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KEY POINTS

e ARDS the clinical entity encompasses a broad spectrum of pathophysiological
abnormalities.

e Recent advances in biological measurements and data science have allowed novel in-
sights into subgroups of patients with uniform biological or clinical characteristics that
may be targeted for specific therapies.

Acute respiratory distress syndrome (ARDS) is a frequently encountered clinical syn-
drome associated with unacceptably high morbidity and mortality.” Since its first
description in 1967 by Ashbaugh and colleagues,”? numerous strides have been
made in our understanding of the pathophysiology of ARDS,® which can be simply
summarized as an acute inflammatory injury of the lungs. Broadly, the milieu of severe
inflammation, locally in the lungs, systemically, or both, triggers an injurious cascade
of molecular and cellular responses that lead to epithelial, endothelial, and interstitial/
extracellular matrix (ECM) injury.* These responses manifest macroscopically as alve-
olar flooding, interstitial edema leading to increased extravascular lung water, and
thromboembolic phenomena in the microvasculature of the lungs. At the bedside,
these abnormalities lead to hypoxemia, loss of lung compliance, increased dead
space, and the pathognomonic radiological changes of ARDS.

Despite decades of experimental insights into the biology of ARDS, few, if any, have
translated into successful therapies.® In part, these failures can be attributed to the
vast heterogeneity introduced due to the nonspecific clinical definition of ARDS, which
subsumes numerous etiologic insults (Table 1). Another important, and often
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Table 1
Common risk factors (causes) leading to acute respiratory distress syndrome

Indirect (Extrapulmonary)
Direct (Pulmonary) Risk Factors Risk Factor
Pneumonia (bacterial, viral, fungal) Sepsis
COVID-19 (SARS-CoV-2 infection) Nonthoracic major trauma
Aspiration Pancreatitis
Inhalation injury Cardiopulmonary bypass
Pulmonary contusion Transfusion of blood products
Vasculitis Major burns injury
Drowning

Abbreviations: COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syn-
drome coronavirus 2.

overlooked, factor for the failure of these biological interventions may be that many of
the insights about ARDS pathophysiology were made in experimental and preclinical
studies and the translation of these models from animals to humans has been chal-
lenging,®” not least because many of the animal models focus on studying dysfunc-
tional pathways following a single etiologic insult.® Assumptions that there is
uniformity of injury and severity across all the components of the alveolar unit regard-
less of the precipitating insult is clearly not valid; however, most ARDS clinical trials do
not discriminate according to aetiology.

Consequently, there has been a growing trend toward studying ARDS in human
subjects in real world conditions based on pragmatic sample acquisition.®'® Ad-
vances in novel biological measurements and data science methods have seen a rapid
upsurge in translational and clinical studies in human subjects that has brought new
insights into the pathophysiology of ARDS. Given the pace of innovation in both these
disciplines, we may be entering a new era of learning in ARDS biology based on in vivo
human subject studies. Moreover, such translational studies proffer paradigm-
changing approaches to experimental studies in ARDS, where the traditional linear
bench to bedside approach is replaced by a cyclic exchange of ideas from these
research domains (Fig. 1). In this review, some of the recent advances made in our un-
derstanding of the pathophysiology of ARDS based on human studies are summa-
rized. Furthermore, the pathophysiology of lung injury in coronavirus disease 2019

A Idea generated from Recapitulate the human Develop and test
novel scientific disease in animal models therapies targeting
advances or and study aberrant disrupted pathways and
observations made in pathways and identify specific molecules
human studies or target molecules
hypothesis
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Fig. 1. Basic conceptual model of a circular and iterative research cycle form bedside to
bench through translational domains of research. (A) Traditional linear flow of ideas and
research from bench through to bedside. (B) A new approach to conducting research, which
is perpetual and iterative. The primary flow is clockwise; however, flow of research can be
counterclockwise such that all 3 research domains are platforms for both hypothesis gener-
ation and causal inferences. EHR, electronic health record; HTE, heterogeneous treatment
effect.
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(COVID-19), the disease manifest by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), is reviewed.

CLINICAL DIAGNOSIS OF ACUTE RESPIRATORY DISTRESS SYNDROME

The formalization of a clinical diagnosis for ARDS constitutes a pivotal moment in our
understanding of its pathophysiology. In 1994, ARDS was given its first consensus
diagnosis at the American-European Consensus Conference (AECC).'" In the
absence of a tissue or biological diagnosis, investigators in the consensus panel set
clinical criteria to diagnose patients with ARDS as acute onset of symptoms, Pao/frac-
tion of inspired oxygen (Fio,) 300 mm Hg or less classified as acute lung injury and
200 mm Hg or less as ARDS, bilateral opacification on chest radiograph, and a pulmo-
nary occlusion pressure of 18 mm Hg or less or no evidence of raised left atrial pres-
sure. Since 2012, ARDS is clinically diagnosed using the Berlin definition (Table 2),
which iterated on the AECC definition by introducing 3 distinct categories of ARDS
based on Pao,/Fio,: mild 300 mm Hg or less, moderate 200 mm Hg or less, and
severe 100 mm Hg or less.'? Acuteness of the symptoms was time-bound to
7 days and a patient must be receiving 5 cm H,O of positive end-expiratory pressure
(PEEP) at the time of diagnosis. Finally, the absence of cardiac failure need not be
established formally and a clinical assessment would suffice. The introduction of these
broad clinical diagnoses that are agnostic to the initiating insult makes the pursuit of
uniform biological responses in ARDS seem counterintuitive, if not entirely unrealistic.
Therefore, there has been a growing trend toward seeking more uniform subgroups
within which to study ARDS biology.'®

HISTOPATHOLOGY IN ACUTE RESPIRATORY DISTRESS SYNDROME

First described by Katzenstein and colleagues,’* the term diffuse alveolar damage
(DAD) refers to the histopathological findings of alveolar epithelial and endothelial cell
injury with fluid and cellular exudate and presence of hyaline membranes and/or
fibrosis. DAD has long been considered the hallmark histologic finding in ARDS. Bach-
ofen and Weibel'® differentiated these histopathological changes in ARDS temporally
into the following 3 phases: (1) exudative (early) phase characterized by interstitial

Table 2
The Berlin definition for clinical diagnosis of acute respiratory distress syndrome
Variable Criteria
Timing Within 1 wk of clinical insult or worsening respiratory
symptoms
Chest imaging® Bilateral opacities not fully explained by effusion, collapse,
or nodules
Origin of Respiratory failure not fully explained by a cardiac cause
pulmonary or fluid overload
edema

Oxygenation

Mild 200 mm Hg < Paoy/Fio, < 300 mm Hg with PEEP or

CPAP > 5 cm H,0
Moderate 100 mm Hg < Pao,/Fio, < 200 mm Hg with PEEP > 5 cm H,0O
Severe Pao,/Fio, < 100 mm Hg with PEEP > 5 cm H,0

Abbreviations: PEEP, positive end-expiratory pressure; CPAP, continuous positive airway pressure.
2 Either chest radiograph or computed tomographic scans could be used for the imaging criteria.
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edema and capillary and neutrophilic infiltrates, (2) proliferative (subacute) phase char-
acterize by proliferation of alveolar type Il cells and fibroblast infiltration, and (3) fibrotic
(late) phase associated with collagen deposition, macrophage infiltrates, and resolution
ofthe exudative phase. More recently, Thille and colleagues'® studied 159 patients who
corroborated these histologic phases of ARDS in the presence of DAD; albeit, there is
considerably greater overlap between the phases than previously described.

During the development of the Berlin definitions, the investigators considered DAD a
key morphologic finding in ARDS and part of the conceptual framework the definition
intended to capture. Yet, given the nonspecificity of the Berlin definition and its prede-
cessor, the AECC definition, it is likely that while DAD is being captured, so are many
other pathologic morphologies, including those unrelated to ARDS. To that end, only
approximately half the patients who meet the clinical criteria for ARDS have DAD on
autopsy.'”?! Even in open biopsy studies, DAD was observed in the same proportion
of patients.??72* Consistent among these studies was that DAD was more prevalent in
severe ARDS and associated with worse outcomes. In a meta-analysis of patients who
met ARDS criteria and underwent open lung biopsies, Cardinal-Fernandez and col-
leagues®® found an array of heterogeneous morphologies in those meeting patients
without DAD, with no single entity featuring in greater than 10% of the samples.
Among specimens without DAD, most were consistent with histologic patterns of
infective pneumonia.

From these studies, it is difficult to ascertain whether DAD, a consistent finding in
experimental animal models of ARDS?® and in human autopsies pre-AECC/Berlin defi-
nition, was inaccurately described historically or whether the clinical definitions of
ARDS are poorly specific of acute inflammatory lung injury. Furthermore, the clinical
utility of histopathology studies is naturally limited due to either being performed at au-
topsy or necessitating invasive biopsies. Nonetheless, further autopsy studies are
needed to better map cellular abnormalities at different phases of ARDS. Incorpo-
rating innovative methods to studying lung tissue, such as next-generation
sequencing®’ and cryomicro-computed tomographic (CT) imaging,?® offers opportu-
nities to gain novel insights in ARDS pathophysiology and should be considered in
future investigations.

CLINICAL RADIOLOGY IN ACUTE RESPIRATORY DISTRESS SYNDROME
Quantitative Chest Radiograph

The chest radiograph is included in the definition of ARDS to assess the presence of
alveolar edema, and bilateral opacification is used as a qualitative surrogate. A quan-
titative assessment of the amount of edema would reflect severity of ARDS. The Lung
Injury Score (LIS) was an early attempt at quantification that integrated the number of
affected quadrants with physiologic parameters into a risk score.?° LIS was used to
enrich the study population in the CESAR (conventional ventilatory support versus
extracorporeal membrane oxygenation for severe adult respiratory failure) trial, which
tested veno-venous extracorporeal membrane oxygenation to conventional ventila-
tory support in severe ARDS.*°

More recently, the Radiographic Assessment of Lung Edema (RALE) score has been
developed to further quantify chest radiographic abnormalities in ARDS.®' The RALE
score is calculated by summing the products of the consolidation and density for each
radiograph quadrant. The RALE gives a maximal score of 12 for each quadrant result-
ing in a maximum total score of 48. The consolidation score quantifies the extent of
alveolar opacities in each quadrant: (none: 0 points; < 25%: 1 point; 25%-50%: 2
points; 50%-75%: 3 points; > 75%: 4 points), whereas alveolar opacification in



Acute Respiratory Distress Syndrome

each quadrant is scored up to 3 points (hazy: 1 point; moderate: 2 points; dense: 3
points).3" The RALE score correlated significantly with extravascular lung water in
donor lungs and was found to predict survival at the time of ARDS diagnosis. Chang-
ing scores over time added to these predictions, where an increasing RALE score had
a higher mortality than those with an improving score.®? Use of the RALE score pro-
vides empirical evidence for a common observation in clinical practice, namely, that
patients with progressive infiltrative abnormalities have worse outcomes. In future tri-
als, the RALE score may be used as a surrogate end point for therapeutic response or
provide objective prognostic enrichment of patients with ARDS.

Chest Computer Tomography

Chest CT provides considerable information additional to chest radiographs. CT is
considered the gold standard tool for quantification gas volumes and weight of
consolidated lung tissue.>® With this purpose, it has been used to monitor the effect
of recruitment maneuvers on lung volume and reaeration of consolidations.** Since
the early days of chest CT, considerable heterogeneity in morphology has been
observed in ARDS, and for more than 20 years investigators have sought methods
to identify meaningful subgroups.®®

The following three morphologic patterns are differentiated: (1) a focal morphology
with a basal-dorsal dominance of consolidations, (2) a patchy morphology with islands
of consolidation or ground glass separated by spared areas throughout all lobes, and
(3) a diffuse morphology with similar involvement of all lobes without any clear
gradient.®® Patients with patchy and diffuse morphology are nowadays grouped
together into a nonfocal phenotype. Lungs with nonfocal morphology are easier to re-
cruit and less prone to overdistention compared with focal morphology.®”

In the LIVE (Personalised mechanical ventilation tailored to lung morphology versus
low positive end-expiratory pressure for patients with ARDS) study, patients were ran-
domized to receive uniform lung protective mechanical ventilation or a lung
morphology-driven ventilation. In the personalized ventilation group patients with a
nonfocal lung morphology received small tidal volume of 6 mlL/kg predicted body
weight (PBW) and routine recruitment maneuvers and prone positioning was used
as arescue therapy. Patients with focal lung morphology received higher tidal volumes
of 8 mL/kg PBW and lower PEEP strategy and prone positioning was mandatory.*®
The study showed no benefit of the personalized ventilation strategy in the
intention-to-treat analysis. However, the morphologic pattern misclassification by
the treating physician was 21% and personalized intervention was associated with
harm in this group, whereas the control group was not. Taken together, the results
of this study provide a strong warning against premature classification of patients
into subphenotypes because of the possibility of harm and the real-world challenges
of CT interpretation.

Lung Ultrasonography

Lung ultrasonography (LUS) is an attractive alternative to radiation-dependent imag-
ing techniques because images can be obtained at the bedside and provide a
comprehensive and rapid overview of subpleural lung aeration. The global LUS score
correlates well with extravascular lung water measured using invasive techniques®®
and can be used to estimate reaeration of the lung after a recruitment maneuver.*°
Given the nonspecificity of chest radiographs and complexity of CT imaging, an algo-
rithmic approach based on LUS might be an attractive alternative, although this has
yet to be systematically investigated.
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Perfusion Scanning

With the increased availability of chest CT scanning, our knowledge about lung aera-
tion and its response to PEEP has increased considerably. Yet, impaired oxygenation
secondary to functional shunt encountered in ARDS is insufficiently understood.*’
Perfusion remains the dark side of ventilation-perfusion matching owing to a lack of
tools for anatomic assessment of perfusion in critically ill patients. CT chest images
acquired during intravenous contrast infusion have been used to estimate regional
perfusion with a subsequent mathematical estimation of the match between ventila-
tion (aeration) and perfusion. Dakin and colleagues used this approach and found
that the amount of perfusion to consolidated lung areas (a surrogate for functional
shunt) negatively correlated with Pao,/Fio,.*> Few other such studies, however,
have been applied in critical care. Assessing and understanding functional perfusion
abnormalities in relation to heterogeneity of lung aeration, and in response to ventila-
tory changes, represents a key unmet challenge toward better understanding ARDS
pathogenesis.

BIOMARKERS IN ACUTE RESPIRATORY DISTRESS SYNDROME

Although bronchoalveolar lavage fluid (BALF) is most proximal to the site of injury and
likely the most relevant sample to study, the requirement of a bronchoscopy and in-
consistencies in sample dilution have meant that BALF analysis is not routinely per-
formed clinically and remains poorly studied in human subjects. Recent reviews
have covered the role of biomarkers in BALF in understanding the pathogenesis of
ARDS including animal studies'®>“® and a meta-analysis in human subjects.** In this
section of the review, we focus primarily on plasma biomarkers.

The Injured Alveoli

A biological marker for ARDS is sorely lacking; however, finding such a biomarker is
extremely challenging. We know that endothelial and epithelial cell injury is integral
in ARDS pathogenesis and several biomarkers exist that are informative of injury to
these cells. However, the extent to which each of these cells is injured is variable
and dependent on the severity and mechanism of injury.

Calfee and colleagues®® observed that levels of circulating biomarkers of epithelial
injury, such as surfactant protein-D (SP-D) and soluble receptor for advanced glyca-
tion endproducts (sRAGE), were higher in direct injury (eg, pneumonia or aspiration),
whereas the level of angiopoietin-2 (ang-2), a marker of endothelial injury, was higher
in indirect injury (eg, sepsis). SRAGE levels in the plasma have been studied exten-
sively in ARDS, and elevated levels are associated with disease severity, adverse clin-
ical outcomes, and diffuse changes on CT scans of the lungs.*~*° Although sRAGE is
promising, its specificity to ARDS remains uncertain and has been implicated as a
marker of severity in community-acquired pneumonia®® and in sepsis.®'-%?

Markers of endothelial injury are also elevated in ARDS and specifically sepsis-
associated ARDS."® Elevated level of Ang-2 is known to be associated with increased
risk of developing ARDS®* and associated with worse clinical outcomes.®® Similarly,
elevated levels of plasma von Willebrand factor (vWF), another marker of endothelial
activation, were associated with worse outcomes in ARDS.%®

Biomarkers of coagulopathy/fibrinolysis and the extracelllular matrix (ECM) are
other components of the alveolar unit that have been studied in ARDS. Taking coagul-
opathy first, plasminogen activator inhibitor-1 and protein C have both been associ-
ated with adverse clinical outcomes.®” In the pediatric population, plasma matrix
metalloproteinases 8 and 9, markers of ECM injury, have been associated with
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prolonged ventilation in ARDS®® and used to identify clusters with divergent clinical
outcomes.’® Inflammasome activity, as measured by interleukin (IL)-18 levels, is
also known to be associated with adverse outcomes in ARDS.6%-6'

Despite several biomarkers of endothelial and epithelial injury known to be elevated
in ARDS, these findings have yet to translate to meaningful therapies. In part, this is
because the linkage of elevated biomarkers to function remains unestablished. The
described pragmatic human translational studies are not the suitable experimental
domain to address mechanistic roles for these molecules and highlight a major limita-
tion of such approaches.

Inflammatory Biomarkers: A Special Case for Phenotyping

Given ARDS is an acute inflammatory condition, it is unsurprising that proinflammatory
and anti-inflammatory cytokines have been extensively studied in ARDS.®? IL-1, IL-1,
IL-6, IL-8, IL-10, and soluble tumor necrosis factor (sSTNFR)-1 have all been associated
with clinical outcomes in ARDS. However, none of these biomarkers are specific to
ARDS and are known to be elevated in other inflammatory conditions. Furthermore,
it is unclear whether elevated levels of these biomarkers are contributing to pathogen-
esis of ARDS or merely reflecting an increased burden of systemic inflammation.

To maximize the informative potential of protein biomarkers, increasingly, investiga-
tors are using a combination of biomarkers to identify subgroups or clusters within
ARDS populations using unbiased approaches. This genre of research, known as phe-
notyping, has become prominent in ARDS®® and critical care research.5* Work from
our group has used a combination of protein biomarkers, vital signs, ventilatory vari-
ables, laboratory variables, and demographics to identify unmeasured clusters using
latent class analysis (LCA). LCA is an unbiased probabilistic modeling algorithm that
seeks to identify uniform subgroups in multivariate distributions.®® Consistently, in in-
dependent secondary analyses of 5 randomized controlled trials (RCTs), we have
identified 2 phenotypes of ARDS called the hypoinflammatory and hyperinflammatory
phenotypes.®®-5° The hyperinflammatory phenotype is associated with higher levels of
proinflammatory cytokines including IL-6, IL-8, sTNFR-1, and intracellular adhesion
molecule-1. In addition, the hyperinflammatory phenotype is also associated with
increased incidence of shock, lower protein C levels, and elevated markers of end-
organ dysfunction including creatinine and bilirubin (Fig. 2). From a pathophysiological
standpoint, proportions of patients with nonpulmonary sepsis were significantly higher
in hyperinflammatory phenotype, whereas pulmonary infections were significantly
higher in the hypoinflammatory phenotype. Markers of endothelial activation (ang-2,
VWF) were higher in the hyperinflammatory phenotype,®” whereas the epithelial
marker SP-D was lower.®® sRAGE another epithelial marker was higher in the hyper-
inflammatory phenotype.

Expectedly, mortality and ventilator days were significantly higher in the hyperin-
flammatory phenotype in all analyses (Table 3). Furthermore, divergent outcomes
were observed in the phenotypes to randomized interventions in 3 of these trials to
PEEP strategy,®® fluid management strategy,®” and statin therapy.® The complexity
of the LCA models, however, is a barrier to the identification of these phenotypes pro-
spectively. To circumnavigate this, we developed models that either use a parsimo-
nious set of biomarkers’® or readily available clinical data only.”' Both approaches
were able to classify phenotypes accurately, and the divergent treatment responses
were also observable using these clinically practical models. The models require pro-
spective validation before they can be used in the clinical setting.

Bos and colleagues’? used a similar panel of biomarkers (IL-18, IL-6, IL-8, TNF-a,
IL-10, IL-13, interferon gamma, etc) to identify clusters in ARDS. Their approach
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Fig. 2. Standardized values for continuous class-predicting variables. The variables are
sorted from left to right in descending order for the difference in values between the hyper-
inflammatory and hypoinflammatory subphenotype. Standardized values were calculated
by assigning the mean of the variables as 0 and standard deviation as 1. The variables at
the extreme left and right of the horizontal axis are the most important phenotype-
defining variables. BMI, body mass index; SBP, systolic blood pressure; ICAM-1, intercellular
adhesion molecule-1; IL, interleukin; PAI-1, plasminogen activator inhibitor-1; PEEP, positive
end-expiratory pressure; sTNFR1, soluble tumor necrosis factor receptor-1; VE, minute venti-
lation; VT, tidal volume; WBC, white blood cell count.

differed from the above-mentioned phenotyping scheme in that they restricted their
predictor variables to protein biomarker and used hierarchical clustering. The investi-
gators also observed 2 clusters of ARDS, which they termed inflamed and unin-
flamed.”? As with the hyperinflammatory phenotype, the inflamed phenotype was
associate with elevated proinflammatory cytokines and worse clinical outcomes. It re-
mains unclear how much overlap there is between these different approaches of iden-
tifying clusters in ARDS. However, from a multitude of these studies, it seems

Table 3
Mortality at day 90 in the 2 latent class analysis-derived acute respiratory distress syndrome
phenotypes
Hypo- Hyper-

Trials inflammatory inflammatory P Value
ARMA (low vs high V;) 23% 44% .006
ALVEOLI (low vs high PEEP) 19% 51% <.0001
FACTT (conservative vs 22% 45% < .0001

liberal fluid management)
HARP2 (simvastatin vs placebo) 22% 47% < .0001
SAILS (rosuvastatin vs placebo) 21% 38% < .0001

Abbreviations: ARMA, low tidal volume versus high tidal volume trial; ALVEOLI, Assessment of Low
Tidal Volume and Elevated End-Expiratory Pressure to Obviate Lung Injury; FACTT, Fluids and Cath-
eters Treatment Trial; HARP-2, Hydroxymethylglutaryl-CoA Reductase Inhibition in Acute Lung
Injury to Reduce Pulmonary Dysfunction; SAILS, Statins for Acutely Injured Lungs from Sepsis.
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apparent that concealed within ARDS are 2 biologically distinct subgroups that are pri-
marily differentiated by their circulating inflammatory responses.

Among the remaining questions, 4 require urgent consideration. (1) Are these pheno-
types temporally stable and over what period of time? (2) Are these phenotypes specific
to ARDS or generalizable to other inflammatory conditions? (3) Among the various ap-
proaches, which scheme should be used to uniformly identify the hyperinflammatory
state in the clinical setting or clinical trial? (4) What are the optimal candidate interven-
tions that could be evaluated in phenotype-specific trial? From a biological standpoint, it
is unclear if the observed responses that define the phenotypes are always deleterious
or whether they are part of a well-conserved inflammatory response. Addressing these
issues will mostly likely lead to successful therapies in ARDS.

GENOMICS AND TRANSCRIPTOMICS IN ACUTE RESPIRATORY DISTRESS SYNDROME
Genomic Predisposition for Lung Injury

Several genomic approaches have been used to assess predisposition to ARDS.
Genome-wide association studies may facilitate our understanding of ARDS patho-
genesis by identifying genes that increase the likelihood of ARDS development. How-
ever, because ARDS is a complication from an underlying condition, these analyses
require correction for the likelihood of common risk factors such as sepsis or pneu-
monia. An additional concern with these studies is the lack of reproducibility in inde-
pendent datasets.”® An important next step toward understanding the genuine
implication of a genetic variant in the pathogenesis of ARDS is Mendelian randomiza-
tion studies, an approach that allows evaluation of causal of a modifiable exposure on
disease based on genetic variance.”

ANGPT2, the gene that encodes for ANG2 expression, was found to be related to the
development of ARDS in a sepsis population.”® Importantly, this risk was mediated via
an increase in plasma ANG2 concentration, suggesting a possible causal pathway. A
similar approach was taken for sRAGE. Plasma sRAGE was strongly related to genetic
variation and to the occurrence of ARDS in a sepsis cohort, suggesting that it acts as a
causal intermediate in ARDS development.”® Now that this approach has been taken for
a marker of endothelial and epithelial injury, likely additional markers implicated as cen-
tral in the pathogenesis of ARDS need evaluating through such studies.

Transcriptomic Alterations Related to Lung Injury

Transcriptomics analysis is the comprehensive assessment of messenger RNA from
blood or tissue and provides insight in the complex interaction between genomics
(providing the genetic potential) and exposures (resulting in the protein transcription
of those genes). Therefore, it could potentially provide more information on the state
a patient is in than genomic analysis alone. Gene expression of blood leukocytes
has frequently been used to quantify the host response in critical illness in general
and ARDS more specifically. In an analysis of multiple observational ARDS cohorts,
Sweeney and colleagues’” found that 30 genes were associated with ARDS; however,
after adjusting for severity of systemic inflammation, none of these genes were signif-
icant, leading the investigators to conclude that plasma transcriptomics is unlikely to
be a meaningful tool in ARDS. It is worth noting that this was a retrospective analysis of
data extracted from public repositories where the ARDS diagnosis was uncertain, and
the populations included adults and children. Two approaches may provide further
insight into the gene expression in ARDS: (1) focus more on gene expression in the or-
gan of interest, the lung, and (2) account for the biological heterogeneity observed in
ARDS when analyzing blood gene expression profiles.
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A limited number of studies have focused on gene expression in pulmonary samples
from ARDS. In a hallmark study, Morrell and colleagues’® simultaneously evaluated
expression profiles of alveolar macrophages to those of peripheral blood monocytes
(PBMs) in ARDS. The investigators observed that gene expression was profoundly
different between these compartments and that enrichment of immune-
inflammatory gene sets was associated with a favorable outcome in alveolar macro-
phages but an unfavorable outcome in PBMs, demonstrating distinct implication
of inflammatory responses that may be compartment and cell specific.

The second approach was taken by Bos and colleagues’® in a posthoc analysis of
blood leukocyte expression obtained from patients with suspected sepsis and ARDS.
Patients were classified into 2 subphenotypes based on plasma biomarkers of inflam-
mation, coagulation, and endothelial injury as discussed in the section on Biomarkers
in acute respiratory distress syndrome. Subsequently, expression profiles were
compared between subphenotypes rather than with and without ARDS. The investiga-
tors reported that around 30% of genes were differentially expressed between the
subphenotypes, with an enrichment of neutrophil-related genes in the reactive
(inflamed) subphenotype. Furthermore, the genes that were most upregulated in the
reactive subphenotype also discriminated between ARDS and a control group with
sepsis but without ARDS. These data suggest that patients with the reactive subphe-
notype have a distinct gene expression profile related to neutrophil activation, oxida-
tive phosphorylation, and cholesterol metabolism.

INSIGHTS FROM NOVEL BIOLOGICAL MEASUREMENT SYSTEMS
Metabolomics

The advent of mass spectrometry (MS) and nuclear magnetic resonance (NMR) to
study high-throughput metabolites has seen the emergence of the field metabolomics
over the past 2 decades. Despite its growing use to study human biology, its applica-
tion in ARDS remains in its infancy.®° In a small pilot study, Stringer and colleagues®’
studied plasma metabolites using NMR in sepsis-induced ARDS versus healthy volun-
teers, and metabolites pertaining to oxidant stress, energy homeostasis, apoptosis,
and endothelial barrier function distinguished ARDS from healthy volunteers. Other in-
vestigators have subsequently studied differences between plasma metabolites in
ARDS versus ventilated controls,®? or healthy controls,®® with similar findings. MS
has been used to study metabolites in edema fluid or BALF in patients with ARDS.
When compared with controls, metabolites of oxidative stress (glutamate and proline)
were elevated in ARDS.®*8° Differences in ARDS from controls were consistently
observed; however, most of these described studies are limited by samples size (<30).

In the largest study of its kind, Viswan and colleagues®® took a different approach to
see whether they can differentiate severity and etiologic sites (pulmonary vs extrapul-
monary) of ARDS using metabolic profile. Both serum (n = 176) and BALF (n = 146)
metabolic profiles showed good performance metric at differentiating ARDS severity;
however, the ability to discriminate site of injury was poor. These findings were corre-
spondent with an earlier work of Bos and colleagues®” who studied the discriminatory
properties of exhaled breath metabolites in ARDS.

Lipidomics is another growing field in human biology and uses MS/NMR to study
high-throughput quantification of lipids in biological compartments. Fatty acid-
derived lipid mediators are critical in the regulation of the inflammatory response. Spe-
cifically, the role of lipid proresolving mediators in the resolution and homeostatic
normalization of inflammation is being increasingly recognized.®®-%° Lipidomics in crit-
ical illness is largely unexplored and perhaps represents a new frontier in our
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understanding of systems biology, particularly, given the ubiquity of these molecules
both intracellularly and extracellularly. Future studies in human subjects profiling the
lipidome in ARDS and their functional role are eagerly anticipated.

MICROBIOME IN ACUTE RESPIRATORY DISTRESS SYNDROME
Lung Microbiome is Altered by Invasive Mechanical Ventilation

Until about a decade ago, the lung was considered sterile under normal conditions.
Since then, culture-independent techniques for the detection and identification of
microbiota have provided expansive insights into the lung microbiome in health and
disease. The lung microbiome is shaped by 3 factors: (1) immigration of microor-
ganism into the lung, (2) elimination of microorganisms through microbial killing and
immigration via cough and mucocilliairy clearance, and (3) locoregional growth cir-
cumstances that act as selective pressures on certain types of microorganisms.°
During intubation and invasive mechanical ventilation, these forces are disturbed
significantly.®" Therefore, it is unsurprising that duration of mechanical ventilation is
one of the most important factors driving the change in lung microbiome in critically
ill patients.®?

The Complex Relation Between Lung Injury and Microbial Composition

As lung injury occurs, additional nutrients become heterogeneously available in the
lung and may further perpetuate regional growth differences and impose selective
pressures toward specific microorganisms.*>°* Simultaneously, specific bacteria
seem to be enriched in the lung microbiome at the moment ARDS is diagnosed and
invasive mechanical ventilation is initiated.®>°¢ Furthermore, in these 2 independent
studies, performed on 2 different continents, the same enrichment of gut bacteria
was found to be related to ARDS and predicted unfavorable outcome.®>°¢ Taken
together these findings suggest that (1) changes in microbial composition in the
lung may precede lung injury and play a role in ARDS pathogenesis and (2) findings
of microbiome disruption are agnostic to interindividual and regional heterogeneity
in microbial composition and antimicrobial practices. Future studies need to further
clarify the causal relation between microbial dysbiosis and lung injury.

CORONAVIRUS DISEASE 2019

COVID-19, the disease caused by SARS-CoV-2 virus, has transformed the clinical
landscape of ARDS. At the time of writing, 74 million people have been infected
with more than 1.6 million deaths. Many, if not most, patients who were admitted to
the intensive care unit (ICU) with COVID-19 have met the criteria for ARDS. Currently,
there are more than 21,000 patients admitted to the ICU in the United States, and the
annual incidence of ARDS will have increased by several folds, if not by an order of
magnitude, in 2020. Despite these staggering numbers, the precise pathophysiology
of COVID-19 ARDS remains largely unmapped.

As with all causes of acutely injured lungs, the central schema of pathophysiological
abnormalities in the COVID-19 remains the same, that is, injury of the epithelia, endo-
thelia, and ECM. To what extent each of these architectural domains is injured and
what the principal drivers of this injury may be require further elucidating.

Insights from Histopathology

Given the biosafety constraints of studying SARS-COV-2 in experimental models,
findings at autopsy have been singularly informative in appreciating the pathophysi-
ology of lung injury in COVID-19. Consistent among almost all studies that report
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autopsy finding of the lungs is DAD.®” Borczuk and colleagues® in a multicenter study
reported autopsy findings in 68 deceased patients and observed DAD in most patients
with virus detectable in alveolar type Il cells and airway epithelia. It has been postu-
lated that as SARS-CoV-2 spike protein binds to angiotensin-converting enzyme
(ACE)-2 receptor to gain cellular entry and given the abundance of these receptors
on endothelial cells, COVID-19 is associated with increased endothelial activation
and thromboembolic phenomena. To that end, these investigators also observed
thrombi present in large vessel of the lungs in the 42% of the cases at autopsy.

Elsewhere, in a case series of 80 patients, Edler and colleagues observed large
vessel thrombi in the lungs in only 21% of the patients; however, if they included
deep vein thrombosis, the cumulative large vessel thrombi were 40%.%° In a small
study comparing COVID-19 to influenza at autopsy, the findings of thromboembolic
phenomena were almost double in the former,'°° and these findings were corrobo-
rated when rates were compared between COVID-19 and historical influenza
data.’®" It is unclear whether the thromboembolic phenomena are due to direct inva-
sion of the endothelial cells or a hypercoagulable state or both. The presence of virus
in endothelial cells'®? and in organs outside of the respiratory tract'®® would suggest
that direct viral pathogenicity is a plausible theory.

Insights from Imaging

Early reports on CT images from patients with COVID-19 ARDS speculated that it was
characterized by normal lung volumes with severe hypoxemia.'®* Subsequent studies
were unable to show that lung volumes are preserved and showed no relation between
compliance of the respiratory system and the extent of parenchymal involve-
ment.’51% |n line with histopathological findings, perfusion defects have been
consistently detected on lung imaging of COVID-19 ARDS (Fig. 3) irrespective of
the presence of pulmonary embolism and are likely reflective of the
microthrombi, 107109

Insights from Biomarkers

A frequently described theory in COVID-19 is that a cytokine storm is the key driver of
disease severity."'%""" Closer scrutiny of the described levels of proinflammatory cy-
tokines such as IL-6 in COVID-19 would suggest that, although elevated above
normal, they were much lower than those described in historical cohorts of
ARDS.""? In a systematic review, when proinflammatory cytokine levels in COVID-
19 were compared with the hyperinflammatory phenotype of ARDS, sepsis, or cyto-
kine release syndrome (post chiemeric antigen receptor T cell therapy), the levels
were significantly lower."'® D-dimer levels in severe COVID-19 were higher compared
with historical critical care cohorts, suggesting a common theme of a hypercoagulable
state. Other investigators have similarly observed attenuated IL-6 and IL-8 levels in
COVID-19 compared with non-COVID-19 ARDS."'#11°

A prospective exploratory analysis of COVID-19 ARDS suggested that the prev-
alence of the hyperinflammatory phenotype was between 11% and 21%
compared with 30% observed in non-COVID-19 ARDS.""® Together, these findings
suggest that circulating inflammatory biomarkers may not be critical or unique in
the pathophysiology of COVID-19 ARDS. Yet, mortality in COVID-19 ARDS is
considerably higher. Rather than ruminating on the cytokine storm, a more
intriguing question to ask is what biological phenomenon is driving injury in the
lung and the observed excess mortality? As a unifying biological hypothesis, we
speculate that COVID-19 ARDS is associated with a more immunosuppressive
state, either systemically or locally in the lungs, which in turn leads to impaired
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Fig. 3. CT pulmonary angiography and dual-energy CT (DECT) perfusion in coronavirus dis-
ease 2019 (COVID-19)-related ARDS. (A) DECT perfused volume map of a patient without
COVID-19 and no pulmonary embolism (control). The image is notable for homogeneous
coloring throughout both lungs (indicating normal iodine distribution and normal perfu-
sion). (B) Soft tissue reconstruction showing filling defects in lower lobe pulmonary arteries
(arrows) in a 42-year patient with COVID-19. (C) Corresponding DECT color map showing
widespread perfusion defects (arrows) in the same patient 42-year-old patient. (D) Example
of wedge-shaped perfusion defect on DECT color map. (E) Example of mottled generalized
perfusion defect on DECT color map. (Courtesy of Dr Brijesh V. Patel and Professor Sujal R.
Desai, London, UK).

viral clearance and the ensuing epithelial injury and hypercoagulable state that are
consistently observed. The absence/attenuation of interferon responses have been
observed in COVID-19 and are shown to be associated with adverse outcomes.’”
This hypothesis needs testing in both the lung and circulating compartments.

FUTURE DIRECTIONS

In the context of the current understanding of ARDS with its clinical diagnosis,
conceptually, it is perhaps easiest to comprehend its pathophysiology as a graded
permutation of injuries to the 4 components of the alveolar unit: the epithelium, endo-
thelium, extracellular matrix, and coagulopathy of the microvasculature. The prototype
injury of each anatomic domain is represented in Fig. 4. Clearly, these are not mutually
exclusive injury types; however, the extent to which a domain principally drives the
global lung injury is likely to be dependent on the original insult. Among these stag-
gering numbers of patients with COVID-19, it is worth acknowledging that all cases
are due to a single pathogen; this is noteworthy because critical care is accustomed
to managing nebulous clinical syndromes with multiple causes. Yet, from a biological
standpoint, understanding a unifying pathophysiology in COVID-19 has been exceed-
ingly challenging. It is then worth asking, what are the probabilities of making such a
biological discovery in ARDS if we persist with its clinical diagnosis?

Regardless, the steps needed to better understand the biology of the disease and
the clinical syndrome are the same. Studies are needed where biological measure-
ments are simultaneously made in the lungs and the circulation and over multiple time-
points using multidimensional data types. The heterogeneity subsumed within these
diagnoses needs to be broken down into biologically intuitive subgroups that are
empirically derived. Finally, a central challenge facing the specialty is to harness these
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Fig. 4. Prototype injury schema in the anatomic components of the alveolar unit in ARDS.
(A) Epithelial-dominant injury: associated with cellular infiltrates and alveolar flooding, pro-
totypically seen in pneumonia-associated ARDS and may be neutrophil driven. (B) Extracel-
lular matrix-dominant injury: associated with persistent inflammatory signaling due to stress
to the extracellular matrix, prototypically seen with in ventilator-induced lung injury (VILI).
(C) Endothelial-dominant injury: associated with endothelial dysfunction and interstitial
edema and proteinaceous exudates leading to increased extravascular lung water; prototyp-
ically seen in sepsis-induced ARDS. (D) Coagulopathy-dominant injury: this is associated with
intravascular thromboembolic phenomena with extensive microthrombi in the pulmonary
microvasculature; prototypically seen in COVID-19-associated ARDS. It is worth emphasizing
that these figures represent extreme prototypes of the anatomic injuries and most ARDS
cases are combination of the injuries to these sites. IL, interleukin; TNF, tumor necrosis factor
receptor; NET, neutrophil extracellular traps; ROS, reactive oxygen species;
MPO, myeloperoxidase; sRAGE, soluble receptor for advanced glycation endproduct;
CC16, Clara cell 16; SP-D, surfactant protein-D; MMP, matrix metalloproteinases; Ang-2, an-
giopoeitin-2; VEGF, vascular endothelial growth factor; vWF, von Willebrand factor.

high-throughput data and translate it into a therapy that benefits patients with lung
injury testing hypotheses in more experimental models.

CLINICS CARE POINTS

e Radiological assessment of patients with CT scans, perfusion scans, and LUS may offer novel
insights into the pathologic and physiologic abnormalities in ARDS

e Bedside quantification of protein biomarkers can lead to diagnosis of phenotypes or disease
states that may be amenable to phenotype-specific trials in the near future

e In COVID-19 and non-COVID-19, the mainstay of the management of patients with ARDS
remains delivery of high-quality critical care with the least injurious support of mechanical
ventilation
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