the spectrum of healthcare providers,
caregivers, and survivors of critical illness will
be important for identifying ways to improve
long-term outcomes.

Clinical Trials in the Age of
Heterogeneity
Taylor Thompson reviewed clinical trial
designs in the age of heterogeneity (Table 4),
recognizing that achieving the goal of
“precisionmedicine”meansmatching new
therapies to individuals or subgroups of
patients who aremost likely to benefit (2, 71).
Precisionmedicine is most easy to achieve
when themolecular cause of a disease is known
and a specific targeted therapy exists, as in
cystic fibrosis (80). “Relative” precision
medicine can be achieved when clinical
subgroups of a disease have been defined, the
pathways responsible for those subgroups have
been defined, and a therapeutic agent has been
developed that targets key nodes in those
pathways, as in asthma (82–84). However,
ARDS as a disease entity is not yet in either of
these categories.

Therapeutic progress in ARDS has been
on the basis of large controlled randomized
clinical trials and low tidal volume ventilation,
and conservative fluidmanagement and prone
positioning are now part of the standard of
care (29, 53, 60). These trials compared
interventional groups with comparison groups
in a randomizedmanner, although they were
not blinded because the treatments were
obvious. The large sizes suggested the results
would be generalizable to similar patient
populations and the statistically significant
differences between groups suggested that the
results were not because of chance. The ARMA
Trial of low tidal volume ventilation and
FACTT (Fluids and Catheters Treatment Trial)
of fluid and cathetermanagement used
factorial designs to testmore than one therapy,
thereby increasing efficiency and enrolled
unselected participants with ARDS, unlike the
PROSEVA trial of prone ventilation that
focused on the subset of patients with ARDS
withmoderate to severe ARDS, as defined by
baseline PaO2

/FIO2
(P/F), 150. This decision

was on the basis of prior trials suggesting
benefit in this subset, illustrating predictive
enrichment by selecting a subset most likely to

Table 3. Strategies to Improve Outcomes after Critical Illness

1. Improve measurement of pre-ICU health and health trajectory.
2. Create large generalizable cohorts with adequately powered subgroups.
3. Develop improved intermediate outcome measures to facilitate understanding of

biologic mechanisms and evaluation of interventions.
4. Improve outcome measurements to reduce bias.
5. Incorporate longer-term outcome assessment into ICU prevention and treatment trials

to improve understanding of the effects of interventions on outcomes after
hospitalization.

6. Advance methodology to identify competing risks.
7. Improve care for patients with and without modifiable biology.
8. Increase collaboration across the healthcare spectrum.
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benefit, as well as a subset anticipated to have
highermortality, illustrating prognostic
enrichment, which increases power, reduces
the sample size, and improves risk-to-benefit
ratio.

Despite these positive trials of clinical
management, virtually all clinical trials of
new pharmacological therapies for ARDS
have failed to show significant effects, and
attempts at predictive or prognostic
enrichment have been limited to clinical
features and not predictive biomarkers
tightly linked to the drug target. In addition
to severity by initial P/F ratio, these include
the cause or timing of ARDS (e.g., trauma
versus nontrauma, direct vs. indirect, early
vs. late). Prospective enrichment by ARDS

subclass assignment as defined by LCA
shows great promise (92).

Several new approaches to improving
clinical trial efficiency include the use of
platform designs incorporating master
protocols, the use of plausible biomarkers to
prospectively enrich patient populations at
baseline for treatment-responsive subsets,
and/or to allow biomarker-adaptive designs
and the use of adaptive-intervention trials
(151–153). The COVID-19 pandemic has
shown the value of large platform trials that
use master protocols to test multiple agents
simultaneously or in parallel. Platform trials
may use placebo-controlled “efficacy”
designs suitable for testing new agents to
provide rigorous data for registration of new

drugs or biologics or pragmatic unblinded
randomized trials to examine repurposing
existing drugs for new indications. The
randomised evaluation of COVID-19
therapy (RECOVERY) platform trials have
shown that it is possible to use a platform
design to enroll large numbers of patients
with a range of illness severity and test
multiple proposed therapies in a very short
period of time (154). Success in RECOVERY
with dexamethasone in critically ill patients
with COVID-19 illness led to a rapid change
in clinical care because of the low cost and
widespread availability of the drug (65).
Platforms testing similar interventions have
joined forces to hasten discovery, such as the
ACTIV-4a (Accelerating COVID-19

Table 4. Selected Enrichment Strategies Used or Proposed for Acute Respiratory Distress Syndrome Clinical Trials

Trial/Author Enrichment Strategy Intervention Findings/Rationale

ACURASYS, Papazian (63)
ROSE, PETAL Network (64)

ARDS Severity
P/F, 120–150
P/F, 120

Early neuromuscular blockade ACURASYS demonstrated higher
placebo mortality in and benefits
limited to the P/F, 120 subsets
(prognostic and predictive
enrichment, respectively). Did not
replicate in ROSE.

PROSEVA, Guerin (60) ARDS Severity
P/F, 150

Prone positioning Large treatment effect in moderate
to severe ARDS concordant with
prior metanalyses suggesting
predictive enrichment.

LASRS, Steinberg (58) ARDS for 7–28 d Methylprednisolone Attempted to enrich for a steroid-
responsive phase of ARDS
(fibro-proliferation). Late steroids
(.14 d) may be harmful.

Wilson (262)
Spragg (16)

Direct vs. indirect injury Surfactant replacement Benefit with pediatric direct lung
injury. Did not replicate in adults.

Constatin (263) Focal vs. diffuse ARDS Personalized ventilator strategy:
higher VT and lower PEEP for
focal versus lower VT and higher
PEEP for diffuse ARDS

No difference in mortality; high rates
of misclassification and higher
mortality if a strategy is applied to
the incorrect subgroup.

Calfee (264) Trauma vs. nontrauma Reduce heterogeneity by studying
traumatic ARDS separately

Lower mortality is not explained by
baseline clinical factors;
biomarker profiles suggest the
differing extent of epithelial and
endothelial injury.

Villar (265)
Goligher (266)

Evaluate stability on standardized ventilator
settings
Assess physiologic responsiveness during
a run-in period

Enroll only persistent ARDS
Randomize to higher vs. lower

PEEP in PEEP responders only

Reevaluation after 24 h enriches for
higher mortality.
Analysis of PEEP responsiveness
in RCTs suggests a potential for
predictive and prognostic
enrichment.

Gattinoni (267)
Goligher (268, 269)

Match lung-protective intervention to
physiology to optimize benefit/risk

Assess for recruitability or lung
weight (CT)

ECCO2R for subset likely to have
a>5 cm H2O drop in driving
pressure

Titration of tidal volume to elastance

Modeling and observational data
suggest potential for both
prognostic and predictive
enrichment.

Calfee (95) ARDS subclass Simvastatin for Class 2
(“Hyperinflammatory”) ARDS (see
text)

Post hoc analysis of RCT
demonstrates mortality benefit
limited to Class 2 ARDS.

Lai (270)
Sinha (271)

Markers of dysregulated coagulation, high
dead space fraction or ventilatory ratio,
and RV function by cardiac ultrasound

Anticoagulants or pulmonary
vascular targeted therapies

Identify subsets with or at risk for
microvascular thrombi, vascular
remodeling, pulmonary
hypertension, or adverse outcomes.

Definition of abbreviations: ACURASYS=ARDS et Curarisation Systematique; ARDS=acute respiratory distress syndrome; ECCO2R=extracorporeal
CO2 removal; LASRS=Late Steroid Rescue Study; PEEP=positive end-expiratory pressure; PETAL=Prevention and Early Treatment of Acute Lung
Injury; PROSEVA=Proning Severs ARDS Patients; RCT=Randomized Clinical Trial; ROSE=Reevaluation of Systemic Early Neuromuscular Blockade;
VT= tidal volume.
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Therapeutic Interventions and Vaccines),
REMAP-CAP (Randomized Embedded
Multifactorial Adaptive Platform for
Community-acquired Pneumonia), and
ATTACC (Antithrombotic Therapy to
Ameliorate Complications of COVID-19)
studies of anticoagulation for COVID-19
(155, 156). The I-SPY-COVID platform trial
is modeled after the successful I-SPY 2
(Investigation of Serial Studies to Predict
Your Therapeutic ResponseWith Imaging
AndmoLecular Analysis 2) trial in breast
cancer and is designed to rapidly screen
potential new treatments for large effects
using small clinical trial populations (157,
158). I-SPY 2 identified two pathway-specific
treatments for breast cancers with distinct
molecular signatures. Whether or not these
promising approaches will succeed in
COVID-19 illness or in all-cause ARDS, in
which key molecular pathways have not been
identified, remains to be seen. However, the
overall COVID-19 experience clearly
demonstrates the feasibility, flexibility, and
efficiency of platform designs, and such
designs could be the key to advancing
precision medicine objectives for the
treatment of ARDS (2).

Although a number of different
plausible biomarkers have been identified
and tested retrospectively in clinical trials of
ARDS, none have been used prospectively to
stratify patient populations, in part because
of the difficulty in measuring baseline blood
biomarkers quickly enough to enable them
to be used in real-time to stratify patients.
Candidate biomarkers include markers of
epithelial injury in the lungs (e.g., RAGE and
SP-D) andmicrovascular integrity or
activation (e.g., vonWillebrand Factor or

ANG2) (86, 87, 89, 159). An alternative to
single blood biomarkers is to identify
phenotypes of illness using clinical and
laboratory parameters and use the
phenotypes as biomarkers, as in the work of
Calfee and colleagues (92).

The biomarker strategymust be
matched to the strength of evidence for the
biomarker to define the disease and/or predict
the outcome (Figure 3) (160). If the
biomarker evidence is strong, patients might
be entered into the trial on the basis of the
positive biomarker so that a drug is tested
only in patients who are biomarker-positive.
If the biomarker evidence is less strong, then
the drug effects must be tested prospectively
in biomarker-positive as well as biomarker-
negative patients to define predictive validity.
A biomarker-adaptive threshold design allows
the evaluation of an overall treatment effect in
a study population in combination with a
predefined cut-point of the biomarker to
identify subsets with a greater treatment effect
(161). This approach addresses the concept of
heterogeneity of treatment effect, in which a
positive result is obscured by baseline
heterogeneity of risk in the population (107,
162, 163). In this way, subgroup(s) of patients
can be identified whomight have a positive
benefit/risk ratio in a trial in which they
otherwise might be unrecognized because of
the overall heterogeneity of baseline risk for
the outcome of interest.

Lastly, adaptive intervention trials using
sequential randomization could be used for
testing several new therapies for ARDS in the
same trial. Adaptive intervention trials first
randomize participants to one of two
potential treatments, then look for
prespecified treatment responses (164).

Responders continue on the initial treatment
to the prespecified end of the trial.
Nonresponders in each treatment group are
rerandomized to a second treatment that
can be given either alone or in combination
with the original treatment, depending on
the trial design rules. This is an improved use
of clinical trial participants, provided that the
initial treatment does not modify
responsiveness to the second treatment and
the characteristics of the underlying illness
are reasonably stable over time. This latter
factor could be very challenging for critical
care trials. An overall approach to new
clinical trials in ARDS has been summarized
in a recent NIH/NHLBIWorkshop Report
on precision medicine in ARDS (2).

Pathogenesis

Monocyte/Macrophage Dynamics
Susanne Herold reviewed new information
about macrophage dynamics and functional
heterogeneity in lung injury and repair.
Macrophage heterogeneity is determined in
part by their origin (tissue-resident vs.
recruited) and by programming (polarization
phenotype) imprinted by signals received
during recruitment into the lungs, as well as
the inflamed or resolving microenvironment
(summarized in Figure 4). Macrophage
polarization phenotypes can be
proinflammatory and damaging or injury-
resolving and epithelial-protective (165–168).

Recent studies using cell surface
markers and single-cell RNA sequencing
have identified subtypes of airspace
leukocytes in normal volunteers and critically
ill patients (169–172). The lungs of healthy

Evaluate biomarker
A B

Randomize

Off study

Evaluate biomarker

Randomize Randomize

Biomarker positive Biomarker negative

New
treatment

Standard
treatment

Biomarker positive Biomarker negative

New
treatment

Standard
treatment

New
treatment

Standard
treatment

Figure 3. Biomarker strategies in clinical trial designs. (A) Biomarker enrichment designs use a biomarker to select a subpopulation for
inclusion. (B) Biomarker stratified designs evaluate a treatment in biomarker-positive and biomarker-negative populations so that a treatment
effect occurs in biomarker-positive but not in biomarker-negative participants. Reprinted by permission from reference 160.
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volunteers contain two major macrophage
subsets defined by gene expression patterns
and a minor population of mononuclear cells
that resemble blood mononuclear cells and
dendritic cells, implying low steady-state
trafficking of blood monocytes into the
airspaces during homeostasis (172). In the
setting of acute lung inflammation, blood
monocytes are recruited into the lungs,
creating a mixed population of resident and
recruited mononuclear cells with gene
expression profiles that reflect their origins
(171, 173–175).

Single-cell RNA sequencing analysis of
alveolar myeloid cells from patients with
ARDS has revealed considerable diversity
compared with normal volunteers or
mechanically ventilated patients without
ARDS, including enrichment of subtypes
that may regulate inflammation and repair

(170). Notably, the expression of PD-L1
that inhibits the proinflammatory activity of
CD41 and CD81T cells was significantly
lower on alveolar macrophages from patients
with ARDS who experienced prolonged
mechanical ventilation compared with
normal subjects or patients on mechanical
ventilation without ARDS. In patients with
ARDS who survived and were extubated by
Day 28, the temporal gene expression pattern
in macrophages showed enrichment of
innate immune inflammatory profiles on
Day 1, followed by downregulation on Days
4 and 8 after onset, whereas in patients who
had died or were still intubated on Day 28
there was progressive upregulation of
proinflammatory programs (176). These
data suggest that reprogramming of airspace
macrophages into less inflammatory
phenotypes is a crucial step in resolving

lung injury in patients with ARDS and
highlights lung macrophages as major
orchestrators of inflammation and resolution
processes.

Lung macrophages also have
important interactions with lymphocyte
subpopulations and can form feedback
loops that sustain alveolar inflammation.
Studies of lung cells from patients with
SARS-CoV-2 infection show that lung
macrophages infected with the virus
produce lymphocyte chemoattractants
that recruit T cells into the lungs,
where they produce IFN-g and drive
macrophage-dependent cellular inflam-
mation (177, 178). Recent single-cell/single-
nuclei RNA sequencing and proteomics
data from two cohorts of severely ill
patients with COVID-19–ARDS revealed a
recruited macrophage subset with a distinct
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Figure 4. Lung macrophages: ontogeny and mechanisms of functional programming in injury and repair. Tissue-resident alveolar macrophages
(TR-AMs) originate from the yolk sac and fetal liver monocytes during lung development. In homeostasis, TR-AMs are replenished by self-renewal,
and the phenotype is determined by interaction with niche cells and niche-specific factors (e.g., surfactant, phagocytosed apoptotic cells, local
microbes, and regulatory cytokines [e.g., epithelial GM-CSF and TGF-b]). In lung injury, TR-AMs are depleted, and BM-Mos enter the lung and
differentiate into bone marrow-derived macrophages (BMDMs). BMDMs integrate diverse signals that create BMDM phenotypes in a spatially
resolved and time-dependent manner. These phenotypes comprise a spectrum from the inflammatory BMDM that contributes to epithelial cell injury
yet also has host defense functions and the resolution/repair BMDM that resolves alveolar inflammation and drives tissue repair. During resolution,
BMDMs replenish depleted TR-AMs. These newly appearing TR-AMs often retain transcriptomic and epigenetic signatures different from the initial
“homeostatic” TR-AMs, creating “innate immune memory”. Areas of uncertainty (A, B, and C) are shown with dashed lines and (?) and relate to
questions about whether defined polarization phenotypes of BMDMs give rise to TR-AMs in a disease-specific context and whether and how innate
memory functions of replenished TR-AMs relate to precursor BMDM polarization phenotypes. Modified with permission from reference 168;
permission conveyed through Copyright Clearance Center, Inc. BM-Mo=bone marrow-derived monocytes.
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proinflammatory and profibrotic profile
that could contribute to fibrotic lung
remodeling (179).

Taken together, these and other studies are
consistent with the paradigm shown in Figure 4.
In normal homeostasis, lungmacrophages
constitute a slowly self-renewing population
whose primary function is noninflammatory
clearance of inhaled particulates, apoptotic cells,
proteins, and other airspace constituents.When
airspacemacrophages recognize pathogen- or
damage-associatedmolecular patterns, they
trigger innate immune–inflammatory
mechanisms with the recruitment of bone
marrow-derivedmonocytes into the airspaces
that can have either proinflammatory or
regenerative phenotypes, depending on the local
context (165, 166, 168).

Recent groundbreaking studies have
used three-dimensional lung organoids
seeded with alveolar macrophages of
different phenotypes to study their role in
development, antiviral immune response,
and regeneration. Coculture of murine
bronchioalveolar stem cells with lung
mesenchymal cells results in highly branched
structures composed of bronchi and alveoli
containing the respective epithelial cell types
(basal, ciliated, club, and alveolar type I/II
cells), as well as differentiated mesenchyme
(180–182). When the lung organoids were
infected with influenza virus (H7N7 or
H1N1) via the bronchial tree, the virus was
detectable initially in airway epithelial cells,
then later in alveolar epithelial cells. The
airway epithelial cells produced IFN-b,
confirming a relevant host response to the
viral infection. Microinjection of tissue
macrophages into the organoids resulted in
the local release of proinflammatory
cytokines such as TNF-a, IL-1b, and IL-6 in
infected but not uninfected organoids,
showing that this complex experimental
system recapitulates key immunological
events in normal lungs, including
macrophage–epithelial crosstalk. This model
makes it possible to study the specific effects
of distinct macrophage subtypes in the
alveolar microenvironment and the
biological importance of lung macrophage
heterogeneity in homeostasis and disease.

Neutrophils, Platelets, and Neutrophil
Extracellular Traps (NETs) in ARDS
Mark Looney reviewed new information
about neutrophils, platelets, and NETs in
inflammation and ARDS. Neutrophil
accumulation in the airspaces is a prominent
feature of ARDS, but there is little

information about the biological or temporal
heterogeneity of neutrophils in the blood or
airspaces. Evidence from a small study of
patients with COVID-19 illness suggests that
in patients with mild-to-moderate disease,
blood neutrophils have upregulated IFN-
stimulated gene signatures, whereas these are
not present in blood neutrophils from
patients with more severe diseases, including
COVID-19–ARDS (183). Whether this
reflects individual patient responses or the
intensity of COVID infection is unclear.
More information is needed about the
biology of neutrophils and other leukocytes
in the blood and lungs of patients with
critical illness and ARDS.

One aspect of neutrophil function that
has attracted considerable attention is the
formation of NETs (184). NETs are web-
like structures of uncoiled nuclear and
mitochondrial DNA that also contain
cytosolic and granular proteins. They can
trap and neutralize bacteria, fungi, viruses,
and parasites and prevent bacterial
dissemination, all of which benefit host
antimicrobial defenses (185). NET release
occurs by NETosis, which can occur
through two processes (Figure 5). Lytic
NETosis leads to slow cell death, beginning
with the disassembly of the nuclear
envelope and ending with plasma
membrane rupture and release of uncoiled
nuclear chromatin. Nonlytic NETosis is
rapid and is associated with abrupt
degranulation and expulsion of nuclear
chromatin and associated proteins into the
surrounding environment, resulting in
anucleate cytoplasts that remain capable of
phagocytosis (186). A variety of microbial
and host stimuli, including microbes,
immune complexes, crystals, and others,
cause NETosis by triggering cell surface
receptors and activating intracellular
signaling pathways. NET formation is
regulated in part by host deoxyri-
bonucleases (DNases) that degrade
extracellular DNA (187).

Beyond their role in antimicrobial
defenses, NETs also have roles in acute
and chronic inflammation and may cause
tissue damage (188). For example, NETs
can damage the pulmonary epithelium
in bacterial infections and the lung
endothelium in transfusion-related lung
injury and may be involved in bacterial
sepsis (189–192). In addition, NET
formation is associated with vascular
thrombosis in mice (193). NETs were
shown to be pathogenic in two different

models of lung transplantation and were
more abundant in BAL fluid of lung
transplant recipients with severe primary
graft dysfunction (194). Furthermore,
treatment of mice with primary graft
dysfunction with endobronchial DNase I to
lyse NETs improved oxygenation and
reduced parameters of lung injury. NET
formation can be driven by platelet-
neutrophil interactions and contributes to
the pathogenesis of transfusion-related lung
injury in animal models and humans
(190). NET formation also has a role in
asthma, as patients with asthma with high
concentrations of extracellular DNA and
NETs in sputum comprise a subset of
patients with lower asthma control scores
and more frequent corticosteroid use, and
neutrophil-derived NETs are directly toxic
to airway epithelial cells in vitro (195).
NETs have been proposed as drivers of
lung and systemic inflammation in
COVID-19 illness (196–198).

NETosis is likely to have a very
important role in pneumonia and acute
lung injury. In two different mouse models
of severe bacterial pneumonia and lung
injury because of intratracheal instillation
of either methicillin-resistant Staphylococcus
aureus or Pseudomonas aeruginosa, NETs
were detectable in the airspaces, and
pulmonary microvasculature beginning
approximately 3 hours after infection and
became prominent by 24 hours after
infection (188). Bacteria colocalized with
NETs in the airspaces. Lung injury was
reduced in mice with deficient NET
formation because of knockout of the
PAD42/2 (protein arginine deiminase
4 gene), but bacterial recovery increased,
showing the dual roles of NET formation
in injury and host defense. Treatment of
mice with intratracheal DNase I reduced
lung NET formation without impairing
bacterial clearance, and improved
physiology and survival, suggesting a new
treatment approach. In a cohort of patients
with pneumonia and sepsis who were
monitored for development of ARDS,
NETs were identified in the plasma of
patients with ARDS, increased with
severity, and were highest in those who
died. Plasma DNase I is the major
endonuclease found in blood, and a
low concentration at presentation was
associated with the development of ARDS
in patients who were septic (188).
Although plasma DNase I concentrations
did not differentiate patients with or
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without ARDS, the plasma NET/DNase I
ratio was higher in patients with
pneumonia and ARDS (because of low
DNase I concentrations) and was
associated with ARDS severity and
mortality.

Although existing preclinical and
clinical data suggest that NETs may have an
important role in acute lung injury,
particularly in patients with sepsis or primary
lung infections, relatively little is known
about individual heterogeneity in NET
formation in health and disease or
heterogeneity that might occur during the
course of lung injury. Increased susceptibility
to NET formation might be an additional
biological factor that contributes to patient
subgroups identified by LCA. NET
formation in the lungs andmicrovasculature
offers a new target for therapy (e.g., with
intravenous or inhaled recombinant DNase
I), but the appropriate criteria for patient

selection and the optimal timing of therapy
remain important questions that need to be
answered.

Angiopoietins and Tie-2 in Vascular
Injury
Samir Parikh reviewed the Tie-2/
angiopoietin axis in normal vascular
homeostasis and injury (Figure 6) (199, 200).
The angiopoietins comprise a group of
secreted growth factors that are important in
vascular development, angiogenesis, and
homeostasis of mature blood vessels.
Angiopoietins (Angpt) engage the Tie-2
receptor on endothelial cells to regulate
vascular development and integrity. Tie-2 is a
transmembrane tyrosine kinase that
functions as a signaling receptor, whereas
Tie-1 does not bind angiopoietins directly
but still modulates Tie-2 signaling (201).
Angpt-1 is a direct agonist of the Tie-2
receptor, which signals through PI3K/AKT1

to promote endothelial cell spreading and
enhance barrier function. Tie-2 activation
also blocks NFkB activation, thereby
downregulating endothelial proinflammatory
signals. Angpt-2 is a context-dependent
antagonist of Tie-2 and promotes vascular
leakage during inflammation. Angpt-2 is
stored in the endothelial cell Weibel-Palade
bodies and is released with endothelial
activation by thrombin, TNFa, turbulent
flow, and other proinflammatory factors
(202–204). Reduction in Tie-2 signaling
shifts the balance toward endothelial
activation, with an increase in endothelial
permeability, expression of leukocyte
adhesion molecules (e.g., ICAM1 and
VCAM1), and enhancement of procoagulant
proteins at the endothelial cell surface. Other
important pathways also contribute to
vascular integrity, including vascular
endothelial growth factor (VEGF) and its
receptors, VEGFR-1 and VEGFR-2,

Non-lytic NETosis
(rapid release from
live cells)

Phagocytic
cytoplast

• Degranulation
• Expulsion of
 nuclear chromatin

• Nuclear
 delobulation
• Disassembly of
 nuclear envelope

• Cellular
 depolarization
• Chromatin
 decondensation

• Plasma membrane
 rupture
• Release of NETs

Extracellular
assembly of NET

NET

NET

NETosis
(slow cell death)

Neutrophil

Nucleus

Granule

Figure 5. Neutrophil extracellular trap (NET) formation pathways. NETosis is slow and begins with nuclear delobulation and disassembly of the
nuclear envelope, followed by loss of cellular polarization, chromatin decondensation, plasma membrane rupture, and cell death. Nonlytic
NETosis can occur independently of cell death and involves the secreted expulsion of nuclear chromatin and granule proteins, leaving
anucleated cytoplasts that retain phagocytic capacity. Reprinted with permission from reference 184.
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sphingosine-1 kinase and its receptors, and
mechanical forces such as shear stress
generated by blood flow (200).

Preclinical models and observational
studies in humans suggest that the
angiopoietin/Tie2 axis has an important role
in endothelial responses in sepsis, which is
characterized by a marked increase in
vascular permeability throughout the body.
In a variety of animal models, Tie-2
activation by Angpt-1 prevents vascular
leakage, reduces thrombus formation and
cellular inflammation, and improves survival,

whereas Tie-2 antagonism by Angpt-2 is
deleterious (Table 5). Beneficial effects of
Tie-2 activation or Angpt-2 antagonism
have been shown with endotracheal and
intravenous endotoxin, cecal ligation and
puncture (CLP), hyperoxia, phosgene,
monocrotaline, and others (205–209).
Activation of Tie-2 by overexpression of
Angpt-1 improved organ function and
survival in endotoxic shock (210), and
treatment of mice with recombinant human
Angpt-1 improved survival in sepsis induced
by CLP (206). Inactivation of one of the two

Tie-2 alleles in transgenic mice worsened
mortality from endotoxin as well as CLP
(205). In addition, treatment with Angpt-1
improves long-term outcomes in models of
acute kidney injury (211, 212).

In humans, high circulating
concentrations of Angpt-2 are detectable in
septic patients and decline as the severity of
illness improves (213–215). A number of
studies have identified Angpt-2 as a risk
factor for the onset and outcome of ARDS
(89, 216–219). The ratio between circulating
Angpt-2 and Angpt-1 increases in sepsis,
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Figure 6. TIE2 and vascular responses. (Left) Tie2 is activated by Angpt-1 (angiopoietin-1) and antagonized by Angpt-2. The orphan receptor
Tie1 antagonizes Tie2 signaling, as does vascular endothelial protein tyrosine phosphatase VE-PTP. Active Tie2 maintains vascular barrier
function. (Middle) In sepsis, coordinated changes in Tie proteins lead to signaling inhibition, promoting vascular leakage, inflammation, and
thrombosis. (Right) Organs affected by vascular leakage during sepsis. The host vascular response contributes to systemic inflammation,
disseminated intravascular coagulation, and multiorgan dysfunction. Modified with permission from reference 199. BM=basement membrane;
EC=endothelial cell; PMN=polymorphonuclear leukocyte, VE-PTP=vascular endothelial protein tyrosine phosphatase.

Table 5. Animal Models that Improve with Tie-2 Activation

Animal Species Model Stimulus (References)

Infection/Inflammation
Mouse Lung inflammation LPS, intratracheal (272)
Mouse Systemic inflammation LPS, parenteral (210, 273, 274)
Mouse Lung injury LPS or CLP (polymicrobial sepsis) (205–209)

Biological/chemical
Mouse Lung injury Phosgene, inhalation (275, 276)
Mouse Lung injury Anthrax toxin i.v. (205, 277)

Other
Mouse Lung injury Hyperoxia, 100% O2 up to 72 h (278)
Mouse Pulmonary hypertension Serotonin, s.c. daily for 7 d or IL-6, s.c. daily for 14 d (279)
Mouse Pulmonary hypertension Monocrotaline, i.p. (279, 280)

Definition of abbreviations: CLP=cecal ligation and puncture; i.p. = intraperitoneal; LPS= lipopolysaccharide; s.c. = subcutaneous.
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suggesting that the ratio may be a better
marker than either ligand alone (215, 220).
Genetic polymorphisms associated with
Angpt-2 overproduction confer increased
risk for ARDS (89, 221). Angpt-2 is also
strongly associated with markers of
disseminated intravascular coagulation and
accurately predicted mortality in two large
independent cohorts with disseminated
intravascular coagulation (222).

Because of the prominent role of the
Angpt/Tie-2 axis in animal models and
human disease, several different approaches
to therapy for sepsis and critical illness are in
development, including administration of
recombinant human Angpt-1 derivatives,
inhibitory antibodies against Angpt-2 and
other activators of Tie-2, including agonistic
antibodies or inhibitors of the Tie2-inhibiting
phosphatase VE-PTP (vascular endothelial
protein tyrosine phosphatase). Enhanced
signaling through the Tie-2 receptor may
improve vascular barrier function, reduce
thrombosis and inflammation, and improve
essential organ function.

Lung Endothelial–Brain Interactions
Troy Stevens presented new information
about lung endothelial tau and amyloid
proteins and interactions between the lungs,
brain, and other organs during lung infection
(Figure 7). Survivors of ARDS and critical
illness are at high risk for significant
cognitive dysfunction, but the biological
mechanisms responsible are unclear (74, 131,
223, 224). A series of experimental studies
have linked cytotoxic variants of amyloid and
tau proteins with cognitive dysfunction in
animals with bacterial pneumonia (225, 226).
Amyloid proteins are diverse and include

polypeptides that polymerize to form cross-b
sheet structures inside and outside of cells
(227). Tau proteins comprise a group of six
protein isoforms encoded by theMAPT
(microtubule-associated protein tau) gene
that was originally identified in neurons as
proteins that stabilized microtubules (228).
Although normally very soluble,
hyperphosphorylated forms of tau are
insoluble and form intracellular aggregates
that can impair cellular function.
Neurofibrillary tangles containing tau have
been identified in the brains of patients with
neurodegenerative diseases and are thought
to contribute to pathology (229). Tau
proteins also are found in endothelial cells in
the lungs and elsewhere, where soluble tau
monomers stabilize microtubules (226, 230).

Bacterial infections in the lungs of
critically ill patients and animals cause the
formation of high–molecular-weight
aggregates of tau that are cytotoxic (226, 231).
P. aeruginosa type III secretion system effectors,
including exoenzymes U andY, caused time-
dependent intracellular gap formation in
pulmonarymicrovascular endothelial cells and
the extracellular release of tau aggregates (232).
Transfer of the high–molecular-weight tau
aggregates to normal endothelial cells caused
the appearance of intracellular tau aggregates
and endothelial cell injury, suggesting a
transmissible proteinopathy.Mice treated with
intratracheal instillations of P. aeruginosa and
then studied 1 week later had accumulations of
tau aggregates in the brain.Mice treated with
intraventricular injections of tau protein
aggregates derived from supernatants of
culturedmicrovascular endothelial cells showed
learning andmemory deficits (226). Recordings
from hippocampal slices treated with

endothelial supernatants containing tau
aggregates showed disruption of postsynaptic
synaptic responses, suggesting that the
endothelium-derived tau aggregates were
neurotoxic.

A subsequent study of mice with
P. aeruginosa pneumonia showed that the
infection elicited the release of cytotoxic
aggregates of tau and amyloid proteins into
the lungs and the circulation. In addition,
they were detectable in the hippocampus,
where they caused tau-dependent inhibition
of neural long-term potentiation (225).
Injection of cytotoxic tau variants purified
from the blood of infected animals into
the blood of naive animals acutely and
chronically impaired hippocampal
information processing, an effect that was
not seen in tau knockout mice.

Cytotoxic tau and amyloid species also
have been recovered from the blood of critically
ill patients with bacterial pneumonia, and the
instillation of these cytotoxic variants into the
lungs ofmice caused lung injury and impaired
neural long-term potentiation (225, 231).
Taken together, these data suggest that bacterial
pneumonia can induce what the authors called
a protein “tauopathy” that connects the lung
infection with significant neurocognitive
impairment (225).

In related studies, Hippensteel and
colleagues found that sulfated variants of
heparan sulfate are additional candidates that
might link sepsis with neurocognitive
dysfunction (233). Highly sulfated heparan
sulfate fragments accumulate in the plasma
of humans and animals with sepsis because
of degradation of the endothelial glycocalyx
(234, 235). Mice surviving endotoxemia had
increased plasma concentrations of heparan
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Figure 7. Proposed relationship between lung infection and neurovascular dysfunction. Infection causes the production of cytotoxic tau variants
in lung capillary endothelium that disseminate through the circulation and access the brain, where they disrupt hippocampal neuronal
information processing. Heparan sulfate from lung matrix degradation and b amyloid also increase in the circulation and interfere with neural
information processing. It was modified with permission from reference 225.

WORKSHOP REPORT

298 American Journal of Respiratory Cell and Molecular Biology Volume 67 Number 3 | September 2022



sulfate, impaired memory function, and loss
of long-term potentiation (LTP) in
hippocampal slices (233). In a sepsis model,
LTP also was impaired in mice 7 days after
recovery from CLP. Labeled heparan sulfate
fragments crossed the blood–brain barrier,
were detectable in the hippocampus, and
were associated with impaired LTP. High
concentrations of heparan sulfate fragments
were identified in the plasma of patients with
sepsis, 50% of whom also had ARDS, and
patients with the highest concentrations of
heparan sulfate fragments at baseline had
moderate or severe cognitive impairment 2
weeks after ICU discharge (233).

Further prospective studies are needed
that assess plasma tau, amyloid, and
glycocalyx fragments at the onset and during
the evolution of critical illness and relate the
findings to long-term cognitive and
functional outcomes. In addition, more
information is needed about whether
interactions between these mediators and
circulating proinflammatory cytokines also
might affect long-term neurocognitive
outcomes.

Alveolar Repair

Alveolar Epithelial Progenitor Cells in
Lung Homeostasis and Injury
Tushar Desai summarized new information
about progenitor cells in lung homeostasis
and repair, focusing on AEC2 (alveolar
epithelial Type 2) progenitor cells and the
role ofWnt signaling in AEC2 biology. The
classical studies of Adamson and Bowden
showed that AEC2 cells repopulate alveolar
walls after alveolar epithelial injury (236).
More recent studies show that alveoli are
maintained by AEC2 cells during
homeostasis by intermittent activation of a
minor subset of AEC2 cells that are long-
lived, self-renewing, and display active
canonical Wnt signaling (237–240).
These Axin21 stem cells can be isolated by
unique surface markers and have distinct
transcriptomic, epigenomic, and functional
phenotypes (239). They tend to be
perivascular or subpleural, and each AEC2
stem cell abuts a platelet-derived growth
factor receptor-a1

fibroblast that expresses
Wnt genes, thereby creating a supportive

niche (240). Wnt signaling not only endows
AEC2 stem cells with proliferative potential
but also actively maintains their AEC2
phenotype, as acute loss of signaling induces
AEC1 differentiation (Figure 8) (240). The
addition of purified EGF ligands stimulates
AEC2 replication in culture, and conditional
activation of the downstream Kras pathway
(KrasLSL-G12D) in AEC2 cells drives adenoma
formation in vivo, supporting EGF as an
important proliferative cue (238).

Disruption of the alveolar epithelium
with diphtheria toxin in mice expressing the
diphtheria toxin receptor throughout the
lung epithelium caused nearly all surviving
AEC2 cells to proliferate, suggesting that
AEC2 cells that are not stem cells also can
activateWnt signaling, proliferate, and
contribute to alveolar repair after significant
alveolar epithelial injury (240). Interestingly,
acute injury induced a transientWnt niche
“switch” in which, rather than depending on
exogenousWnt from adjacent fibroblasts,
AEC2 cells themselves began producing and
receivingWnt in an autocrine manner until
the repair was complete. In this model,
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reference 240.
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administration of diphtheria toxin in the
setting of pan inhibition ofWnt signaling
significantly reduced proliferation and repair,
supporting a role forWnt as a proliferative
“gatekeeper” for AEC2 cells.

Thus, the alveolar epithelium is
maintained by a molecularly distinct subset
ofWnt-dependent AEC2 stem cells that can
differentiate into “bulk” AEC2 cells during
normal homeostasis or into AEC1 cells as
needed to repopulate alveolar walls after
injury.

Heterogeneity in Alveolar Epithelial
Repair after Injury
Rachel Zemans reviewed information about
alveolar epithelial repair in normal
homeostasis in the setting of acute or chronic
lung injury (34, 241, 242). Consistent with
the work of Desai and others, Zemans and
colleagues used an inhibitor ofWnt/
b-catenin signaling to demonstrate the
essential role of this pathway in AEC2 cell
proliferation during repair after lung injury
(239, 240, 243–245). AEC2 cell proliferation
is further supported by KGF (keratinocyte
growth factor), HGF (hepatocyte growth
factor), GM-CSF, FOXM1 (forkhead box
protein M1), and STAT3 (signal transducer
and activator of transcription 3) signaling
(246–249). Moreover, in normal
regeneration after lung injury, AEC2 cells
proliferate, then exit the cell cycle and enter a
transitional state characterized by markers of
cell cycle arrest, downregulation of AEC2 cell
markers, modest upregulation of AEC1 cell
markers, TGFb (transforming growth factor
b) activation, and expression of a cluster of
signature genes that are not highly expressed
by either AEC2 or AEC1 cells (250). These
transitional cells ultimately differentiate into
AEC1 cells and restore normal alveolar
architecture and barrier and gas exchange
function (251, 252).

In chronic fibrotic lung diseases and
fibroproliferative ARDS, epithelial cells
persist in this transitional state with impaired
AEC1 cell differentiation (251–256).
Although causality has not been established,
this suggests that persistence of the
transitional state with impaired AEC1 cell
differentiation is the critical regenerative
defect underlying the pathogenesis of
pulmonary fibrosis. These cells are likely
responsible for driving fibrogenesis through
TGFb activation (250, 257). Thus,
transitional cells differentiate into AEC1 cells
in mouse models of alveolar regeneration but

appear to persist and promote fibrogenesis in
humans with pulmonary fibrosis.

Recent data suggest, however, that
transitional cells are not pathognomonic of
fibrosis in humans. In lung specimens from
patients with early ARDS without fibrosis,
AEC2 cells appeared to proliferate and
assume the transitional state (258). In these
cases, transitional cells appeared in a
monolayer with increasingly spread
morphologies, filling gaps on structurally
normal alveolar septa denuded of AEC1 cells,
suggesting that they were in the process of
AEC1 cell differentiation and restoration of
normal alveolar structure and function.
However, AEC1 cell differentiation from the
transitional state was incomplete, and this
may contribute to ongoing vascular leak with
persistent pulmonary edema and in some
cases, death from acute hypoxemic
respiratory failure (258).

A longstanding important and clinically
relevant question is why some patients with
ARDS repair with normal lung structure and
function, whereas others develop fibrosis.
On a cellular degree, it appears that this
may be because of divergent fates of alveolar
epithelial transitional cells that in some
cases differentiate into AEC1 cells and
restore normal lung epithelial structure
and function but in other cases persist and
possibly drive fibrosis. However, it remains
unclear why transitional cells retain the
capacity for AEC1 cell differentiation and
restoration of normal alveolar structure and
function in mouse models of physiologic
regeneration and early human ARDS but
seem to lose the capacity for AEC1 cell
differentiation with ensuing fibrosis in
fibroproliferative ARDS and chronic fibrotic
lung diseases. Recent data frommouse
models of physiologic regeneration and
humans with early ARDS suggest that AEC2
cells exit the cell cycle and assume a transient
state of cell cycle arrest in anticipation of
AEC1 cell differentiation, whereas in
fibroproliferative ARDS and chronic fibrotic
lung disease, these transitional cells evolve
into a permanent state of cell cycle arrest or
senescence, losing the capacity for AEC1 cell
differentiation, with ensuing fibrosis (258).
Conversion of transitional cells from a
transient state of cell cycle arrest to
permanent senescence may be the key
“switch” or “point of no return” past which
transitional cells lose the capacity for AEC1
cell differentiation and perhaps cause fibrosis
(258, 259) (Figure 8).

Conclusions and
Future Directions

Understanding the clinical andmolecular
mechanisms of heterogeneity in critical
illness and ARDS is an important priority in
ARDS research. A significant amount of
progress has been made in understanding
heterogeneity in patient populations at the
onset of ARDS using clinical classifications
on the basis of LCA, but major challenges
remain. The subgroups identified using LCA
have consistently different outcomes across
studies, but the hyperinflammatory subgroup
with the highest mortality only includes
approximately 30% of the patient population,
and the larger hypoinflammatory subgroup
has a mortality of approximately 20%, so
targeting the hyperinflammatory subgroup
with a new therapy could exclude many
patients with ARDS who need better
treatments. More progress is needed to
develop rapid methods using the electronic
medical record and baseline biomarker
analyses to categorize patients immediately
before or very early after the onset of ARDS
so that patients can be selected appropriately
for new treatments or entered into stratified
clinical trials.

Progress has beenmade in
understanding the cellular and molecular
heterogeneity underlying patient responses at
the onset and during the course of ARDS
using powerful new technologies for single-
cell analysis, genomics, proteomics, and
metabolomics. These approaches are helping
to understand pathophysiology, but they are
not yet ready for the bedside. Importantly,
the key interacting “nodes” in the pathways
regulating acute lung injury and repair have
not been identified, and the relevance of
basic pathophysiological advances for
long-term outcome research needs to be
established.

New approaches to clinical trial design
that recognize patient heterogeneity are
now in use. Although the placebo-
controlled blinded randomized clinical trial
will remain the gold standard for
therapeutic evidence, the COVID-19
pandemic has shown the value of large
international platform trials that use
simplified data collection instruments and
outcome measurements. Innovative trial
designs are available that could facilitate
testing of multiple agents and appropriate
biomarkers in single large trials. The
COVID-19 pandemic has shown how
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rapidly large multicenter/multinational
clinical trials can be organized and how
well academia, government sponsors, the
pharmaceutical industry, and regulatory
agencies can work together to accelerate
clinical research in times of great need.

Understanding clinical and basic
heterogeneity in other lung diseases, such as
cancer, asthma, and cystic fibrosis has led to

important new treatments and significant
improvements in clinically important patient
outcomes. ARDS is a complex critical illness
with many contributing factors, and critical
care research is challenging because of the
compressed time scale for identifying
patients and beginning experimental
treatments. Nevertheless, mortality remains
very high, and the need for new approaches

remains acute. Improving understanding of
clinical and molecular heterogeneity in
ARDS should lead to new ways to improve
immediate and long-term outcomes and
advance precision medicine for patients with
this important critical illness.�

Author disclosures are available with the
text of this article at www.atsjournals.org.
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