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P R E F A C E 

New Insights in Acute Respiratory Distress Syndrome 

Antonio Artigas 

Critical Care Center, Corporacion Sanitaria Universitaria Parc Tauli, Institut de Investigació I3PT, CIBER Enfermedades 

Respiratorias, Autonomous University of Barcelona, Sabadell, Spain. 

Fifty Years Ago, Ashbaugh and colleagues described for the first time the term adult (later changed to 
acute) respiratory distress syndrome (ARDS). Since then substantial progress has been made in the care 
of affected patients and those at risk for the disorder, with reductions in both incidence and mortality. 
However, ARDS remains a relatively common and lethal or disabling syndrome.  
Novel therapeutics have largely failed to translate from promising preclinical findings into improved 
patients outcomes in late phase clinical trials. Recent advances in personalized medicine, big data, causal 
inference using observational data, novel clinical trial designs, preclinical disease modeling, and 
understanding of recovery from acute illness promise to transform the methods of pulmonary and critical 
care clinical research. The recommendations for future research priorities and directions are: 1) focusing 
on understanding the clinical, physiological, and biological underpinnings of heterogeneity in ARDS 
with the goal of developing targeted, personalized interventions; 2) optimizing preclinical models by 
incorporating comorbidities, cointerventions, and organ support; 3) developing and applying novel 
clinical trial designs; 4) advancing mechanistic understanding of injury and recovery to develop and test 
interventions targeted at achieving long-term improvements in the lives of patients and families. 
This special issue of Signa Vitae, we have drawn together international experts in different aspects of 
acute respiratory failure to examine and discuss some of the challenges in today’s ARDS. Multiple 
experimental models have been developed in the last few decades, with major recent development in the 
fields of in vitro, ex vivo, and in vivo experimental ARDS: while some of these experiments failed, other 
succeeded in advancing our knowledge of the complex mechanisms of ARDS pathophysiology and the 
clinical translation of a few therapeutic interventions. Therefore, the judicious and imaginative use of 
broad range experimental and analytical approaches is a paramount importance in developing 
translational discovery research, with the goal of developing prediction medicine strategies to ultimately 
improve patients outcomes. 
The recognition of ARDS heterogeneity has create an opportunity to identify various subphenotypes, 
associated with different clinical outcomes. Key challenges will be 1) the characterization of the lung 
compartment, and 2) integrating our subphenotypes related to clinical variables, lung morphology, gas-
exchange abnormalities and biology in preclinical models and clinical trials. Deeper subphenotyping, 
with parallel use of prognostic and predictive enrichment strategies, will hopefully reveal mechanistic 
differences and treatable traits, marking the beginning of precise medicine in ARDS. 
The ventilatory management of ARDS patients has changed over the years to mitigate the risk of 
ventilator induced lung injury (VILI) and improves outcomes. Several strategies have been proposed to 
individualize tidal volume. Driving pressure, transpulmonary pressure, and mechanical power have been 
proposed as markers to quantify risk of VILI and to optimize ventilator settings. Several rescue therapies, 
including neuromuscular blockade, prone position, recruitment maneuvers, vasodilators and 
extracorporeal oxygenation and carbon dioxide removal, may considered in severe ARDS. These new 
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ventilatory strategies and recommendations may guide physicians in an individually tailored rather a 
fixed approach based on physiological targets to achieve optimal ventilatory settings for each patient. 
The development of new and effective therapies for ARDS is a relevant objective of biomedical research 
and cell therapies are among the novel approaches with the greatest potential. However, mechanistic 
studies will still be needed to fully understand the mechanisms of action that these therapies can be 
optimized. 
In summary, there are many and varied challenges across the fields of ARDS. I hope our selection, will 
help trigger for the reflection of this important area, with the realization that as we move forward, further 
challenge will inevitably arise. Importantly, although often considered as a barrier of progress, challenges 
should rather be seen as providing an opportunity to encourage debate and discussion to resolve difficult 
issues and patient management. 
I would like to thanks all the contributors for their excellent contributions and the editorial staff at Signa 
Vitae for their assistance and patience.
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Abstract
As a result of technical improvements, extracorporeal techniques for carbon dioxide
removal have become an attractive option in managing adults with acute respiratory
failure. However, evidence to support its use is scarce, and several questions regarding
the best way to implement this therapy remain unanswered, which can be associated with
severe side effects. In this review, we will present the currently available knowledge
on (1) ECCO2R as an adjuvant treatment to invasive mechanical ventilation, (2) the
impact of hypercapnia in patients with acute respiratory distress syndrome (ARDS), (3)
the pathophysiological rationale and evidence of ECCO2R in patients with ARDS.

Keywords
Acute respiratory distress syndrome; Extracorporeal carbon dioxide removal; Carbon
dioxide; Lung-protective ventilation; Ventilator-associated lung injury

1. Background

Acute hypoxemic respiratory failure, and its most severe form,
acute respiratory distress syndrome (ARDS), is a leading cause
of admission to the intensive care unit (ICU). It is associ-
ated with significant mortality and long-term morbidity for
survivors and considerable resource utilization for health care
systems [1].

In critically ill patients with acute hypoxemic respiratory
failure, mechanical ventilation is a life-saving treatment [2]. At
the same time, this therapy can cause ventilator-induced lung
injury (VILI), a lung injury condition inflicted or aggravated
by mechanical ventilation during treatment. Multiple evidence
demonstrated that excessive lung stress and strain, induced by
excessive transpulmonary pressure, results in regional alveolar
overdistension or cyclic opening and closing of distal airways,
which cause lung injury [3]. In recent years, much effort has
been invested in understanding the pathophysiology of VILI,
which has led to notable changes in ventilation management
and remarkable improvement in patient outcomes. For in-
stance, while it was common practice to use “unphysiological
large” tidal volumes to prevent atelectasis and target normal
gas exchange, it is now widely accepted to use low pressures
and low tidal volumes to protect the lungs against VILI [2,
4]. In a seminal study, the ARDSNet investigators showed
significantly higher mortality with a high tidal volume (VT )
strategy of 12 mL/kg of predicted body weight (PBW), as
compared to a low VT strategy of 6 mL/kg PBW and limiting
end-inspiratory plateau pressure (PPLAT ) to ≤ 30 cmH2O

[5]. However, the reduction in tidal volume and inspiratory
pressures results in the development of respiratory acidosis,
which is tolerated within certain safe limits, according to the
notion of “permissive hypercapnia”.
Nonetheless, in some patients, even lung-protective venti-

lation (LPV) settings may not be fully protective [6, 7]. Up
to one-third of patients receiving lung-protective ventilation
had evidence of tidal hyperinflation and, hence, risk of VILI
[6]. Moreover, data from large observational studies suggest
that there might not be a safe threshold for tidal volume or
driving pressure due to the heterogeneity of lung injury [8, 9].
These data prompted the hypothesis that further reducing tidal
volume and driving pressure could result in less VILI and
patient-centered outcome improvement [10].
This strategy would potentially entail an unacceptably high

risk of life-threatening respiratory acidosis [11] due to signifi-
cantly reducing alveolar ventilation with tidal volumes equal
to or inferior to physiologic dead space. To overcome this
issue and facilitate “ultra” protective strategies of mechanical
ventilation to minimize VILI, increasing interest has been
focused on extracorporeal carbon dioxide removal (ECCO2R)
since the first reports in the 1980s [12–14].

2. Pathophysiologic rationale of ECCO2R
in ARDS

One of the major clinical challenges in ARDS and hypoxemia
is carbon dioxide (CO2) clearance and the strategy to best
achieve it. However, the optimal physiologic and metabolic
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targets to provide adequate homeostasis without inducing VILI
are not yet defined, as highlighted above, suggesting a potential
role for ECCO2R.
In patients with ARDS, hypercapnia develops due to de-

creased alveolar ventilation, determined by the variable com-
bination of alveolar collapse/infiltrate and increased alveolar
dead space. Alveolar infiltrates, and collapse is unevenly
distributed throughout the lung, with smaller preserved aerated
zones, defined as “baby lung” [15]. Physiological dead space
(VD/VT ) is the sum of the anatomical and alveolar dead spaces
and is defined as all parts of the tidal volume that do not
participate in gas exchange. VD/VT comes from respiratory
units that receive disproportionately low perfusion compared
with ventilation (Q < V), resulting in an increasing “West
Zone 1” physiology [16]. High alveolar dead space (VDALV )
may result from endothelial injury, microvascular thrombi,
and overdistention of alveoli during mechanical ventilation
[17, 18]. VD/VT during the first seven days after ARDS di-
agnosis is an independent lung-specific physiological variable
associated with increased mortality [19, 20]. However, dead
space measurements are not routinely performed in clinical
practice to guide patient management due to the challenges of
the various measurement strategies [21]. Other methods for
estimating VD/VT , which do not require quantitative assess-
ment of exhaled carbon dioxide, are easier to use at the bedside.
Recently, the ventilatory ratio and end-tidal-to-arterial Partial
pressure of carbon dioxide (PCO2) ratio have been described
as surrogates for VD/VT in ARDS patients [22–25].

2.1 Hypercapnia in ARDS
The effects of hypercapnia have been extensively studied in
clinical and experimental investigations, but the results are
conflicting. Thus, the definition of adequate CO2 and pH
clinical targets remains challenging.
Hickling et al. [26] were the first to propose protective ven-

tilation strategies as the rescue therapy for patients with severe
ARDS to limit VILI. These strategies include the following
measures: (1) low peak inspiratory pressure and low VT

ventilation; (2) use of positive end-expiratory pressure (PEEP);
and (3) acceptance of higher partial pressure of arterial carbon
dioxide (PaCO2) levels. Despite its limitations, this study
showed significantly lowered hospital mortality by adapting
the protective ventilation strategies. This finding led to a series
of clinical investigations in patients with ARDS, including
the potential protective role of permissive hypercapnia [5, 8,
27–29]. Regretfully, important limitations of these studies,
such non-randomization of patients to receive normocapnia or
hypercapnia, have precluded the conclusive demonstration of
a direct protective effect of high CO2 in these patients.
To advance the knowledge on this issue, several experi-

mental studies have also investigated the potential protective
effect of hypercapnia on mechanisms of acute lung injury
[30]. In an experimental model of rabbit lungs ventilated ex-
vivowith high pressures, hypercapnia decreasedmicrovascular
permeability, lung edema formation, and protein concentration
in the bronchoalveolar lavage fluid [31]. The plausible mech-
anisms are (1) the CO2 action, through nuclear factor-kappa
(NFκB) pathway activation, preventing p65 translocation and

thereby reducing inflammation [32, 33]; (2) CO2 inhibition
of the ADAM-17 (a disintegrin and metalloprotease domain
enzyme), which prevents the activation of the p44/p42 MAPK
(mitogen-activated protein kinases pathway) [34].
Hypercapnia has also been shown to reduce apoptosis in

rat lungs exposed to high-pressure ventilation by inhibiting
the activation of the MAPkinase and stress-activated protein
kinases (SAPK)/Jun amino-terminal kinases (JNK) pathways
in alveolar epithelial cells [35].
In contrast to its beneficial effects, the potentially detrimen-

tal effects of hypercapnia on mechanisms of injury have also
been studied. It has been observed that high levels of CO2

impaired the phagocytic activity of neutrophils in rat models
[36]. Furthermore, hypercapnia decreased alveolar cell prolif-
eration and delayed wound repair in different types of human
lung cells in pH-independent and dose-dependent ways [37].
Hypercapnic acidosis impairs membrane wound resealing [38,
39] in ex-vivo and in-vitro rat models of VILI. High CO2 levels
have been found to decrease the clearance of alveolar edema
through inhibition of the Na+-K+-ATPase pump through an
endocytosis process [40] that is pH independent [41]. Lastly,
hypercapnia may modulate innate immunity and host defense
via pH-independent or dependent mechanisms [42, 43]. High
CO2 levels suppress innate immunity by inhibiting mRNA and
the expressions of inflammatory cytokines (IL-6 and TNF-α)
and autophagy in alveolar macrophages in rats [43, 44]. The
biological actions of CO2 are depicted in Fig. 1.
Although progressively adopted or tolerated in patients with

ARDS to facilitate protective mechanical ventilation settings,
permissive hypercapnia has considerable pathophysiological
effects, which need to be considered. Hypercapnic acidosis
can increase pulmonary vascular resistance and worsen pul-
monary hypertension, potentially increasing right ventricular
afterload and triggering acute cor pulmonale. It also impairs
diaphragmatic function through afferent transmission or in-
tegrity with short-term exposure to moderate hypercapnia in
preclinical models [45, 46]. Hypercapnia causes precapillary
cerebral arteriole dilation, increasing cerebral blood flow, a
clear concern in the setting of reduced intracranial compliance,
in which increased global cerebral blood flow may critically
elevate intracranial pressure. Moreover, hypercapnic acido-
sis directly reduces the contractility of cardiac and vascular
smooth muscle [47, 48]. However, this is counterbalanced by
the hypercapnia-mediated sympathoadrenal effects, including
increased preload and heart rate, increased myocardial con-
tractility, and decreased afterload, leading to a net increase in
cardiac output [48, 49].
A recent secondary analysis of three international studies on

patients with ARDS showed that severe hypercapnia, defined
as PaCO2 50mmHg, was independently associatedwith higher
ICU mortality and multiorgan failure [50]. Interestingly, the
number of patients with severe hypercapnia progressively in-
creased from 1998 to 2010, mirroring the progressively higher
adoption of lung protective ventilation, which may reflect the
belief of the beneficial effect of hypercapnia.
In another retrospective analysis of mechanically ventilated

patients, it was observed that patients who developed respira-
tory acidosis (pH <7.35 and PaCO2 >65 mmHg) during the
first 24 hours of ventilation had a worse prognosis compared
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F IGURE 1. Schematic depiction of CO2 actions at cellular level with its positive (BLUE) and negative effects (RED).
Left: Mechanical stretch induced phosphorylation of p44/p42 is decreased by CO2 inhibition of ADAM-17. Apoptosis is
decreased by hypercapnia by impairment of ASK1-JNK/p38 MAPK pathway. Right: CO2 acts upon the NF-κB pathway after
inflammatory stimuli. Carbon dioxide inhibits IκB-α degradation, impairing ReIA/p50 translocation into the nucleus exerting its
anti-inflammatory effects. On the other hand, CO2 impairs alveolar cell proliferation by inhibiting IKK/NIK complex impairing
ReIB/p52 formation via the NF-κB complex and also by inducing miR183 which down-regulates IDH2 producing mitochondrial
dysfunction (independent of NF-κB pathway). Hypercapnia- induced endocytosis of the Na,K-ATPase transporter. ADAM-17:
disintegrin and metalloproteinase 17; MAPK: mitogen-activated protein kinases; ASK: Apoptosis signal-regulating kinase 1;
JNK: c-Jun N-terminal kinase; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; IL-1: interleukin1; TNF:
Tumoral necrosis factor; IDH2: isocitrate dehydrogenase-2; NIK: NF-κB-inducing kinase; IKK: IκB kinase; EFGR: epidermal
growth factor receptor; CO2: carbon dioxide.

to those who had normocapnia or compensated hypercapnia
[51].

The “Large observational study to UNderstand the Global
impact of Severe Acute respiratory FailurE” (LUNG SAFE)
study, a worldwide multicenter observational investigation
in ventilation practice in patients with ARDS [52], reported
the prevalence and impact of changes in CO2 on ventilation
management and outcomes in patients with early ARDS. This
observational study showed that hypocapnia and hypercapnia
are commonly present, and in approximately half of the pa-
tients, CO2 derangements are sustained over the first two days
of ventilation. Interestingly, there was no mortality difference
between normocapnic and hypercapnic patients, concluding
that there is no evidence for hypercapnia to be considered
beneficial or harmful. Of note, the LUNG SAFE investigators
also show ICU mortality to be higher in hypocapnic compared
to normocapnic patients with mild-to-moderate ARDS, sug-
gesting the need for caution with sustained hypocapnia.

The above-discussed evidence suggests that the application
of ECCO2R could be beneficial to improving metabolic home-
ostasis and minimizing VILI, which is achieved by allowing
the delivery of ultra-protective mechanical ventilation settings
and avoiding the potentially detrimental hemodynamic and
neurological consequences of hypercapnia. It is increasingly
recognized that CO2 is more than just a product of cellular
metabolism and that hypercapnia can regulate several critical
biological functions in the lung, which could be detrimentally
altered by inadequate ECCO2R application.

3. Principles and technical aspects of
ECCO2R

3.1 Principles

The ECCO2R devices consist of a drainage cannula placed in
a large central vein or artery (the latter if an arterio-venous
configuration is used, which is not often), a pump, and a gas
exchanger (artificial membrane lung), and a return cannula
into the venous system. Gas exchange is achieved through
an extracorporeal artificial lung unit containing a diffusion
membrane. In this unit, blood is passed through hollow plastic
fibers with a mesh-like pattern that increase the surface area for
membrane-to-blood contact and gas exchange efficiency. Via
the surface of the membrane fibers, the exchange of oxygen
and CO2 occurs by diffusion. The efficiency of each device
(i.e., the volume of CO2 removed per minute, adjusted to blood
flow) should be an important consideration for clinicians since
it determines the blood flow rate and hence the catheter size
needed for adequate CO2 removal. To obtain an efficient
membrane lung with the lowest necessary amount of mem-
brane surface, a design incorporating short fibers that allows
a maximal sweep gas ratio is required to keep the gradient
over the entire length of the fiber at its highest possible level.
This is in contrast to extracorporeal membrane oxygenation
(ECMO), which requires high flow rates to increase arterial
blood oxygenation. ECCO2R needs considerably lower blood
flow rates as the gas dissociation curves in blood for oxygen
and CO2 are significantly different.
Theoretically, due to the higher diffusion coefficient of CO2,
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F IGURE 2. Use of ECCO2R to decrease the injury induced by mechanical ventilation. Figure depicts the common
configurations used. A. Veno-venous ECCO2R configuration with a double-lumen catheter inserted into a central vein. B. Arterio-
venous ECCO2R configuration with the positioning of the exchange membrane linking the femoral artery and vein. No pump is
needed. PaCO2: partial pressure of carbon dioxide in arterial blood; VCO2: carbon dioxide production; CO2: carbon dioxide;
O2: oxygen; VT : tidal volume.

blood flow of ~1 L/min is sufficient to remove the entire
CO2 production of an average-sized patient effectively. In
contrast, relevant oxygenation of the blood only occurs with
blood flows of approximately 50–60% of the cardiac output.
Therefore, an ECCO2R system requires smaller cannulas and
lower blood flow. In ECCO2R, the sweep gas flow is kept high
to maximize the effectiveness of CO2 elimination through the
artificial membrane from the blood.

Before initiating the extracorporeal CO2 elimination, it is
necessary to estimate the patient’s CO2 production (on aver-
age, about 250 mL/min in the critically ill patient under resting
conditions [53]) and, on the other hand, the therapeutic goal.
With low flow rates in the 200–450mL/min range, it is possible
to eliminate an average of CO2/min corresponding to about 20–
30% of the average CO2 production [54, 55] as demonstrated
in recent clinical trials [56, 57].

Recent preclinical research has investigatedways to increase
the efficiency in CO2 removal by techniques that acidifies
blood in the extracorporeal circuit and by using electrodialysis
with encouraging results [58–60].

3.2 Technique

Due to the much higher diffusion capacity of CO2 than O2,
different configurations of extracorporeal CO2 elimination are
possible. The system’s configuration depends on the election
of the vascular access (arterial or venous) and the type of
cannulas that will be used. A distinction is made between
pump-driven vs. arterio-venous pumpless systems (Fig. 2).

3.2.1 Arterio-venous ECCO2R (AV-ECCO2R)
ECCO2R with arterio-venous configuration utilizes the pa-
tient’s arterio-venous pressure gradient to pump blood through
the artificial lung. Vascular access is most commonly obtained
by cannulating the femoral artery and vein using the percuta-
neous technique. Mean arterial pressure greater than 60mmHg
and a cardiac index >3 L/min/m2 provide flow rates ranging
between 0.5 and 1.2 L/min. This configuration is unsuitable for
hemodynamically unstable or heart failure patients [61, 62].
The major advantage of the system is the absence of blood

trauma due to a pumpless system and thus pump-associated
complications. However, this benefit is outbalanced by the risk
of distal ischemia, which can occur on the side of the arterial
cannulation. The pumpless arterio-venous system introduces
a new vascular bed to the patient, which adds an additional
burden to the heart that already has to pump blood through
the brain, liver, kidneys, and other organs. Given the com-
plications associated with cannulation, its use has fallen out of
interest.

3.2.2 Veno-venous ECCO2R (VV-ECCO2R)
Veno-venous ECCO2R systems utilize a pump to generate flow
across a membrane. To date, pump-driven systems are by
far the more used systems. They enable a jugular or femoral
double lumen cannula of a size between 20 and 23–24 Fr,
allowing blood flows around 500–1000 mL/min. Smaller can-
nulas can also be considered for lower blood flow, decreasing
the cannulation risk. A hemodialysis catheter with 11.5 or
13.5 Fr can generate blood flows of up to 300 mL/min but
has a relatively high recirculation rate [63], thus reducing the
system’s efficiency.
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The pumps can be roller (peristaltic) or rotary (centrifugal).
The latter has a rotating impeller which creates a suction vortex
that draws blood into the center of the pump and propels it
outwards from the outlet. The system, which evolved from
dialysis, is driven by roller pumps and uses 200 to 450 mL/min
of corresponding blood flows. In contrast, the systems devel-
oped from ECMO often have flow rates of 0.5 to a maximum
of 2.0 L/min using a centrifugal pump [64].
Compared to the AV configuration, one of the gains of VV-

ECCO2R is that it is less invasive as arterial cannulation is
avoided and that patients can potentially be mobilized earlier.
We recommend VV-ECCO2R over AV-ECCO2R in most cir-
cumstances unless the centers are already familiar with this
technology.

4. Evidence of ECCO2R in ARDS

ECCO2Rwas first proposed in the 1980s when the detrimental
effect of VILI was still vastly unrecognized and ignored. The
evolving conceptual paradigm of ECCO2R clinical application
was to use extracorporeal support to rest the lung and avoid
VILI from high volume and pressure ventilation [14]. Interest-
ingly, in small clinical series, the application of ECCO2R was
reported to decrease barotrauma in patients with ARDS [13,
14] before large clinical trials could demonstrate the benefit of
lung-protective ventilation. However, to date, no high-quality
evidence has shown the efficacy of ECCO2R in improving
patient outcomes.
A recent meta-analysis of 14 studies with pumpless and

pump-driven ECCO2R [65] has shown that the technique can
achieve a sustained reduced partial pressure of arterial CO2

to 40–50 mmHg and increased blood pH to 7.30–7.45 and a
significant increased PaO2/FiO2 ratios; these while decreasing
VT~3 mL/kg/IBW (ideal body weight), and PPLAT by at least
5 cmH2O,maintaining a PEEP level of around 15 cmH2O. The
device duration was between 7 to 14 days. However, there was
no effect on mortality or clinically relevant outcome measures.
The SUPERNOVA study investigated the role of ultra-

protective ventilation in patients with early moderate ARDS
under invasive mechanical ventilation [66]. Ultra-protective
ventilation consisted in targeting tidal volumes of 4 mL/kg
and PPLAT ≤ 25 cmH2O. The main outcome was the
proportion of patients achieving ultra-protective ventilation
without developing respiratory acidosis (pH <7.30 while
maintaining PaCO2 around 20% of baseline values with Vt
6 mL/kg IBW). Devices with different CO2 extraction rates
were used. ECCO2R was kept for 3–8 days. ECCO2R was
able to significantly reduce PPLAT from 26 ± 5 cmH2O
to 23 ± 3 cmH2O in 73% of patients, with a reduction of
driving pressure from 13 ± 5 to 9 ± 4 cmH2O. Few adverse
effects were related to the use of ECCO2R. These findings
showed that in this study, ECCO2R was feasible and safe. A
secondary analysis of the data from the SUPERNOVA study
demonstrated that the magnitude of reduction in VT, driving
pressure, and mechanical power permitted by ECCO2R
is significantly higher in ARDS patients with higher dead
space (determined by a ventilator ratio (VR) >2) or lower
compliance of the respiratory system (Crs) or treated with a
higher CO2 extraction rate device [67].

Finally, although these data confirmed the technique’s feasi-
bility with consistent physiological effects, the lack of patient-
centered outcomes warranted further investigation.
Several studies have shown the feasibility and efficiency of

ECCO2R in removing significant amounts of CO2 to facilitate
very low tidal volume mechanical ventilation strategies [66,
68]. However, these studies were not designed to investigate
the efficacy of this technique in improving patient-centered
outcomes.
Recently a large, randomized, controlled, open, phase 3

pragmatic clinical and cost-effectiveness trial led by experi-
enced clinical trials group [57] tried to respond to the clinical
question of whether ECCO2R improves day 90 all-cause mor-
tality inmechanically ventilated patients with acute hypoxemic
respiratory failure. The original plan was for an interim analy-
sis of 560 patients. However, this was moved forwards to 412
patients after the trial was paused to investigate an intracra-
nial hemorrhage in the intervention arm. At this time point,
the Data and Safety Monitoring Board (DSMB) performed a
conditional power analysis and found that ongoing recruitment
was unlikely to show benefit. 202 patients were randomized
to the experimental arm and 210 to the control arm. Tidal
volumes, inspiratory plateau pressure, and driving pressure
were lower in patients randomized to the intervention arm than
controls, as per the study design. However, although mean
ventilator-free days were significantly lower in the ECCO2R
group (mean difference, –2.1 (95% CI, –3.8 to –0.3); p = 0.02),
no difference was found in the primary outcome of day 90 all-
cause mortality, 41.5% in the lower tidal volume ventilation
with ECCO2R group vs. 39.5% in the standard care group
(Risk Ratio, 1.05 (95% CI, 0.83–1.33); difference, 2.0% (95%
CI, –7.6% to 11.5%); p = 0.68). This was unchanged after ad-
justing for age, Sequential Organ Failure Assessment (SOFA)
score, and baseline PaO2/FiO2. Higher rates of adverse events
were observed in the intervention arm: 168 (52% of patients)
vs. 61 (23% of patients), including higher rates of intracranial
hemorrhage and infectious complications.
Moreover, several issues may have affected the outcome in

the ECCO2R group. In fact, in the intervention arm of the trial,
there were higher rates of mandatory modes of mechanical
ventilation and neuromuscular blockade and less use of prone
positioning than in the control arm. In addition, several partici-
pating centers had little experience with the clinical application
of ECCO2R. Furthermore, although driving pressure in the
ECCO₂R group was 2–3 cmH₂O lower than in controls, with
the expected significant decrease of mechanical load, in both
groups, driving pressure was maintained below 14 cmH₂O,
which has been suggested as a protective threshold tominimize
VILI [69]. Future studies will need to investigate whether tar-
geting a lower respiratory rate by study design with ECCO2R
results in improved outcomes, as demonstrated in an elegant
experimental large animal model [70].
Overall, the data presented in this study confirmed that

achieving lower tidal volumes using ECCO2R is possible and
highlighted how translating this physiologic effect into clinical
benefit is challenging due to the complex and not fully revealed
pathophysiology of VILI.
Other relevant studies on ECCO2R in ARDS are summa-

rized in Table 1.

7



TABLE 1. Relevant studies of ECCO2R in ARDS.
Study No. of

pa-
tients

ECCO2R Characteristics Time on
ECCO2R

Major Results

Configuration Blood
flow
(mL/min)

Sweep
flow

(L/min)

Membrane
(material);

surface in m2

Terragni et
al. [77]

32 RRT platform
adapted to

ECCO2R and a
double lumen

catheter
(femoral)

191–
422

8 PLP*
(Decap®,
Hemodec,
Salerno,

Italy); 0.33

6 (3.5–7)
d

Prospective study. IMV + LPV to maintain PPLAT 28–30 cmH2O After 72 h
of IMV, ECCO2R started with posterior decreasing of VT . VT successfully
decreased to 4 mL/kg PBW and PPLAT decreased to 25.0 cmH2O (p <

0.001). ECCO2R prevented respiratory acidosis. Reduction of biomarkers of
lung injury after 72 h of ultraprotective ventilation.

Bein et al.
[68]

79 Femoral AV
PECLA

1300 Not
reported

PMP** (iLA
AV,

Novalung,
Heil-

bronn,Germany);
1.3

7.4 (3–11)
d

Randomized controlled trial. AV-ECCO2R commencement after 24 h in
moderate/severe ARDS. ECCO2R group aimed a VT 3 mL/kg PBW. Control
group aimed for a VT 6 mL/kg PBW. No significant differences in VFDs at
D-28 or D-60. ECCO2R + ARDS with P/F ≤150 had significantly shorter
duration of ventilation at D-60. Significantly higher rate of bleeding in the

ECCO2R group.
Fanelli et
al. [56]

15 VV system and
single double
lumen catheter
with femoral or
jugular approach

435 10 PLP* based
on siloxane
layer (ALung
Hemolung
RAS); 0.59

2 h Prospective study. Moderate/severe ARDS. VT reduced to 4 mL/kg PBW.
ECCO2R started after severe respiratory acidosis (pH < 7.25 + PaCO2 > 60
mmHg). ECCO2R successfully reverted respiratory acidosis ECMO needed

in 2 patients.

Augy et
al. [78]

70 VV system and a
double-lumen

catheter

430 Not
reported

PLP* based
on siloxane
layer (ALung
Hemolung
RAS) or
PMP; 1.3
(Novalung
iLA activve);

0.59

5 d Multicenter, observational, prospective, cohort study. Ultraprotective
ventilation for ARDS patients, rest of indications related to COPD patients.
Significant reduction in VT was observed in ARDS patients, up to 4 mL/kg
PBW. Side effects related to the device: hemolysis, bleeding, and membrane

clotting. 3 deaths related to ECCO2R.

Schmidt et
al. [79]

20 VV system
managed with

RRT platform via
a 15.5-Fr single
dual lumen

catheter (femoral
or jugular)

420 10 PMP** (Pris-
maLung®;
Gambro-

Baxter); 0.32

31 h Prospective multicenter study. Mild/moderate ARDS VT progressively
decreased to 4 mL/kg within 2 h + PEEP adjustment to aimed PPLAT 23–25

cmH2O using a RRT platform. No ECMO requirement. No worsening
oxygenation. ECCO2R with RRT platform was feasible for ultraprotective

ventilation.
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TABLE 1. Continuted.
Study No. of

pa-
tients

ECCO2R Characteristics Time on
ECCO2R

Major Results

Configuration Blood
flow
(mL/min)

Sweep
flow

(L/min)

Membrane
(material);

surface in m2

Ding X et
al. [80]

12 VV configuration
with two 12-Fr
two lumen

hemodialysis into
the right jugular
vein and one of
the femoral veins

342 10 PMP** (Pris-
maLung®;
Gambro-

Baxter); 0.32

Not
reported

Single-center, prospective study. COVID-19 ARDS patients with refractory
hypercapnia with compliance 13.29 ± 4.88 mL/cmH2O. Low-flow ECCO2R
system based on the RRT platform can reduce the PaCO2 level <50 mmHg
and significantly decrease the PPLAT , driving pressure and mechanical power
in moderate hypercapnic patients. Twenty-four hours later, the DP and PPLAT

slightly increased, but were still significantly reduced compared with the
baseline.

Combes et
al. [66]

95 VV configuration
with a

double-lumen
catheter

300–
500 vs.
800–
1000

6–10 PLP* based
on siloxane
layer (ALung
Hemolung
RAS, iLA
activve,
Novalung,
Cardiohelp®
HLS 5.0,
Getinge)

5 (3–8) d Prospective multicenter international phase II study. Ultraprotective settings
by 8 h and 24 h was achieved significantly in 78% at 8 h and 82% at 24 h of
ECCO2R running. Two SAEs related to ECCO2R use (brain hemorrhage and
pneumothorax). ECCO2R- related AE were reported in 39% of the patients.
Sixty-nine patients (73%) were alive at day 28. Fifty-nine patients (62%)

were alive at hospital discharge.

McNamee
JJ et al.
[57]

405 VV configuration
with a

dual-lumen
catheter inserted
percutaneously
into a central vein

350–
450

10 PLP* based
on siloxane
layer (Alung
Hemolung-
RAS system);

0.59

4 d Pragmatic, multi center, open label, randomized controlled and
cost-effectiveness clinical trial. No difference in primary outcome of day 90

all-cause mortality 41.5% in the lower tidal volume ventilation with
extracorporeal carbon dioxide removal group vs. 39.5% in the standard care
group Risk Ratio, 1.05 (95% CI, 0.83–1.33); difference, 2.0% (95% CI,
−7.6% to 11.5%); p = 0.68). Higher rates of adverse events: 168 (52% of
patients) vs. 61 (23% of patients) 65 of these felt to be related to study

intervention. Higher rates of intracranial hemorrhage: 10 vs. 25 were thought
related to the intervention and 3 which resulted in death. Higher rates of

infectious complications (7 vs. 1).
*PLP: polypropylene; **PMP: poly-4-methyl-1-pentene; AE: adverse effects; ARDS: acute respiratory distress syndrome; COPD: chronic obstructive pulmonary
disease; LPV: lung protective ventilation; PECLA: pumpless extracorporeal lung assist; PEEP: positive end-expiratory pressure; PPLAT : Plateau pressure; RRT:
renal replacement therapy; VT : tidal volume; SAE: serious adverse effects; IMV: invasive mechanical ventilation; PBW: predicted body weight; AV: arterio-venous;
iLA: interventional lung assist; VFDs: ventilator free days; VV: veno-venous; RAS: Respiratory Assist System; HLS: Heart-Lung Support; ECMO: extracorporeal
membrane oxygenation; DP: driving pressure.

3
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5. Complications

Although ECCO2R seems to improve or correct hypercap-
nic acidosis, its use is associated with a range of vascular,
hematological, and other complications (Table 2). In a recent
international feasibility trial, ECCO2R-related adverse events
such as catheter displacement or infectious complications were
observed in 2% and membrane lung clotting or bleeding in
14% of patients, highlighting the coagulation/anticoagulation
balance as a key issue [56].

TABLE 2. Complications associated with ECCO2R.
Therapy-related

• Worsening of hypoxemia at the onset of low tidal
ventilation
• Bleeding (pulmonary, gastrointestinal, cerebral)
• Hemolysis
• Consumption coagulopathy
• Thrombocytopenia/thrombopathy
• Air embolism

Catheter-related
• Vascular injury (bleeding)
• Catheter infection
• Thrombosis
• Hematoma, aneurism, pseudoaneurysm
• Distal limb ischemia (AV-ECCO2R)
• Catheter malposition, dislodgement or kinking
• Compartment syndrome
• Accidental arterial insertion (AV-ECCO2R system)
• Recirculation

Device-related
• Pump malfunction
• Oxygenator malfunction
• Heat exchanger failure
• Clot plugging

AV-ECCO2R: arterio-venous extracorporeal carbon
dioxide removal.

ECCO2R can worsen hypoxemia and increase FiO2 re-
quirements due to derecruitment, which can be counteracted
by applying higher levels of PEEP. Lower partial alveolar
oxygen pressure can also result from a reduced lung respiratory
quotient [71–73].
One of the most important differences between AV and

VV configurations is the risk of complications related to the
femoral artery catheterization with partial obstruction of blood
flow and the potential occurrence of limb ischemia.
Hemorrhagic events related to vascular access and antico-

agulation are the most frequent complications of ECCO2R.
The low flow makes systemic anticoagulation necessary, in-
creasing significant bleeding risk, including cerebral, gastroin-
testinal, and nasopharyngeal bleeding. The contact between
blood and the artificial surfaces of the circuit at very low

flows can lead to a secondary consumption of clotting factors
and associated bleeding complications. Clinically significant
hemorrhagic complications are reported in the range between
2% and 50% [65, 74].
Although most systems are also coated with heparin to

minimize thrombogenicity of the surface as little as possible,
thrombus formation may build-up due to increased exposure
time of the blood in contact with the artificial membrane lung
and circuit due to lower flow rates. Clotting in the system may
reduce or compromise the membrane efficiency or completely
obstruct the circuit if anticoagulation is not achieved. This may
reduce the membrane efficiency and consequently increase
CO2 levels rapidly. Membrane thrombosis must be considered
a life-threatening event, requiring the immediate substitution
of the circuit.
Heparin-induced thrombocytopenia is rarely

observed. In this case, an albumin or phosphoryl-
choline/phosphatidylcholine coating can be requested
[75].
The careful choice of adequate vascular access is critical in

preventing thrombosis and detecting catheter kinking, preclud-
ing the achievement of target blood flow rates [56]. Catheter
displacement or kinking may also result in pump malfunction
and membrane thrombosis. Hence, subclavian or jugular vein
cannulation is preferred over the femoral vein access when
a high body mass index or intraabdominal hypertension is
present. Intravascular hemolysis also has been reported.

6. Future perspectives

ECCO2R effectively allows the implementation of protective
or ultra-protective ventilation in patients with ARDS. How-
ever, current data do not demonstrate efficacy in improving
patient-centered outcomes. Further investigations, warranted
to establish the overall clinical effect of ECCO2R in patients
with ARDS, will need to address several important issues
regarding, among others, the definition of optimal blood flow
and hence circuit configuration, the definition of optimal tar-
get of pH, CO2, tidal volumes and alveolar distending pres-
sures, and the definition of optimal anticoagulation strategies.
These advancements will also clarify whether ECCO2R should
be applied in all patients with ARDS, only in specific sub-
phenotypes, or whether a personalized mechanical ventilation
strategy, including ECCO2R, should be delivered to each pa-
tient based on specific disease characteristics and risk factors.

7. Summary and recommendations

ECCO2R may be a promising adjuvant therapeutic strategy to
reduce the injury induced by mechanical ventilation.
In a recent European consensus on using ECCO2R for ul-

traprotective ventilation in ARDS patients, driving pressure
with plateau pressure optimization was the main criteria for
commencement of the technique. The clinical targets were
pH >7.30, respiratory rate <20–25 breaths/min, PPLAT <25
cmH2O and driving pressure <14 cmH2O [76]. At the mo-
ment, ECCO2R in patients with ARDS should not be used in
patients outside clinical trials.
Future studies that harness the potential benefits of ECCO2R
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without increasing the risk of other complications are needed
to progress this technology.
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Abstract
In spite of supportive care of patients with acute respiratory distress syndrome (ARDS),
morbidity and mortality of these patients are considerable and effective therapies
centred in ARDS pathophysiology are needed. Substantial progress in pharmacological
therapies has been noticed, however, several studies have not been successfully
translated to the clinics. Nonetheless, many preclinical and clinical studies are
ongoing. In this review, pharmacological therapies underlying ARDS pathophysiology
are summarized: therapies targeting the alveolocapillary membrane, mucolytics,
bronchodilators, immunomodulators, anticoagulants and fibrinolytics, aspirin, and other
treatments are discussed, including both, studies with beneficial and controversial
results, and ongoing trials. In addition, a section concerning preclinical studies is
included. An enlarged understanding of ARDS pathophysiology and its fundamental
pathways and mechanism, together with the identification of ARDS subsets of patients
and phenotypes will maximise patient response to a specific treatment.

Keywords
Acute respiratory distress syndrome (ARDS); Acute lung injury; COVID-19; Sepsis

1. Introduction

Acute respiratory distress syndrome (ARDS) is an acute hy-
poxemic respiratory failure in critically ill patients of all ages
[1]. This syndrome may originate from multiple insults that
affect directly the lung (pneumonia or aspiration of gastric
contents, among others), or systemic insults that will develop
ARDS as a consequence of the primary disease (sepsis or
trauma, among others) [1]. Recent clinical ARDS categories
include patients with Coronavirus disease 2019 (COVID-19)
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) [2]. ARDS is heterogenic based on its etiology,
illness severity, duration, and individual patient characteristic,
determining the course of the disease. Morbidity and mortality
of ARDS remain high [3, 4], about 35–40%. Most surviving
patients experience persistent and prolonged physical, mental
and quality-of-life impairment, requiring specific medical at-
tention after recovery of ARDS [5].
The pathophysiology of ARDS is characterized by the

breakdown of the alveolar-capillary barrier, which leads to
proteinaceous edema and neutrophils infiltration into the
alveolar compartment, with pulmonary activated coagulation
and inflammation, and decreased fibrinolysis [1, 6, 7].
Nowadays there is no single biomarker able to identify ARDS
nor its underlying biology.
Currently, the management of ARDS patients is mainly sup-

portive and preventive, and specific effective pharmacological
therapy is not available yet. Despite years of research and
knowledge, several preclinical and clinical studies have not
been successfully translated. However, science is increasingly

advancing day by day, and many treatments focused on ARDS
pathophysiology are underway, and many others have emerged
during the actual COVID-19 pandemic. Progressive under-
standing of the pathways and mechanisms involved in this
disease, together with the identification of subsets of patients
underlying ARDS might improve treatment response.

This narrative review is focused on the pharmacological
therapies that have been proposed to treat adult ARDS, high-
lighting their beneficial and controversial effects, especially on
those therapies that are ongoing but without excluding those
that did not work. To better understand the mechanisms of the
different therapies for adult ARDS, in some sections, studies
on neonate/pediatric ARDS (soluble guanylate cyclase surfac-
tant, budesonide) or studies for sepsis (Bevacizumab, Levosi-
mendan Hydrocortisone, Vitamin C, Sivelestat Sodium, anti-
TF antibody-836 (ALT-836), Antithrombin, thrombomodulin
alfa-123 (ART-123), Drotrecogin alfa) have been introduced.
Clinical studies have been found in Home-Clinical Trials. gov
or PubMed (nih.gov).

The article is divided into therapies targeting the alveolocap-
illary membrane, mucolytics, bronchodilators, immunomod-
ulators, anticoagulants and fibrinolytics, aspirin, and other
treatments, including data of relevant preclinical and clinical
studies and highlighting those that are ongoing (Fig. 1, Ta-
ble 1). The different therapies are classified according to their
main actions on target key processes and pathways of ARDS
complex pathophysiology, but this does not exclude that one
therapy do exert its effects through different systems. Also,
there is a section for preclinical treatments which have not been
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F IGURE 1. Acute respiratory distress syndrome and proposed preclinical and clinical specific pharmacological
therapies.

tested yet in clinical trials.

2. Alveolocapillary membrane

Damage into the alveolocapillary membrane drives the loss
of epithelial and endothelial barrier integrity, which leads to
protein-rich edema extravasation and leukocytes infiltration
into the alveolar compartment [8].

2.1 ACE2
The renin-angiotensin system (RAS) is involved in ARDS
pathophysiology. Patients with ARDS present increased levels
of Angiotensin II, a vasoconstrictor involved in inflammation
and pulmonary edema that exerts its activities through an-
giotensin type I receptor [9]. Angiotensin Converting enzyme
II (ACE2) hydrolyses Angiotensin II producing Angiotensin
1–7, which has been found to be protective in experimental
models. In a randomized phase 2a clinical study, GSK2586881
(recombinant human ACE2) was administered as an exoge-
nous ACE2, in order to hydrolize Angiotensin II, and proved
safety but did not improve clinical outcomes in ARDS patients
requiring mechanical ventilation [10].
In patients with COVID-19, SARS-CoV-2 is known to bind

ACE2; both membrane-bound (mACE2) and soluble (sACE2)
forms. However, onlymACE2mediates the virus entrance into
the cell, but not sACE2. Angiotensin type I receptor blockers
increase the levels of Angiotensin II, which stimulates ACE2
shedding; sACE2 catalyzes the conversion of Angiotensin II
to Antiotensin 1–7 while also binds SARS-CoV-2 blocking its
entrance to the host cells. Presently, there is an ongoing ran-

domized phase 2 trial with oral 50 mg Losartan (an angiotensin
type I receptor blocker) and 25 mg Spironolactone (a blocker
of aldosterone secretion) in patients with COVID-19-ARDS
(NCT04643619).

2.2 Alveolar epithelium
The alveolar epithelium has a key role in ARDS severity [11].
It is composed of alveolar type I cells (ATI cells), which cover
the 95% of alveolar surface and are the major responsible of
gas exchange, and alveolar type II cells (ATII cells), which
are the progenitor cells of the alveolar epithelium and can
proliferate and differentiate into ATII cells. ATII cells also
produce surfactant. Both cell types are critical in ion transport
and present immunologic functions [12, 13].

2.2.1 Surfactant
ATII cells produce and recycle pulmonary surfactant, which
is composed of proteins and lipids. Surfactant maintains
the alveolar surface tension and presents antimicrobial and
host defense functions [14]. ATII cells injury together with
the presence of proteins and enzymes in the edema induce
surfactant dysfunction [15].
In pediatric patients, exogenous surfactant evidenced bene-

fits. In the ULTRASURF randomised controlled trial, the lung
ultrasound scores improve the time of surfactant administration
and prove better oxygenation after early treatment with surfac-
tant in premature newborns [16].
In a randomized controlled trial, continuously nebulized

synthetic surfactant for five days in patients with sepsis-
induced ARDS did not impact 30-day survival, duration
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TABLE 1. Acute respiratory distress syndrome clinical studies of pharmacological therapies.

Therapeutic agent Route of Ad-
ministration

Mechanism of
action

Severity of ARDS Trial state Stage of
testing

Reference/
Identifier

ALVEOLOCAPILLARY MEMBRANE
RAS related signalling

Recombinant
human ACE2
(GSK2586881)

Intravenous Cleavage of
Angiotensin II to
Angiotensin 1–7

ARDS patients requiring
mechanical ventilation

for <72 h

Phase 2 Completed [10]

Losartan and
Spironolactone

Oral Blocking
angiotensin
receptor and
secretion of
aldosterone.

COVID-19 ARDS Phase 2 Recruiting NCT04643691

Alveolar epithelium
Synthetic surfac-
tant

Aerosolized Replace
surfactant

Sepsis-induced ARDS Not Ap-
plicable

Completed [17]

Recombinant sur-
factant protein C

Intratracheal Replace
surfactant

Various etiologies Phase 3 Completed [18–20]

Poractant Alfa Through
bronchoscopy

Replace
surfactant

COVID-19 ARDS Not Ap-
plicable

Completed [21]

Poractant Alfa Endotracheal
instillation or
bronchial
fibroscopy

Replace
surfactant

COVID-19 ARDS Phase 2 Recruiting NCT04502433/
NCT04384731

AP301
(Solnatide)

Inhaled Activation
alveolar

epithelium Na+
channels

ARDS patients requiring
mechanical ventilation

Phase 2a Completed [24, 25]

AP301
(Solnatide)

Inhaled Activation
alveolar

epithelium Na+
channels

Moderate-to-severe
ARDS

Phase 2b Recruiting NCT03567577

Recombinant
hKGF
(palifermin)

Intravenous ATII cell
proliferation,
migration, and
regeneration

Not specified Phase 2 Completed [29]

Alveolar endothelium
L-citrulline Intravenous Substate of NOS Sepsis-induced ARDS Phase 2 Completed,

unpub-
lished

NCT01474863

L-citrulline Oral, dietary
supplement

Substrate of NOS COVID-19 ARDS Not Ap-
plicable

Completed,
unpub-
lished

NCT04404426

sGC activator
(BAY 1211163)

Inhaled Conversion of
GTP into cGMP

Moderate or severe
ARDS

Phase 1 Recruiting NCT04609943

Iloprost Inhaled Prostacyclin
analogue,

vasodilatation

Not specified Phase 3 Completed,
unpub-
lished

NCT03111212

Epoprostenol Inhaled Prostacyclin
analogue,

vasodilatation

COVID-19 ARDS Phase 2 Completed,
unpub-
lished

NCT04452669

Iloprost Inhaled Prostacyclin
analogue,

vasodilatation

COVID-19 ARDS Phase 2 Recruiting NCT04445246
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TABLE 1. Continued.
Bevacizumab Intrvenous Anti-VEGF Sepsis-induced ARDS Phase 2 Withdrawn NCT01314066
Bevacizumab Intrvenous Anti-VEGF COVID-19 ARDS Phase 2 Completed,

unpub-
lished

NCT04275414

Levosimendan Intravenous K+ channel
activator

Sepsis Phase 2 Recruiting NCT04020003

MUCOLYTICS
N-acetylcysteine Intravenous Mucolytic ARDS patients requiring

mechanical ventilation
Not Ap-
plicable

Completed [41]

N-acetylcysteine Intravenous Mucolytic Moderate-to-severe
COVID-19

Not Ap-
plicable

Completed [42]

Dornase alfa Inhaled Cleaving
extracellular
DNA in NETs

COVID-19 ARDS Phase 3 Terminated NCT04355364

Dornase Alfa Inhaled Cleaving
extracellular
DNA in NETs

COVID-19 ARDS Phase 2 Recruiting NCT04402944

BRONCHODILATORS
Salbutamol Intravenous Beta-adrenergic

agonist
ARDS patients requiring
mechanical ventilation

Not Ap-
plicable

Completed [45]

Salbutamol Intravenous Beta-adrenergic
agonist

ARDS patients requiring
mechanical ventilation,

ICU

Phase 2 Completed [46]

Salbutamol Intravenous Beta-adrenergic
agonist

ARDS patients requiring
mechanical ventilation

Phase 2 Completed [47]

Albuterol Inhaled Beta-adrenergic
agonist

ARDS patients requiring
mechanical ventilation

Phase 3 Completed [48]

Dornase Alfa and
albuterol

Inhaled Beta-adrenergic
agonist

ARDS patients requiring
mechanical ventilation,
COVID-19 ARDS

Not Ap-
plicable

Completed,
unpub-
lished

NCT04387786

NEUROMUSCULAR BLOCKERS
Cisatracurium Intravenous Blocking

cholinergic
receptors

ICU patients Not Ap-
plicable

Completed [50]

Cisatracurium Intravenous Blocking
cholinergic
receptors

Moderate-to-severe
ARDS

Not Ap-
plicable

Completed [51]

IMMUNOMODULATIONS
Steroids

Dexamethasone Intravenous Anti-
inflammatory and
immunosupressor

Moderate-to-severe
ARDS requiring

mechanical ventilation

Not Ap-
plicable

Completed [60]

Dexamethasone Intravenous
or oral

Anti-
inflammatory and
immunosupressor

COVID-19 ARDS Not Ap-
plicable

Completed [61]

Dexamethasone Intravenous Anti-
inflammatory and
immunosupressor

COVID-19 ARDS Phase 4 Recruiting NCT04663555

Dexamethasone
and Methylpred-
nisolone

Intravenous Anti-
inflammatory and
immunosupressor

COVID-19 ARDS Phase 3 Recruiting NCT04499313
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TABLE 1. Continued.
Hydrocortisone Intravenous Anti-

inflammatory and
immunosupressor

Sepsis-induced ARDS Not Ap-
plicable

Completed [62]

Methylprednisolone Intravenous Anti-
inflammatory and
immunosupressor

Severe Not Ap-
plicable

Completed [63]

Methylprednisolone Intravenous Anti-
inflammatory and
immunosupressor

Severe ARDS Not
specified

Completed [64]

Methylprednisolone Intrapleural Anti-
inflammatory and
immunosupressor

ARDS and multi-organ
dysfunction syndrome

Phase 2 Completed,
unpub-
lished

NCT01423864

Canrenone Intravenous Diuretic COVID-19
moderate-to-severe

ARDS

Phase 2 Not yet
recruiting

NCT04977960

Budesonide Inhaled Anti-
inflammatory and
immunosupressor

Not specified Phase 2 Completed [65]

Budesonide Inhaled Anti-
inflammatory and
immunosupressor

ARDS patients requiring
mechanical ventilation

Not Ap-
plicable

Completed [66]

Budesonide Inhaled Anti-
inflammatory and
immunosupressor

Paediatric Phase 2 Terminated NCT04064684

Budesonide Intratracheal Anti-
inflammatory and
immunosupressor

Neonatal severe ARDS
with mechanical

ventilation

Not Ap-
plicable

Completed [67]

Budesonide and
surfactant

Intratracheal Anti-
inflammatory and
immunosupressor

Preterm infants Not Ap-
plicable

Completed [68]

Statins
Simvastatin Oral HMG-CoA

reductase
inhibitor, im-

munomodulatory

ARDS diagnosed <48 h Phase 2b Completed [70]

Rosuvastatin Oral HMG-CoA
reductase

inhibitor, im-
munomodulatory

ARDS and suspected
infection

Not Ap-
plicable

Completed [71]

Carbon monoxide
CO inhaled Down-regulation

NLRP3,
anti-apoptotic,

anti-inflammatory

Intubated patients Phase 2 Recruiting NCT03799874

Mesenchymal Stromal Cells
MultiStem Intravenous Immunomodulatory

and reparative
effects

Moderate-to-severe
ARDS patients requiring
mechanical ventilation

Phase 1/2 Completed [77]

hMSCs Intravenous Immunomodulatory
and reparative

effects

Moderate-to-severe
ARDS patients requiring
mechanical ventilation

Phase 2a Completed [78]
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TABLE 1. Continued.
hMSCs Intravenous Immunomodulatory

and reparative
effects

Moderate-to-severe
ARDS patients requiring
mechanical ventilation

Phase 2b Recruiting NCT03818854

CD362 enriched
MSCs

Intravenous Immunomodulatory
and reparative

effects

ARDS patients requiring
mechanical ventilation,

COVID-19

Phase 1/2 Active NCT03042143

ACE2−MSCs Intravenous Immunomodulatory
and reparative

effects

COVID-19 ARDS Not Ap-
plicable

Completed [79]

Regulatory T-cells
T-regulatory cells Intravenous Promoting

homeostasis
COVID-19 ARDS Phase 1/2 Recruiting NCT05027815/

NCT04468971
Treg/Th2 hybrid
cells

Intravenous Decreasing Th1
response

COVID-19 ARDS Phase 1/2 Terminated NCT04482699

Vitamin C
Vitamin C Intravenous Antioxidant Sepsis-induced ARDS Phase 2 Completed [82]
Vitamin C Oral Antioxidant COVID-19 ARDS Not Ap-

plicable
Completed NCT04570254

Vitamin C Intravenous Antioxidant COVID-19 ARDS Not Ap-
plicable

Completed NCT04710329

Vitamin C Intravenous Antioxidant Sepsis-induced ARDS Phase 3 Not yet
recruiting

NCT04404387

Ulinastatin
Ulinastatin Intravenous Urinary trypsin

inhibitor
ARDS patients requiring
mechanical ventilation

Not Ap-
plicable

Completed [83]

Inhibitors
Dilmapimod Intravenous P39MAPK

inhibitor
Patients at risk Phase 2 Completed [84]

Anti-TNRF1 Inhaled Antagonizes
TNF-α

LPS-induced
experimentally

Phase 1 Completed [88]

Tocilizumab Intravenous Blocking IL-6 COVID-19 ARDS Phase 2/3 Completed NCT04445272
Tocilizumab Intravenous Blocking IL-6 COVID-19 ARDS Phase 3

/Not
applicable

Recruiting NCT04412772/
NCT05082714

Imatinib Oral Tyrosine kinase
inhibitor

LPS-induced
experimentally

Phase 1 Completed,
unpub-
lished

NCT03328117

Pirfenidone Oral Inhibition NLRP3 COVID-19 ARDS Phase 3 Unknown NCT04282902
Pirfenidone Nasogastric Inhibition NLRP3 COVID-19 ARDS,

severe
Not Ap-
plicable

Recruiting NCT04653831

Vadadustat Oral Increasing EPO
production

COVID-19 ARDS Phase 2 Recruiting NCT04478071

Otilimab Intravenous Anti-GM-CSF COVID-19 ARDS Phase 2 Completed NCT04376684
Lenzilumab Intravenous Anti-GM-CSF COVID-19 ARDS Phase 3 Completed,

unpub-
lished

NCT04351152

TJ0023234 Intravenous Anti-GM-CSF COVID-19 ARDS Phase 2/3 Recruiting NCT04341116
Sargramostim Intravenous Anti-GM-CSF COVID-19 ARDS Phase 2 Recruiting NCT04400929
Mavrilimumab Intravenous Anti-GM-CSF COVID-19 ARDS Not Ap-

plicable
Completed [107]

Sivelestat sodium Intravenous Neutrophil-
proteases
inhibitors

ARDS patients requiring
mechanical ventilation,

ICU

Not Ap-
plicable

Completed [116]
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TABLE 1. Continued.
Sivelestat sodium Intravenous Neutrophil-

proteases
inhibitors

not specified Not Ap-
plicable

Completed [117]

Sivelestat sodium Intravenous Neutrophil-
proteases
inhibitors

Sepsis-induced ARDS Phase 3 Recruiting NCT04973670

Sivelestat sodium Intravenous Neutrophil-
proteases
inhibitors

not specified Phase 4 Not yet
recruiting

NCT04909697

Others
SNG001
(Interferon β-
1α)

Inhaled Anti-
inflammatory,
anti-fibrotic,
antiviral

COVID-19 ARDS Phase 2 Completed [92]

FP-1201
(Interferon β-
1α)

Intravenous Anti-
inflammatory,
anti-fibrotic,
antiviral

Moderate-to-severe
ARDS

Phase 3 Completed [93]

GM-CSF Intravenous Immunomodulatory not specified Phase 2 Completed [105]
rhGM-CSF Inhaled Immunomodulatory Pneumonia Phase 2 Active NCT02595060
Molgramostim
(rhGM-CSF)

Inhaled Immunomodulatory COVID-19 induced Phase 2 Recruiting NCT04569877

ANTICOAGULANTS AND FIBRINOLYTICS
ALT-836 Intravenous Anti-TF ARDS patients requiring

mechanical ventilation
Phase 1 Completed [123]

ALT-836 Intravenous Anti-TF Sepsis-induced ARDS Phase 2 Completed NCT00879606
Tifacogin Intravenous Recombinant

TFPI, modulates
extrinsic

coagulation
pathway

Pneumonia Phase 3 Completed [125]

Antithrombin Intravenous Inhibition
procoagulant
thrombin

Sepsis-induced ARDS Phase 3 Completed [128, 129]

Heparin Inhaled Anticoagulant ARDS patients requiring
mechanical ventilation

Phase 1 Completed [133, 134]

Heparin Inhaled Anticoagulant ARDS patients requiring
mechanical ventilation

Phase 2 Completed [135]

Heparin Inhaled Anticoagulant ARDS patients requiring
mechanical ventilation

Phase 3 Completed [136]

Heparin Inhaled Anticoagulant Inhalation trauma ARDS Not Ap-
plicable

Completed [137]

Heparin Inhaled Anticoagulant COVID-19 ARDS
patients requiring

mechanical ventilation

Phase 2/3 Recruiting NCT04545541

ART-123 Intravenous Cleaving protein
C

Sepsis-induced Phase 2b Completed [138]

Rh thrombomod-
ulin and sivelestat

Intravenous Cleaving protein
C

ARDS and disseminated
intravascular
coagulation

Not Ap-
plicable

Completed [139]

ART-123 Intravenous Cleaving protein
C

Sepsis-induced ARDS,
ICU

Phase 3 Completed [140, 141]

Drotrecogin alfa Inhaled rh Protein C not specified Not Ap-
plicable

Completed [142]
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TABLE 1. Continued.
Drotrecogin alfa Intravenous rh Protein C Sepsis-induced ARDS Phase 3 Completed [143]
Streptokinase Nebulized Conversion

plasminogen to
plasmin

Severe Phase 3 Completed [144]

ASPIRIN
Aspirin Oral Cyclooxygenase

pathway inhibitor
not specified Phase 2b Completed [145]

Aspirin Oral Cyclooxygenase
pathway inhibitor

ARDS patients requiring
mechanical ventilation

Phase 2 Terminated NCT02326350

OTHERS
Alpha-1
antitrypsin

Intravenous Serine protease
inhibitor

COVID-19 ARDS Not
applicable

Completed [147]

TRPV4 inhibitor Inhaled Decreasing
inflammation

Healthy volunteers Phase 1 Terminated NCT03511105

FP-025 Inhibits MMP12 COVID-19 ARDS Phase 2/3 Recruiting NCT04750278
Sevoflurane Inhaled Anesthetic, anti-

inflammatory
COVID-19 ARDS Not

applicable
Completed [153]

Sevoflurane Inhaled/
Intravenous Anesthetic, anti-

inflammatory
COVID-19 ARDS Phase 3 Completed,

unpub-
lished

NCT04355962

Sevoflurane Inhaled Anesthetic, anti-
inflammatory

Moderate-to-severe
ARDS

Phase 3 Not yet
recruiting

NCT04530188

ACE2: angiotensin converting enzyme 2; ALT-836: anti-TF antibody; ARDS: Acute Respiratory Distress Syndrome; ART-123:
thrombomodulin alfa; ATII: alveolar type II epithelial cell; CD362: cluster of differentiation 362; cGMP: cyclic guanosine
monophosphate; CO: carbon monoxide; COVID-19: Coronavirus Disease 2019; EPO: erythropoietin; FP-025: MMP12
inhibitor; FP-1201: recombinant human interferon-β; GM-CSF: granulocyte-macrophage colony-stimulating factor; GTP:
guanosine-5’-triphosphate; hKGF: human keratinocyte growth factor; HMG-CoA: 3-hydroxy-3-methylglutaryl coenzyme A;
hMSC: mesenchymal stem cell; ICU: intensive care unit; IL-6: interleukin-6; LPS: lipopolysaccharide; MMP12: matrix
metallopeptidase 12; NETs: neutrophil extracellular traps; NLRP3: NOD-like receptor family pyrin domain containing 3; NOS:
nitric oxide synthase; P39MAPK: P39 mitogen-activated protein kinase; RAS: rat sarcoma virus; rh: recombinant human; sGC:
soluble guanylyl cyclase; SNG001: interferon-β drug; TFPI: tissue factor pathway inhibitor; Th2: T helper cell type 2; TNF:
tumor necrosis factor; TNRF1: tumor necrosis factor receptor 1; Treg: T regulatory cell; TRPV4: transient receptor potential
vanilloid 4; VEGF: vascular endothelial growth factor.

of mechanical ventilation nor physiologic function [17].
However, in a randomized controlled phase 3 trial intratracheal
recombinant surfactant protein C in patients with ARDS from
various etiologies did improve gas exchange but not survival
[18, 19]. In a post hoc analysis, recombinant surfactant protein
C proved to decrease mortality in patients with ARDS due to
pneumonia or aspiration [20].

Surfactant replacement has also been proposed for COVID-
19. In a retrospective analysis, poractant alfa (Curosurf), a
surfactant replacement therapy, administered through a bron-
choscopy, proved to be safe and produce a non-significant 28
days mortality reduction in adult COVID-19-ARDS patients
[21]. Presently, phase 2 studies to evaluate efficacy and
safety of three poractant alfa (Curosurf) administrations by
endotracheal instillation every 24 h, or 3 mL/kg of porac-
tant alpha (Curosurf) administered by bronchial fibroscopy in
adult ARDS patients due to COVID-19 are being conducted
(NCT04502433 and NCT04384731).

2.2.2 AP301
Transepithelial ion transport is affected by alveolar epithelium
injury, which impairs excess liquid removal from the alveolar
space [22]. AP301 (Solnatide) is a synthetic peptide that has
been proved to activate alveolar epithelium sodium channels
[23].
In a phase 2a randomized controlled trial inhaled AP301 ev-

ery 12 h for 7 days in patients with ARDS requiringmechanical
ventilation decreased extravascular lung water and ventilation
pressures over 7 days in patients with Sepsis related Organ
Failure Assessment (SOFA) scores ≥11 [24, 25]. Currently,
there is a phase 2b randomized controlled dose-escalation
study to determine the safety of multiple ascending doses (5
mg, 60 mg, 125 mg) inhaled every 12 h through 7 days in
patients with moderate-to-severe ARDS (NCT03567577) [26].

2.2.3 Keratinocyte Growth Factor
Keratinocyte Growth Factor (KGF) is an epithelial growth fac-
tor that inducesATII cells proliferation and promotesmigration
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and regeneration of the alveolar epithelium. Because of its
action on ATII cells, KFG also maintains ionic transport and
surfactant functions of ATII cells [27]. In preclinical models
of acute lung injury, KGF decreased infiltration of neutrophils
in the alveoar space, edema, permeability and epithelial injury
[28].
In the phase 2 of keratinocyte growth factor for the treatment

of the ARDS (KARE) randomised clinical trial, intravenous
palifermin, a recombinant human KGF, did not ameliorate
physiological nor clinical outcomes in patients with ARDS.
Although the study was not powered to assess ventilation
and mortality, those were higher in patients that received
palifermin [29]. Authors recommended not to use KGF to
treat ARDS patients, however they also specified that the
study was performed in a heterogeneous population regarding
ARDS etiology, and that focus KGF therapy on an ARDS
subphenotype might be a better option to determine KGF
response.

2.3 Alveolar endothelium
The alveolar endothelium is exposed to higher oxygen tensions
while maintaining low-pressure blood flow compared to the
systemic vascular endothelium. When there is a damage,
injured alveolar endothelium promotes the destruction of the
vascular bed and the expression of proinflammatory, reactive
oxygen species and recruitment molecules, together with en-
hanced procoagulant activity and clot formation [14].

2.3.1 Nitric Oxide Synthase
Citrulline is the substrate of nitric oxide synthase (NOS)
and lower levels are linked to decreased functional gut mass
[30]. A randomized phase 2 study of intravenous citrulline
revealed no effectivity in ARDS patients with severe sepsis,
although the completion of the study has not still been
published (NCT01474863). Another randomized trial with
dietary enterally L-citrulline administration in patients with
COVID-19-ARDS has finished and the results have to be
published (NCT04404426).
After the conversion of arginine into citrulline, the NOS

produces the gas nitric oxide (NO). Inhaled NO has been
demonstrated to improve oxygenation but does not reduce
mortality and might be harmful in 14 randomized controlled
trials in adults with ARDS [31].
NO activates soluble guanylate cyclase (sGC), which con-

verts GTP into cGMP. Oxidative stress decreases the NO-sGC-
cGMP pathway with sGC inactivation. The therapeutic use of
sGC modulators is centered on ameliorations in alveolar and
vascular development of premature neonatal lungs not prop-
erly developed [32]. In a chronic hypoxia-induced newborn
rat model, the administration of BAY41-2272 (sGC-cGMP
stimulator) or sildenafil (cGMP-specific phosphodiesterase 5
inhibitor) results in pulmonary vascular resistance, which is
reduced when those treatments are combined [33]. Presently,
in a phase 1 clinical study multiple doses (three times a day for
a week) of BAY1211163 by inhalation are being administered
in patients with ARDS, in order to determine the safest dose
(NCT04609943).

2.3.2 Prostacyclin
Iloprost is a synthetic analogue of prostacyclin and its
aerosolization results in selective pulmonary vasodilatation.
A randomized phase 2 clinical trial with inhaled iloprost
for 5 days in ARDS patients is being conducted (ThIlo)
(NCT03111212) [34]. Concerning COVID-19, a phase 2
randomized controlled trials with inhaled epoprostenol in
severe patients with COVID-19 (VPCOVID) (NCT04452669)
was presently completed although results have not still been
published, and a phase 2 randomized clinical trial with iloprost
in COVID-19 patients (ILOCOVID) (NCT04445246) is being
performed.

2.3.3 Anti-Vascular Endothelial Growth Factor
Vascular endothelial growth factor (VEGF) increases lung
vascular permeability [35]. In a preclinical model of increased
permeability and pulmonary edema in mice, Bevacizumab
(anti-VEGF) histological analysis revealed reduced edema
fluid, decreased lung wet-to-dry ratio and bronchoalveolar
lavage protein levels [36]. A phase 2 clinical trial with a
single intravenous bevacizumab administration in patients
with severe sepsis was withdrawn due to underfunding
(NCT01314066). Nevertheless, in two cases of COVID-19
induced atypical pneumonia, Bevacizumab ameliorated
patients outcome [37]. A phase 2 study with intravenous
500 mg Bevacizumab in patients with severe COVID-19
was just completed but results have not been published yet
(NCT04275414).

2.3.4 Levosimendan
Levosimendan is a calcium sensitizer that opens adenosine
triphosphate-dependent potassium channels with vasodilator
effects [38]. A randomized phase 3 study with 0.5 mL/h
of levosimendan in patients with ARDS is being conducted
(NCT04020003). In a randomized controlled pilot study lev-
osimendan ameliorates right ventricular performance and pul-
monary vasodilator effect in septic patients with ARDS [39].
Secondary analysis of randomized controlled trials in septic
patients reveal that the survival of the levosimendan group was
lower [40].

3. Mucolytics

The respiratory tract contains secretions composed by mucin
glycoproteins, but in patients with respiratory diseases the
mucus presents a higher viscosity. N-acetylcysteine is an
antioxidant derived from the amino acid cysteine and is the
most widely recommended mucolytic. In a randomized clini-
cal trial 150 mg/kg of N-acetylcysteine produced a significant
difference in the consciousness of ARDS patients requiring
mechanical ventilation [41]. A pilot study of intravenous N-
Acetylcysteine in patients with mild-to-moderate COVID-19
did not prove benefit [42].
Neutrophil extracellular traps (NETs) and damage-

associated molecular patterns (DAMPs) resulting from the
inflammatory response contain extracellular DNA among
other compounds [43]. Dornase alfa is a recombinant
human Deoxyribonuclease (DNAse 1) commonly used in the
treatment of cystic fibrosis. It acts as a mucolytic by cleaving
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extracellular DNA, thereby facilitating airway clearance and
reducing alveolar hyper-inflammation [44]. The terminated
phase 3 COVIDornase study (NCT04355364) and another
phase 2 study (NCT04402944) in recruitment stage propose
inhaled Dornase alfa therapy for ventilated patients with
COVID-19-related ARDS.

4. Bronchodilators

Beta-adrenergic agonists (β2 agonists) have a beneficial effect
in alveolar fluid clearance and permeability. Salbutamol is
a beta-adrenergic agonist. In a randomized controlled trial
intravenous salbutamol for 7 days decreased extravascular lung
water in patients with ARDS requiring mechanical ventilation
[45]. However, in a randomized phase 2 trial intravenous
salbutamol for up to 7 years was poorly tolerated and did
not present benefit in patients with ARDS [46]. In another
randomized phase 2 clinical trial, intravenous salbutamol early
in the development of ARDS was not safe [47].
Nebulized bronchodilators have also been proposed. In

randomized clinical trial nebulized albuterol did not improve
clinical outcomes in patients with ARDS [48]. A clinical trial
with nebulized Dornase Alfa co-administered with abuterol in
patients with COVID-19 requiring mechanical ventilation has
just been completed but results have not still been announced
(NCT04387786). Also, there is an ongoing phase 1 study com-
paring nebulized lidocaine, salbutamol and beclomethasone
plus salbutamol in patients with COVID-19-ARDS and non-
invasive ventilation (NCT04979923).

5. Immunomodulation

5.1 Neuromuscular blockers
The neuromuscular transmission is blocked by neuromuscu-
lar blocking agents at the neuromuscular junction, in order
to minimize volutrauma, ventilator-induced lung injury, and
biotrauma [49].
In a multicenter randomized trial, the early administration of

neuromuscular-blocking agent cisatracurium in patients with
moderate to severe ARDS improved 90-day survival and the
time off the ventilator [50]. However, in another clinical
trial, and early and continuous infusion of cisatracurim did not
decrease 90-day mortality in patients with moderate-to-severe
ARDS [51]. Current evidence favors avoiding a continuous in-
fusion of neuromuscular blockers in patients with mechanical
ventilation but use a lighter sedation strategy, and for patients
who need a deep sedation to facilitate lung protective ventila-
tion or prone positioning, to infuse neuromuscular blockers for
48 h is a reasonable option [52].

5.2 Steroids
Steroids are powerful anti-inflammatory and anti-fibrotic
drugs that may lead to high-risk infections due to the
suppression they exert on the immune system.
Clinical trials suggest that steroid treatment in ARDS pa-

tients would be indicated at the onset of the pathology. Admin-
istered corticosteroids 72 h after ARDS diagnosis decreased
lung damage and increased ventilator weaning [53]. A meta-

analysis in ARDS patients concluded that low-dose corticos-
teroids in early ARDS significantly reduced mortality and the
duration of mechanical ventilation, whereas high doses did not
[54]. A different meta-analysis shows that steroid treatment
improves mortality and promotes shorter ventilation periods
[55]. In contrast, in patients with influenza pneumonia, the
early use of steroid therapy is associated with increasedmortal-
ity [56, 57]. Nonetheless, studies in patients with community-
acquired pneumonia treated with corticosteroids showed a re-
duced risk of treatment failure [58], reduced mortality, hospital
stay and need for mechanical ventilation [59].
Dexamethasone is one of the most clinically used steroids

for treatment. In a phase 2/3 trial patients with moderate-
to-severe ARDS requiring mechanical ventilation were intra-
venously administered with dexamethasone (20 mg for 5 days,
then 10 mg for the next 5 days) and presented an increase in
the number of ventilator-free days and reduced mortality [60].
In COVID-19 patients, treatment with dexamethasone (in-

travenous or oral, 6 mg/day for 10 days) resulted in a lower
incidence of death in those patients requiring invasive me-
chanical ventilation compared to those not requiring ventilator
support [61]. Some of the clinical trials now recruiting are
the phase 4 REMED study (NCT04663555), which aims to
test two different doses (6 mg vs. 20 mg) of intravenous
dexamethasone in SARS-CoV-2-induced ARDS patients. Or a
phase 3 study that aims to compare intravenous treatment with
dexamethasone or methylprednisolone in COVID-19 patients
with ARDS (NCT04499313).
Regarding hydrocortisone, in a trial, patients with ARDS-

associated sepsis were treated with a dose of 50 mg every 6
h within 12 h of their ARDS diagnosis. The treated group
showed improvements in pulmonary physiology, but not a
decrease in mortality compared to the placebo group [62].
Another of the most investigated corticosteroids for future

therapies is methylprednisolone. In 24 patients with severe
ARDS methylprednisolone (2 mg/kg/day for 32 days) de-
creased in-hospital and ICU mortality [63]. In the first 72 h,
patients with ARDS were treated with an infusion of methyl-
prednisolone (1 mg/kg/day) for 28 days, and had decreased
C-reactive protein, mechanical ventilation and mortality [64].
A phase 2 study proposed intrapleural administration of the
steroid Solumedrol (methylprednisolone) versus conventional
treatment with extracorporeal membrane oxygenation and in-
travenous steroid administration. Results are not yet available
(NCT01423864).
The MINECRAFT phase 2 study, aims to study the efficacy

of administering canrenone, a steroidal antimineralocorticoid,
intravenously in moderate-to-severe ARDS patients due to
SARS-CoV-2 infection (NCT04977960).
A recently explored field is the administration of inhaled

steroids. Early treatment consisting of inhaled budesonide
together with a beta-agonist in patients at risk of developing
ARDS improved oxygenation [65]. Another study where neb-
ulised budesonide was administered also improved oxygena-
tion and reduced proinflammatory cytokines (Tumor necrosis
factor-α (TNF-α), Interleukin (IL)-1β and IL-6) [66]. There
is a phase 2 study in paediatric ARDS patients with inhaled
budesonide (NCT04064684). In neonatal patients with severe
ARDS requiring mechanical ventilation, intratracheal treat-
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ment with budesonide and surfactant resulted in a decreased
incidence of bronchial dysplasia or death and decreased in-
flammation [67]. In children on mechanical respiratory sup-
port, treatment with budesonide and surfactant did not improve
survival or the development of bronchial dysplasia over the
surfactant-treated group but decreased the need for mechanical
ventilation [68].

5.3 Statins
Statins are β-Hydroxy β-methylglutaryl-CoA (HMG-CoA)
reductase inhibitors with immunomodulatory properties. A
meta-analysis showed that treatment with statins prior to
intensive care unit (ICU) admission or before a diagnosis of a
specific pathology showed a decrease in 30-day mortality, but
no association with in-hospital mortality [69].
The Hydroxymethylglutaryl-CoA reductase inhibition with

simvastatin in Acute lung injury to Reduce Pulmonary dys-
function (HARP-2) trial was a multicentre trial that sought to
test simvastatin (80 mg/day) in ICU patients, 48 h after the
onset of ARDS. Patients involved in the study could be divided
into two different sub-phenotypes: hypo-inflammatory (65%)
and hyper-inflammatory (35%), and only increased survival
was found in patients who had a hyper-inflammatory sub-
phenotype treated with simvastatin. This study highlighted the
need to phenotype different types of ARDS patients [70]. In
the Statins for Acutely Injured Lungs fromSepsis (SAILS) trial
they were also able to identify different biological phenotypes
but did not see phenotype-specific benefit from rosuvastatin
treatment [71]. In recent years, clinical studies propose to
investigate the role of statins in ARDS patients of different
aetiologies, although those have been cancelled due to lack of
enrolment or other causes.

5.4 Carbon monoxide
Carbon monoxide (CO) results from the catabolism of heme
oxygenase within the body. Its anti-inflammatory and anti-
apoptotic role has been described. CO down-regulates the
NOD-like receptor family pyrin domain containing 3 (NLRP3)
inflammasome, thus preventing mitochondrial dysfunction,
and protects against cellular oxidative stress in models of lung
injury [72, 73]. In in vivo models that received lypopolysac-
charide (LPS), 50 parts per million (ppm) inhaled CO restored
arterial resistance and decreased NOS-2 expression, although
no changes were seen in plasma levels of inflammatory cy-
tokines [74]. In a nonhuman primate pneumonia model CO
treatment (200 ppm of concentration for 60 minutes) reduced
extravascular alveolar fluid [75].
In a phase 1 trial in patients with ARDS-induced sepsis, a

low dose (100–200 ppm) of inhaled COwas found to be a well-
tolerated and safe treatment during mechanical ventilation. A
phase 2 trial is currently recruiting ARDS patients to be treated
with inhaled carbon monoxide at 200 ppm (NCT03799874).

5.5 Mesenchymal Stromal Cells
Mesenchymal Stromal Cells (MSCs) have immunomodulatory
properties and reparative effects on damaged tissue, presenting
paracrine and cell-cell communication (see chapter Cell Ther-

apies in ARDS). Their role as a treatment in ARDS depends
on the microenvironment to which the cell therapy is exposed
and what has caused the lung injury [76].
The phase 1/2 clinical trial MultiStem Therapy in ARDS

(MUST-ARDS) evaluated the safety of intravenous 900 mil-
lion bone marrow-derived multipotent adult progenitor cells
administered within 96 h of the onset of moderate-to-severe
ARDS patients requiring mechanical ventilation. Administra-
tion of the cells was well tolerated and tended to decrease the
need for mechanical ventilation [77].
In the Human Mesenchymal Stromal Cells for ARDS

(START) phase 2a trial, patients with moderate-to-severe
ARDS requiring mechanical ventilation were given an
intravenous dose of MSCs, which was safe but showed no
improvement over the placebo-treated group. These findings
have been attributed to the low viability of the administered
cells [78]. The Mesenchymal Stromal Cells for ARDS
(STAT) phase 2b trial, an extension currently recruiting,
aims to test the safety and efficacy of 10 million MSCs/kg
(NCT03818854).
The REALIST trial proposes to investigate whether a single

infusion of MSCs (human umbilical cord-derived CD362 en-
riched MSCs) could help in the treatment of ARDS, a phase
1/2 study (NCT03042143).
Regarding COVID-19-induced ARDS, it has been shown

that in 7 patients who received a transfusion of ACE2− MSCs,
lung function and symptomatology improved two days after
treatment, and inflammation was reduced by decreasing C
reactive protein (CRP) and TNF-α [79].

5.6 Regulatory T-cells
Regulatory T-cells (Treg cells) act on the immune system by
decreasing its activation and promoting homeostasis. Overex-
pression of Transforming Growth Factor (TGF) β1, the most
secreted cytokine by Treg cells, in a murine model of acute
lung injury (ALI) induces more Treg cells and decreases T
helper 17 cells (Th17) cells, improving lung inflammation
[80].
Several clinical trials are currently ongoing in COVID-

19-ARDS patients proposing intravenous administration of
Treg cells (NCT05027815 and NCT04468971), and a study
in COVID-19-ARDS patients receiving intravenous Treg/Th2
hybrid cells has just been terminated, although results are not
posted yet (NCT04482699).

5.7 Vitamin C
Vitamin C is an antioxidant molecule with protective effects.
In one study, vitamin C levels were found to be undetectable
in more than 90% of patients with SARS-CoV-2-associated
ARDS [81]. In the Vitamin C in patients with Sepsis and
Severe Acute Respiratory Failure (CITRIS-ALI) phase 2 trial,
patients with sepsis and consequent ARDS were treated with a
96h-infusion of vitamin C. There was no difference between
the vitamin C-treated group and the control group in terms
of decreased inflammation, but secondary outcomes showed
a decrease in 28-day mortality in the treated group [82].
Completed but unpublished clinical studies include COVID-

19 patients withARDS treatedwith vitaminC and other antiox-
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idants (NCT04570254), and ascorbic acid (NCT04710329).
Also, there is a phase 3 study in septic patients with ARDS
that proposes to compare the effect of high-dose intravenous
vitamin C, but is not yet enrolling patients (NCT04404387).

5.8 Ulinastatin
Ulinastatin, a glycoprotein known as urinary trypsin inhibitor,
is an experimental drug with anti-inflammatory properties.
A clinical study of 14 consecutive days of treatment with
ulinastatin in ARDS patients requiring mechanical ventilation
resulted in decreased TNF-α, IL-6 and CRP levels, increased
antioxidant capacity, decreased ventilatory need and hospital-
stay days [83].

5.9 Inhibitors
5.9.1 p38
The p38 mitogen-activated protein kinases (p38MAPK) are
intracellular signals that play a crucial role in igniting inflam-
mation through the release of proinflammatory cytokines such
as IL-6, IL-1β and TNF-α [84].
In patients at risk of developingARDS, a phase 2 study using

dilmapimod, a specific inhibitor of p38MAPK, was shown to
be well tolerated, with the highest dose (10 mg) administered
as a continuous infusion over 24 h having the most favourable
profiles and decreasing IL-6 and CRP [84].
The hyper-inflammatory response that occurs in SARS-

CoV-2 infection may be caused by up-regulation of p38MAPK
activity [85]. SARS-CoV-2 has previously been shown to act
on the p38MAPK pathway, promoting inflammation, vasocon-
striction and thrombosis and in turn favouring the continuation
of the viral cycle. A preclinical study in which a p38 inhibitor
was administered to SARS-CoV-infected mice showed an 80%
survival rate in the treated group [86]. Among the proposed
inhibitors, losmapimod is one of the most clinically studied
inhibitors [85].

5.9.2 Tumor Necrosis Factor Receptor 1
Another pathway antagonised has been the TNF-α pathway,
mainly by an anti-TNF-1 receptor (TNFR1) antibody that
selectively binds to the TNFR1.
TNFR1 and TNFR2 levels are elevated in patients with crit-

ical COVID-19. In addition, markers of monocyte activation
such as soluble cluster of differentiation 14 (sCD14) have been
found to be directly correlated with TNFR1, suggesting an
association with severe disease, and might be predictive for
mortality in critically ill patients. The TNF/TNFR signalling
pathway is an interesting target to improve survival in COVID-
19 critical patients [87]. In healthy humans previously ad-
ministered LPS, anti-TNFR1 treatment resulted in decreased
inflammatory response, endothelial damage, and neutrophil
infiltration into the lung [88].

5.9.3 Interleukin-6
IL-6 is secreted by T cells contributing to inflammation [89],
which ends up in an increased ARDS pathophysiology. The
administration of IL-6 blockers tocilizumab and sarilumab
proved benefit in patients with ARDS [90]. Phase 2/3 clinical

trials of intravenous tocilizumab in COVID-19-ARDS patients
have been completed, but results have not still been pub-
lished (NCT04445272), and other clinical trials are recruiting
(NCT04412772, NCT05082714).

5.9.4 Interferons
Interferons comprise a set of molecules with different func-
tions that may have opposing roles in ARDS. Interferon-γ
(IFNγ) is notably involved in viral infections, being highly
proinflammatory. In COVID-19 patients who develop ARDS,
treatment with anti-IFNγ could be a potential treatment, since
IFNγ has been observed to upregulate ACE2 expression in the
lung epithelium, a receptor used by SARS-CoV-2 for cell entry
[91].
On the contrary, interferon β-1α has anti-inflammatory,

anti-fibrotic and antiviral properties. In a phase 2 trial Inter-
feron β-1α (SNG001), nebulised inhaled interferon β-1α was
administered to COVID-19 patients and proved a fast recovery
from infection. It has also been recommended to test interferon
β-1α in ventilated and critically ill patients [92]. In contrast, in
a phase 3 study in patients diagnosed with moderate-to-severe
ARDS, intravenous administration of FP-1201 (a recombinant
human interferon β-1α), showed no improvement compared to
placebo administration [93].

5.9.5 Imatinib
Imatinib, a tyrosine kinase inhibitor, attenuates oxidative dam-
age by acting on lung endothelial catalase. Imatinib has been
shown to attenuate ALI in preclinical double hit models (LPS-
and ventilator-induced lung injury or VILI) [94] and to de-
crease mortality in models where intravenous LPS was admin-
istered [95].
In a phase 1 study, healthy individuals were treated orally

with imatinib and then given inhaled LPS (NCT03328117).
The results have not yet been published.
In silico studies have proposed imatinib as promising ther-

apy for SARS-CoV-2 infection [96]. There is currently a phase
3 study enrolling hospitalised COVID-19 patients, which aims
to evaluate the efficacy and safety of oral administration of
imatinib [97].

5.9.6 NLRP-3 Inhibitors
The multiprotein cytosolic complex composed of NLRP3
oligomerization forms an inflammasome that causes the
release of proinflammatory cytokines such as IL-1β and IL-18
through a dependent-caspase-1 mechanism.
In in vitro studies, the NLRP3 inflammasome inhibitor pir-

fenidone inhibited NLRP action by suppressing reactive oxy-
gen species (ROS) generation. Furthermore, in a murine
model instilled intratracheally with LPS, oral administration
of pirfenidone mitigated lung inflammation and fibrosis [98].
Nowadays, there is a phase 3 study where pirfenidone is

administered orally to COVID-19 patients (NCT04282902)
and another in COVID-19 patients with severe ARDS, where
it is administered through a nasogastric tube (NCT04653831).
Tetracycline, another NLRP3 inflammasome inhibitor, ad-

ministered intraperitoneally in murine models has reduced
mortality, lung injury and IL-1β concentration compared to
those treated with phosphate-buffered saline (PBS) [99]. A
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clinical trial is recruiting ARDS patients to evaluate the in-
hibition of human leukocyte immune response treated with
tetracycline (NCT04079426).
A recent study in a murine ALI model has shown that

intraperitoneal administration of erythropoietin (EPO) sup-
presses the NLRP3 inflammasome by inhibiting the Nuclear
Factor kappa B (NF-κB) cellular pathway and consequently
decreasing lung damage [100]. A phase 2 trial is studying a
therapy with Vadadustat, a Hypoxia inducible factor prolyl-
hydroxylase inhibitor drug that increases endogenous EPO
production, in hospitalised COVID-19 patients with ARDS
(NCT04478071).

5.9.7 Granulocyte-macrophage
colony-stimulating factor
Granulocyte-macrophage colony-stimulating factor (GM-
CSF) is an immunomodulatory cytokine that has an important
role in inflammation but has also been described to be
crucial in antimicrobial defence in the lung and in surfactant
homeostasis [101, 102]. More research is needed to define the
role of cytokine in the course of ARDS.
In animalmodels, administration ofGM-CSF proved benefit

to the epithelium, restoring tissue homeostasis and barrier
function, and limiting hyperoxic lung injury [103, 104]. In
a randomised phase 2 trial of patients with ARDS GM-CSF
infusion did not increase the number of ventilator-free days nor
reduce mortality [105].
Inhaled GM-CSF administration might have improvements

in the severity of ARDS [106]. A phase 2 study in patients
with ARDS-associated pneumonia tested inhaled administra-
tion of a recombinant human GM-CSF, with no available
results yet (NCT02595060). Now, the phase 2 GI-COVID
study (NCT04569877) is recruiting COVID-19 patients to
administer a nebulised solution of molgramostim (a human
recombinant GM-CSF).
In contrast, GM-CSF polarises myeloid cells towards a

proinflammatory phenotype and therefore it has been proposed
to block its signalling. Due to the hyper-inflammatory situation
in SARS-CoV-2 infection, clinical studies with anti-GM-CSF
antibodies have been conducted in these patients. A phase 2
study with Otilimab (NCT04376684) and a phase 3 study with
Lenzilumab (NCT04351152) have been carried out, although
no results have been published yet. Others trials that propose
anti-GM-CSF as a therapy for COVID-19 patients are recruit-
ing right now (NCT04341116, NCT04400929). The Mavril-
imumab in patients with severe COVID-19 pneumonia and
systemic hyperinflammation (MASH-COVID) study showed
that intravenous administration of mavrilimumab (anti-GM-
CSF) showed no significant difference in survival compared
to placebo [107]. The realisation of randomised trials will be
essential to define the therapeutic effect of GM-CSF blockade
in ARDS and COVID-19 [108].

5.9.8 Neutrophil-proteases inhibitors
In ARDS, neutrophils can promote cell damage through ox-
idative stress, the release of NETs and secretion of proteases
[109].
Silvelestat is an inhibitor of neutrophil elastase, which has

proteolytic activity and induces the production of inflamma-

tory cytokines [110, 111]. The use of Silvelestat has been
shown not to affect the bactericidal capabilities of neutrophils
[112]. After several preclinical studies in which it has been
shown to reduce mortality and parameters such as vascular
permeability and inflammation [113–115], clinical studies aim
to determine its protective role in ARDS. Favourable results
have been observed in patients with mild ARDS [116], while
another study showed no effect on 28–30 days mortality and
ICU stays [117]. A phase 3 study in ARDS patients with
sepsis (NCT04973670) and a phase 4 multicenter clinical trial
in ARDS patients with systemic inflammatory response syn-
drome (NCT04909697) are ongoing.
Elafin is an endogenous protease inhibitor. The imbalance

between neutrophil elastase and elafin is associated with mor-
tality in ARDS [118]. In an LPS-induced mouse model of
ALI, instillation of a cleavage-resistant variant of elafin (GG-
elafin) was able to decrease neutrophil-induced inflammation
as well as decrease protease activity compared to wild-type
elafin [119].

6. Anticoagulants and Fibrinolytics

A major hallmark of ARDS is deregulated coagulation and
fibrinolysis, leading to pulmonary coagulopathy in ARDS and
systemically altered coagulation in septic patients [120, 121].
Coagulation and inflammation play an essential role in ARDS.
Given the close interactions between these systems [122],
anticoagulants might act on ARDS pathophysiology because
of their anticoagulant and anti-inflammatory activities.

6.1 Tissue Factor
Tissue Factor (TF) is a transmembrane protein that is the major
initiator of the extrinsic coagulation pathway when activated
by the binding of factor VIIa. ALT-836 is an anti-TF antibody
that blocks the binding of factor VIIa, and a single intravenous
dose of ALT-836 (0.06, 0.08, 0.1 mg/kg) has proved to be safe
in a randomized controlled phase 1 trial in patients with ARDS
requiring mechanical ventilation [123]. A randomized phase 2
clinical trial in patients with sepsis and ARDS receiving a sin-
gle (0.06 mg/kg) intravenous dose up to four doses has already
been performed, although results have not been published yet
(NCT00879606).
Tissue Factor Pathway Inhibitor (TFPI) modulates the ini-

tiation of the extrinsic coagulation pathway. A randomized
controlled phase 3 clinical trial of intravenous tifacogin (re-
combinant TFPI) administration during 96 h in patients with
severe sepsis did not reduce mortality and was associated
with increased bleeding [124]. However, in a randomized
controlled phase 3 clinical trial intravenous tifacogin admin-
istration during 96 h did not decrease mortality but reduced
prothrombin fragment and thrombin antithrombin complexes
levels in patients with severe community-acquired pneumonia
[125].

6.2 Antithrombin
Antithrombin is a serine protease inhibitor synthesized in the
liver [126, 127], and is known to inhibit procoagulant enzymes
including thrombin, factor Xa, IXa, XIa and XIIa. When
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heparin binds to antithrombin, its inhibitory activity is 1000-
fold increased [127].
A randomized phase 3 clinical trial with intravenous 30,000

IU of antithrombin within 4 days had no effect on mortality in
patients with severe sepsis (the KyberSept Trial), although an
increased risk of hemorrage was detected when administering
antithrombin and heparin together [128]. A post hoc analysis in
patients with severe sepsis treated in a single center early after
onset revealed increased bleeding due to antithrombin [129].
Nebulized antithrombin alone or combined with heparin

attenuated lung injury in HCl/LPS-induced ALI in rats, reduc-
ing pulmonary coagulation and inflammation without altering
systemic coagulation nor bleeding [130].

6.3 Heparin
Heparin is a natural anticoagulant produced bymast cells in the
intestine or lungs, basophils in the blood and endothelial cells
[131]. Heparin presents anticoagulant actions potentiating
antithrombin inhibitory activity and enhancing TFPI, and anti-
inflammatory actions both related or not to thrombin inhibition
[132].
Controversial results have been determined in patients with

ARDS while administering local heparin. In a phase 1 trial
nebulized heparin (50,000 IU/day, 100,000 IU/day, 200,000
IU/day, 400,000 IU/day) did not produce adverse effects and
attenuated pulmonary coagulopathy in patients with ARDS re-
quiring mechanical ventilation [133, 134], and in a randomized
phase 2 study nebulized heparin (25,000 IU) reduced days of
mechanical ventilation in patients with ARDS [135]. Also, in a
randomized phase 3 clinical trial (CHARLI) nebulized heparin
(250,000 IU) every 6 h to day 10 was well tolerated with
decreased lung injury progression and earlier return at home
in patients with invasive ventilation [136]. In contrast, in a
randomized controlled trial with nebulized heparin focused on
the safety and efficacy of burn patients with inhalation trauma
(HEPBURN), the trial was stopped because of increased sys-
temic clotting times and adverse events [137].
Nebulized heparin has also been proposed for COVID-19

patients. A randomized phase 2/3 clinical trial with nebulized
25,000 IU of heparin every 6 h for up to 10 days in patients
with COVID-19 requiring mechanical ventilation is being per-
formed (NCT04545541).

6.4 Thrombomodulin
The Protein C Pathway also has a major role in coagulation and
fibrinolysis regulation. Thrombomodulin is a thrombin recep-
tor, and, when the complex is formed, protein C is cleaved and
activated protein C is produced.
ART-123 is a recombinant human soluble thrombomodulin.

In a randomized controlled phase 2b study intravenously
administered ART-123 for 6 days proved to be safe and
effective reducing prothrombin fragment and thrombin-
antithrombin complex concentrations in patients with sepsis-
associated disseminated intravascular coagulation [138]. In
addition, in a retrospective study intravenously combined
sivelestat and recombinant human soluble thrombomodulin
improved 60-day survival and ventilator-free days in patients
with ARDS and disseminated intravascular coagulation [139].

In the full analysis of the phase 3 multinational Scarlet study
that evaluate the efficacy and safety of intravenous ART-123
during 6 days to treat sepsis-associated coagulopathy, no
statistically differences were determined [140]. However,
in post hoc analysis in patients with sepsis-associated
coagulopathy that did not receive concomitant heparin,
ART-123 proved more benefit, indicating that heparin
administration could impact ART-123 efficacy, a fact that
should be confirmed in further studies [141].

6.5 Activated Protein C

Alveolar epithelial cells release thrombomodulin from the cell
surface, due to a metalloproteolytic process, and this decreases
the ability of these cells to activate Protein C [120, 121].
Inhaled drotrecogin alfa (recombinant human activated Pro-

tein C) in patients with ARDS decreased coagulation, neu-
trophils recruitment and inflammation in the alveolar compart-
ment and increased fibrinolysis without producing systemic
effects [142]. However, in a randomized multicentre phase 3
Prowess-Shock trial intravenous drotrecogin alfa (recombinant
human activated Protein C) in 1967 patients with septic shock
did not reducemortality [143], and no further studies have been
performed becaauseActivated Protein Cwas removed from the
market.

6.6 Streptokinase

Plasminogen activator and inhibitor pathway regulate fibrin
deposition. Streptokinase binds plasminogen and drives the
conversion of plasminogen to plasmin, a fibrinolytic enzyme.
In a randomized phase 3 trial nebulized streptokinase in pa-
tients with severe ARDS improved oxygenation and lung me-
chanics [144].

7. Aspirin

Coagulation cascade activation leads to increased platelet re-
cruitment and thrombin formation in the lung. Aspirin is a
non-selective inhibitor of the cyclooxygenase pathway, with
reduced platelet recruitment, fibrinolytic and decreased in-
flammatory effect. In a randomized controlled phase 2 trial
aspirin did not decrease the risk of ARDS [145]. Also, a
randomized phase 2 clinical trial with enterally 75 mg aspirin
administration in patients with ARDS requiring mechanical
ventilation is terminated (STAR), although results have not
been announced (NCT02326350).

8. Others

8.1 Alpha-1 antitrypsin

Alpha-1 antitrypsin is a serine protease inhibitor that has been
found to ameliorate oxygenation [146]. A randomized phase 2
clinical trial with intravenous prolastin (plasma-purified alpha-
1 antitrypsin) in patients with COVID-19 ARDS is presently
being conducted [147].
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8.2 Transient Receptor Potential Vanilloid 4
inhibitor
The mechanosensitive cation calcium channel Transient Re-
ceptor Potential Vanilloid 4 inhibitor (TRPV4) is an essential
homeostasis regulator that is implicated in ARDS inflam-
mation [148]. TRPV4 can induce alveolar endothelial and
epithelial dysfunction, which results in increased permeability
and edema [149]. Nevertheless, in a preclinical model with
intratracheal Pseudomonas aeruginosa in mice, TRPV4 ac-
tivity has demonstrated to enhance macrophages phagocytosis
and decrease inflammation [150]. Various TRPV4 inhibitors
have proved to decrease acute lung injury in preclinical mod-
els. In mice exposed to hydrochloric acid or chlorine gas,
TRPV4 inhibitor reduced inflammation and vascular leakage
[151]. In a first clinical study, TRPV4 inhibitor did not
produce ameliorations in healthy patients receiving inhaled
LPS (NCT03511105).

8.3 Matrix metalloproteinase 12 inhibitor
FP-025 inhibits matrix metalloproteinase-12 (MMP12), an
enzyme that degrades and remodels the extracellular matrix
but is also known to modulate the influx of monocytes and
macrophages in the alveolar compartment [152]. There
is an ongoing randomized phase 2/3 clinical study with
FP-025 (100 or 300 mg) in patients with severe and critical
COVID-19-ARDS (NCT04750278).

8.4 Sevoflurane
Sedation with the volatile anesthetic sevoflurane-induced anti-
inflammatory processes in ventilated patients [153]. In a ran-
domized controlled phase 3 clinical trial volatile or intravenous
sedation with sevoflurane for 48 h has been administered in pa-
tients with COVID-19-ARDS, although results have not been
published yet (NCT04355962). Another randomized phase 3
trial to determine the effects of inhaled sevoflurane sedation on
extravascular lung water and pulmonary vascular permeability
in ARDS patients is proposed, although the recruitment has not
started (NCT04530188).

9. Preclinical therapies for ARDS

9.1 Adenosine A2A receptor agonists
The nucleoside adenosine has anti-inflammatory properties,
and its deficiency has been shown to increase pulmonary
oedema and inflammation in a murine model of VILI [154].
Pharmacological intervention with the adenosine A2A re-

ceptor agonist CGS-21680 in rat VILI models reduced pul-
monary edema, respiratory elastance and neutrophil recruit-
ment into the lung compared to vehicle-treated animals [155].
In differentmodels of ALI induced byHCl, LPS orEscherichia
coli, instillation of the agonist GW328267C led to alveolar
fluid clearance [156].
Blockade of equilibrative nucleoside transporters (ENTs)

with dipyridamole increases adenosine in the alveolus and de-
creases pulmonary edema and improves gas exchange during
ALI [157, 158].

9.2 Protease-activated receptor 1
Coagulation activates inflammation through protease-
activated receptors (PARs) [159]. PAR1 is expressed in
epithelial lung cells and the endothelium and is associated
with a prothrombotic state [160, 161]. Thrombin binds to
PAR1 and stimulates neutrophil recruitment and the release of
proinflammatory cytokines [162]. Nevertheless, in antigen-
presenting cells, PAR1 activation decreases the production of
proinflammatory cytokines [163].
In influenza virus infection in mice, after activating PAR1

receptors with an agonist, they found increased lung inflam-
mation but did not affect survival. They also observed that
activated PAR1 increased the conversion of plasminogen to
plasmin [164]. PAR1 antagonists are only in clinical trials for
other pathologies.

9.3 Receptor for advanced glycation
end-products inhibitors
The soluble receptor for advanced glycation end-products
(sRAGE) is a marker of epithelial damage, especially in ATI,
and is a prognostic marker for ARDS [165, 166].
Blockade of RAGE, using anti-RAGE antibody or sRAGE

decoy receptor in acid-induced mice model of ALI reduced
RAGE mRNA levels in the lung, restored alveolar-capillary
barrier permeability after injury, decreased the total number
of leukocytes in bronchoalveolar lavage (BAL) and restored
membrane aquaporin-5 expression [167]. In piglets, block-
ade of RAGE decreased alveolar inflammation and induced
alveolar fluid clearance [168]. A recent study in LPS-induced
ALI murine model has shown that RAGE signalling mediates
epithelial barrier dysfunction, enhancing lung inflammation
and causing loss of adherent junctions [169].

9.4 Haptoglobin
Haptoglobin acts as a scavenger receptor for cell-free
haemoglobin (CFH), which is elevated during sepsis and
correlated with increased mortality. Haptoglobin decreases
CFH levels and iron levels, leading to less oxidative damage
to the lung in sepsis, but it has not been shown to reduce
inflammation [170]. In a transgenic mouse overexpressing
haptoglobin in alveolar macrophages, CFH clearance and
decreased lung injury were observed, suggesting that
haemoglobin catabolism is linked to iron mobilisation in
macrophages [171].

9.5 Lipoxin A4
Lipoxin A4 (LXA4) is derived from arachidonic acid that
promotes alveolar epithelial wound repair and the proliferation
and differentiation of ATII cells into ATI cells [172]. In vivo,
LPS-induced ALI model animals resulted in decreased levels
of TNF-α and IL-1β, inhibition of neutrophil recruitment
to the lung, inhibition of ATII cell apoptosis and epithelial-
mesenchymal transition [173, 174].
Resolvin D1 is a specialised pro-resolving mediator that

acts by stimulating the lipoxin A4 receptor on immune cells,
reducing ROS generation, blocking nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κβ) activation and
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accelerating the production of antioxidant proteins. In a mouse
model, resolvin D1 treatment reduces leukocyte infiltration
and inflammatory cytokine release [175, 176]. In a rat ALI
model, resolvin administration attenuated LPS-induced ALI
and promoted alveolar fluid clearance by increasing the expres-
sion of sodium and Na, K-ATPase channels [177].

10. Conclusion

Management of patients with ARDS has substantially pro-
gressed, although this syndrome still remains relatively com-
mon, with high associated morbidity, mortality and persisting
sequelae on survivors. All these expose the need for effective
pharmacological therapies.
Although various treatments have failed when being trans-

lated to ARDS patients, other therapies are ongoing and proved
efficacy in preclinical and clinical studies. However, there are
different factors that should be taken into account for future
research, in order to maximise patient treatment response.
Because of ARDS complex pathophysiology, to classify this

heterogenic syndrome in identified patient subsets or pheno-
types based on clinical, physiologic, radiologic and biologic
criteria might result in amore feasible patient response, leading
to personalized therapy [178]. In addition, time, dose and path-
way administration of treatment are critical. Also, taking into
account the complexity of the disease, a unique or combined
therapy might encompass various pathways and mechanisms
involved in the pathophysiology. Of no less importance, we
should be aware that preclinical models reproduce human
ARDS only in part, fact that could affect the relevance of the
data [179].
Promising therapies for ARDS are underway. Increased

knowledge on involved pathways and mechanism of ARDS
pathophysiology and the identification of ARDS patient sub-
sets will contribute on the development of effective therapies.
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Abstract
Respiratory infections and acute respiratory distress syndrome (ARDS) are closely
related. Pneumonia is themost common cause ofARDS, and patients withARDSusually
develop infectious respiratory complications. Sixty percent of the cases of ARDS are
due to pneumonia, but only some patients with pneumonia will develop ARDS. Viral
pneumonia is a common cause of ARDS, especially in seasonal outbreaks or pandemics.
Patients admitted with ARDS could present a secondary infection, and ventilator-
associated pneumonia may impair prognosis. Several conditions that predispose patients
with ARDS to respiratory infections are present. Decisions regarding antimicrobial
treatment should be based on epidemiology, risk factors and current recommendations.
Corticosteroids may be used as adjunctive therapy in both pathologies in selective
patients.
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1. Introduction

Respiratory infections and acute respiratory distress syndrome
(ARDS) are closely related. Pneumonia is the most common
cause of ARDS, and patients with ARDS will often develop
complications, such as respiratory infections. In the LUNG-
SAFE study [1], 60% of patients presented pneumonia as
the most common risk factor for ARDS. However, ARDS is
usually under-recognized by clinicians, which suggests that its
incidence may be higher [2]. The inflammatory environment
present in ARDS leads to an impaired host defense response
[3, 4], resulting in a more elevated risk of infectious com-
plications. The recent coronavirus disease 2019 (COVID-19)
pandemic saw an increased prevalence of respiratory infections
in patients receiving invasive mechanical ventilation [5].
In this narrative review, we describe the closely relation

between ARDS and respiratory infections, analyze common
points and management of both conditions.

2. ARDS due to respiratory infections

While pneumonia is the most frequent cause of ARDS [1, 6,
7], only a few patients with community-acquired pneumonia
(CAP) will develop ARDS. In a study by Cillóniz et al. [8]
including 5334 hospitalized patients with CAP, only 125 pa-
tients met Berlin criteria for ARDS. Among those patients
hospitalized for pneumonia, 930 (17%) required admission to
the intensive care unit (ICU) and only 137 received invasive
mechanical ventilation. Patients who developed ARDS had
higher severity scores (Sepsis-related Organ Failure Assess-

ment (SOFA) and Pneumonia Severity Index (PSI)) and lower
ratio of arterial oxygen partial pressure to fractional inspired
oxygen (PaO2/FiO2). Interestingly, those patients with severe
CAP who did not develop ARDS more frequently received
inhaled corticosteroids. Outcomes were similar between pa-
tients with severe CAP and those who developed ARDS;
there was no reported differences in etiology. In a study
evaluating risk factors for acute lung injury (ALI) [9], 102 of
1234 patients with pneumonia presented ALI. The Lung injury
prediction scores (LIPS) score [10] was validated in this study
and included pneumonia as a risk factor as well.
Ichikado et al. [11] described two clinical phenotypes for

those patients with fatal outcomes due to pneumonia-causing
ARDS. Those patients who died early (<5 days) presented
a higher Acute Physiology and Chronic Health Evaluation
II (APACHE II) score, and more commonly, disseminated
intravascular coagulation. Those who died later (>5 days) had
an early fibroproliferation pattern in the computerized tomog-
raphy (CT) scan and disseminated intravascular coagulation as
well.
Several pathogens may cause pneumonia and ARDS (Ta-

ble 1). The most common pathogen isolated in patients with
CAP is Streptococcus pneumoniae [12]. ARDS could be
present in 3% of patients with pneumococcal pneumonia [13]
and in 45% of patients with severe CAP due to pneumococcus
[14]. The incidence of ARDS does not seem to be higher
among patients with pneumococcal pneumonia or other types
of bacterial pneumonia [15].
Viruses are an increasing cause of pneumonia that could

35

http://www.signavitae.com/
http://doi.org/10.22514/sv.2022.054


TABLE 1. Pathogens that may cause ARDS and
pneumonia.

Streptococcus pneumoniae
Mycoplasma pneumoniae
Pseudomonas aeruginosa
Staphylococcus aureus
Rhinovirus
Parainfluenza virus
Metapneumovirus
Influenza
Respiratory syncytial virus
Coronavirus
Adenovirus
Varicella-Zoster Virus
Hanta virus
ARDS: Acute respiratory distress syndrome.

induce ARDS [16]. Influenza virus may lead to seasonal
disease—mainly fall or winter—or, in some cases, pandemic
disease. In the world occurred 4–8.8 deaths per 100,000
individuals by Influenza [17]. The last influenza pandemic
disease was in 2009 due to influenza A (H1N1) virus that
emerged in Mexico and originated in swine [18]. ARDS is
commonly diagnosed in patients with severe pneumonia due
to influenza virus [19].

Adenovirus, metapneumovirus and the syncytial respiratory
virus may also cause ARDS [20–22]. Hantavirus is a less
common cause of pneumonia but may induce severe disease,
characterized by severe respiratory and cardiovascular failure
[23].

In the last two decades, three coronaviruses (CoV) have
emerged as causing severe acute respiratory syndrome
(SARS). In 2003, SARS-CoV was found to cause severe
disease with ARDS, mainly in southeastern Asia [24],
while Middle East respiratory syndrome (MERS) was
described in Saudi Arabia in 2012 [25]. At the end of
2019, SARS-CoV-2 appeared in China, spreading quickly
and triggering a pandemic. Almost all patients admitted
to ICU due to COVID-19—the disease caused by SARS-
CoV-2—presented ARDS [26–28]. Mortality associated with
COVID-19 reached rates higher than 45% in patients receiving
invasive mechanical ventilation [29]. Older age, high fever,
comorbidities, neutrophilia, lymphocytopenia, elevated end
organ-related indices (e.g., aspartate aminotransferase, urea,
lactate dehydrogenase) and inflammatory biomarkers, and
coagulation disorders were significantly associated with a
higher risk of ARDS onset [30]. COVID-19-related may
cause lung sequelae [31, 32] in the long term; however,
mortality rates have not been reported to significantly increase
after discharge [33]. Alveolar-capillary microthrombi,
microangiopathy, angiogenesis and classical diffuse alveolar
damage were found in lung samples obtained during autopsies
of patients with COVID-19 [34]. A possible cause for such
observations is the release of procoagulant factors from injured

endothelial cells [35, 36]. Patients with COVID-19 may also
have a co-infection when admitted to the ICU. In a study
comparing the prevalence of co-infections among patients
with either COVID-19 or influenza, the rate was significantly
lower in those with COVID-19 [37]. It is worth noting,
though, that this prevalence may be higher if more sensitive
tests are performed. In a study where bronchoalveolar lavage
was obtained and analyzed using a multiplex polymerase chain
reaction (PCR) panel, 21% of patients presented co-infections
within 48 hours of undergoing invasive mechanical ventilation
[38].
Co-infections are common in patients with pneumonia-

related ARDS. In a study by Kao et al. [39] including
902 patients with ARDS due to any cause, microbiological
isolation of the causative agent occurred in 142 patients
with pneumonia. Twenty-nine percent (n = 41) presented a
co-infection with a virus, fungus or bacteria (having been
isolated in bronchoalveolar lavage samples). No differences
in ARDS severity were observed among patients with either
a co-infection or only viral infection; however, mortality was
higher in those individuals with co-infections.
Respiratory infections that cause ARDS may be nosocomial

or community-acquired. In a study analyzing community-,
hospital- or ICU-acquired ARDS, Kao et al. [40] observed that
ICU-acquired ARDS was the most common and patients with
community-acquired ARDS had the lowest mortality.
Barbeta et al. [41] analyzed the characteristics and outcomes

of patients with ventilator-associated pneumonia (VAP) who
did and did not develop ARDS. Of the 302 patients with VAP,
41 (14%) presented ARDS. These patients were younger, with
lower severity scores at admission and increased severity at
VAP diagnosis. The most frequently isolated pathogen in
both groups was Pseudomona aeruginosa. Interestingly, no
differences in 28- and 90-day mortality were found between
groups.

3. Secondary respiratory infections in
patients with ARDS

Ventilator-associated lower respiratory tract infections (VA-
LRTI) are common complications in patients with ARDS [42].
VAP and ventilator-associated tracheobronchitis (VAT) fall
within the definition of VA-LRTI.
Several conditions that facilitate the onset of respiratory

infections are present in patients with ARDS. Also, diagnosing
VA-LRTI in patients with ARDS is difficult, given the presence
of bilateral infiltrates in chest x-rays and, in many cases,
colonization of the airway by pathogens.
VAP must be suspected when there is an impairment in

the clinical condition, the onset of fever, changes in respira-
tory secretions, or higher requirements for oxygen or positive
end-expiratory pressure levels [43, 44]. Increased levels of
biomarkers such as C-reactive protein may help in diagnosing
VAP [45, 46].
In a study published by Chastre et al. [47], VAP was the

most frequent condition occurring in patients with ARDS
compared to ventilated patients without ARDS. Patients
with ARDS had a more elevated incidence of VAP due to
methicillin-resistant Staphylococcus aureus. Mortality was
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also higher in patients with VAP and ARDS.
Incidence of VAP was analyzed in a post-hoc study in-

cluding patients from a randomized controlled trial (RCT) of
cisatracurium besilate in patients with severe ARDS [48]. VAP
occurred in 98 (29%) patients, and mortality was higher in
those individuals who developed the condition (41% vs. 31%).
However, when analyses were adjusted for severity and plateau
pressure, VAP was not associated with ICU mortality. In a
separate post-hoc analysis of a clinical trial evaluating prone
position in ARDS [49], incidence of VAPwas 1.18 (0.86–1.60)
per 100 days of invasive mechanical ventilation; it was similar
to that reported in patients included in the prone position
arm. VAP was, furthermore, associated with higher mortality,
with a hazard ratio of 2.2 95% CI 1.39–3.52 p < 0.001 after
adjusting for position group, age, SOFA score, McCabe score
and immunodeficiency.
A model of VAP prediction in patients with ARDS was

developed using data from the EDEN trial [50]. Use of
neuromuscular blocking agents, severe ARDS, admission for
an unscheduled surgery, and trauma as primary causes of
ARDS constituted independent risk factors for VAP.
An inflammatory environment present in the lungs of pa-

tients with ARDS may predispose them to developing VA-
LRTI [4, 51–53]. An impaired host defense—including innate
and acquired immune response—or the use of immunomodula-
tory drugs such as glucocorticoids may provide an explanation
for this observation. Also, inflammatory patterns could be
related to changes in microbiota as well [54]: dysbiosis ob-
served in patients with ARDS may facilitate the development
of VAP [55–57]. Finally, a low level of positive end-expiratory
pressure and hyperoxia may increase the risk of VAP [58, 59],
warranting consideration during the management of patients
with ARDS.
Recently, critically ill patients with COVID-19 have been

observed to present a higher incidence/prevalence of VA-LRTI
[60, 61]. In a multicenter study evaluating both patients with
COVID-19 or influenza and mechanically ventilated patients
without non-viral pneumonia, Rouze et al. [5] observed an in-
cidence of 50% of VA-LRTI in patients with COVID-19. This
incidence was significantly higher even after being adjusted
for confounders. VAP was associated with poor outcomes
[62, 63].
Less common secondary pulmonary infections could be

found in patients with severe viral pneumonia. Pulmonary
aspergillosis may complicate ARDS caused by influenza or
COVID-19 [64–67].
Combining novel microbiological tests and routine Gram

staining and cultures may help diagnose VAP early and ac-
curately and promote prompt and adequate treatment. Gram
staining has good accuracy in diagnosing S. aureus [68], and
multiplex PCR may reduce exposure to broad-spectrum an-
tibiotics, especially if testing for resistance mechanism genes
occurs [69, 70]. Bronchoalveolar lavage may promote better
diagnoses and should be performed when possible [43, 71].
Diagnosing infections due to aspergillus is a challenge. How-
ever, detection of galactomannan in serum and bronchoalveo-
lar lavage may help [72].

4. Managing ARDS due to or complicated
by respiratory infections

ARDS must be managed according to current recommenda-
tions [73]. Protective mechanical ventilation and the use of
prone positions have shown benefits in this population. Ex-
tracorporeal membrane oxygenation (ECMO) should be used
in selective populations [7], and clinicians should consider
the risks and benefits of neuromuscular blocking agents [74–
78]. For respiratory infections, current guideline recommen-
dations may help choose early and adequate antimicrobial
treatments (Table 2) [43, 44, 79]. Local data about multidrug-
resistant (MDR) pathogens and individual risk factors must be
considered. ARDS was included as a risk factor for MDR
pathogens in the last American Thoracic Society/Infectious
Diseases Society of America (ATS/IDSA) guidelines [44].
However, in a study validating this particular guideline, ARDS
had poor accuracy in relation to MDR pathogen prediction
(high specificity (81%) and low sensitivity (24%)) [80].
Corticosteroids have been tested in several trials for both

ARDS and pneumonia. Potent anti-inflammatory medications
[81], corticosteroids may play a role as an immunomodulatory
drug in the exacerbated inflammatory response observed in pa-
tients with either ARDS or pneumonia. In 1986, methylpred-
nisolone was tested at high doses in patients with ARDS, con-
ferring no benefits [82]. The same was found at intermediate
doses in patients with prolonged ARDS (more than seven days
since onset) [83]. In an analysis including data from four RCT,
prolonged treatment (>25 days) with corticosteroids improved
outcomes with fewer ventilator- and ICU-free days, and lower
ICU mortality. Villar et al. [84] performed an RCT evaluating
dexamethasone 10mg per day for 10 days in patients withmod-
erate or severe ARDS according to the Berlin definition [85].
Two hundred and seventy-seven patients were randomized to
dexamethasone or placebo. Ventilator-free days were higher in
the dexamethasone arm, and mortality decreased by 15.3% in
those patients who received corticosteroids.
Corticosteroids have been extensively tested in patients with

pneumonia [86, 87]. Several trials [88–91] and ameta-analysis
[92–101] reported heterogeneous results about the efficacy
of corticosteroids in reducing mortality and improving out-
comes in patients with CAP. Benefits regarding mortality were
observed mainly in patients with severe CAP [95, 96, 99–
101]. Nonetheless, concerns about the reproducibility of these
results have limited applicability thereof [79]. Recently, in
a propensity score matching study using real-life data [102],
our group observed significantly lower mortality in those pa-
tients with severe CAP criteria per ATS/IDSA guidelines [79].
Corticosteroids also reduced the risk of disease progression to
ARDS [97]. Special considerations should be made for some
cases of viral pneumonia. Corticosteroids showed impaired
outcomes in patients with severe CAP due to influenza or
MERS [103–105]. Conversely, though, corticosteroids have
served as the main treatment drug for patients with severe or
critical COVID-19. Corticosteroids have shown efficacy in
reducing mortality in patients with COVID-19 when treatment
was started after seven days since symptom onset [106, 107].
Most critically ill patients experienced higher benefits. Cor-
ticosteroids were described as a risk factor for ICU-acquired
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TABLE 2. Recommended antimicrobial treatments for pneumonia.
Community-acquired pneumonia Nosocomial pneumonia (HAP and VAP)
β-lactam plus macrolides or
fluoroquinolone.

Higher prevalence of MDR pathogens (>25% of GNEB or 10% of MRSA),
septic shock, high mortality risk or risk factors for MDR pathogens: double

coverage with antipseudomonal agents and MRSA coverage:
β-lactams/aminoglycosides +/− linezolid or vancomycin.

If MDR pathogens are suspected based
on risk factors and local epidemiology:
antipseudomonal β-lactams +/− linezolid
or vancomycin.

If patient does not have septic shock and one agent is active against 90% of
isolated pathogens in the ICU, a single agent could be administered.

Oseltamivir must be added if influenza is
suspected or confirmed.
Based on recommendations from ATS/IDSA [44, 79] and European respiratory society/European Society of Intensive
Care Medicine/European Society of Clinical Microbiology and Infectious Diseases/Latin American Thoracic Society
(ERS/ESICM/ESCMID/ALAT) [43] guidelines. Abbreviations: HAP: Hospital-acquired pneumonia; MDR: multidrug-resistant;
VAP: ventilator-associated pneumonia; GNEB: Gram negative entero bacteriace; MRSA: Methicillin-resistant staphylococcus
aureus; ICU: Intensive care unit. Note that ARDS may be considered as a risk factor for MDR pathogens according to ATS/IDSA
guidelines.

pneumonia [108].
Corticosteroids should be used with caution in patients with

VAP, given that the drug was associated with lower survival in
an observational study by Ranzani et al. [109].

5. Future perspectives

ARDS is a heterogeneous condition [110], which means that
not all measures could be of benefit. ARDS due to respiratory
infections may differ in terms of the causative agent, previ-
ous condition or host-pathogen interaction (e.g., inflammatory
response) [111]. Thus, several aspects should be taken into ac-
count before recommending a treatment or measure. Knowing
different phenotypes may allow clinicians to adjust treatment
according to risks and benefits [112]. Platform or adaptive
trials taking place during the last pandemic have demonstrated
the possibility of evaluating several treatments, with quick
results changing clinical practice (e.g., the use of corticosteroid
for COVID-19). Predictive and prognostic enrichment might
improve clinical trials, increasing effect sizes; however, results
may not be generalizable [113].
Given that many clinical trials have failed to improve clin-

ical practice, future studies should be designed in a way that
acknowledge the varying components and implement enrich-
ment. Adaptive trials should be considered, mainly in those
conditions with high prevalence.

6. Conclusions

Pneumonia is the most common cause of ARDS. Community-
or hospital-acquired pneumonia can trigger ARDS. Patients
admitted with ARDS could present a secondary infection.
Antimicrobial treatment must be based on epidemiology, risk
factors and current recommendations. Corticosteroids can be
used as adjunctive therapy in both pathologies.
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Abstract
Many patients with acute respiratory failure fulfill the diagnosis of Acute Respiratory
Distress Syndrome (ARDS), forming a very heterogeneous population. Clinical
trials have not yielded beneficial treatment effects in ARDS, possibly caused by
this heterogeneity. Dividing patients with ARDS into subgroups, each with similar
characteristics, may result in improved treatment strategies as part of a precision
medicine approach. In this systematic review, we summarize the subphenotypes
identified so far, the current state, and future directions for precision medicine in ARDS.
Multiple data-driven subphenotypes have been identified based on a wide range of
variables. These subphenotypes are associated with differences in clinical outcomes,
which could be used for prognostic- and predictive enrichment of future interventional
studies. True treatable traits have not been identified yet, deeper phenotyping will
hopefully reveal these along with mechanistic differences.

Keywords
Precision medicine; Phenotypes; ARDS

1. Introduction

Around 10% of critically ill receiving invasive ventilation
fulfill the Berlin definition for Acute Respiratory Distress Syn-
drome (ARDS), approximately 1.5 cases per 100,000 person-
years in Europe alone. It is associated with a high mortality
and considerable morbidity [1, 2]. The Berlin definition spec-
ifies ARDS as acute onset hypoxemia, bilateral opacities on
chest radiography, not fully explained by effusion, collapse or
nodules, which is not due to cardiac dysfunction or volume
overload [1, 3]. It is important to realize that this syndrome
comprises a heterogeneous patient population with a multi-
plicity of underlying pathophysiological processes resulting in
alveolar epithelial and lung endothelial injury, increased lung
vascular permeability, and protein-rich alveolar oedema [1].
Randomized clinical trials (RCTs) with drugs targeting specific
pathways that have been implicated in the pathophysiology of
ARDS, like oxidative stress and endothelial injury, failed to
improve outcomes. Therefore, supportive therapy remains the

cornerstone of care for ARDS [4].

One reason for this failure could be the heterogeneity of
the syndrome, which makes a “one-size fits all” approach
insufficient [4, 5]. Precisionmedicine is defined as “treatments
targeted to the need of individual patients on the basis of
genetic, biomarker, phenotypic, or psychosocial characteris-
tics that distinguish a given patient from other patients with
similar clinical presentations” [6]. Human epidermal growth
factor receptor 2 (HER-2) targeted therapy in breast cancer and
type 2 (eosinophilic) asthma endotype-specific treatment are
examples of precision medicine approaches that have revolu-
tionized the treatment of syndrome diagnoses [7–9]. These
examples illustrate that dividing a group of patients with the
same syndrome into subgroups, each with similar character-
istics, can result in improved treatment strategies. This has
led the researchers in critical care to speculate that a precision
medicine approach would be appropriate for a heterogeneous
syndrome like ARDS as well [10].
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F IGURE 1. Flowchart of article selection.

In this systematic review, we present the current understand-
ing of precision medicine in ARDS. We provide an overview
of the currently identified subgroups in ARDS based on data-
driven approaches, evaluate the evidence for heterogeneity of
treatment effect in patients with distinct subphenotypes and
speculate on the future directions for precision medicine in
ARDS.

2. Search strategy and selection criteria

Relevant articles were identified by a search on PubMed for
articles up to May 17, 2021, with the terms: “ARDS”, “acute
lung injury (ALI)”, “Critical Care”, “Intensive Care”, “Critical
illness”, “Phenotype”, “Subphenotype”, “Subgroups”, “En-
dotypes”, and “Cluster”. Inclusion criteria were (1) original
research in (2) adult critically ill patients with ARDS (3)
identifying subphenotypes based on patient data (4) using
clustering analysis algorithms and (5) providing prognostic or
predictive value. Studies using pre-defined not data-driven
subgroups or studies on cell phenotypes, animal or preclinical
work were excluded. Only articles published in English were
considered. See Fig. 1 for flowchart of article selection.
After reading, ten original articles remained which fulfilled the
selection criteria for this review.

3. Definitions in precision medicine

Recently, definitions have been proposed to standardize the
terminology used in the search for targetable (sub) phenotypes
in the critically ill and associated broad defined syndromes,
like ARDS.
In this review, we use the following: (1) Phenotype —

“A set of clinical features in a group of patients who share

a common syndrome or condition”, (2) Subphenotype — “A
set of features in a group of patients who share a phenotype,
such as shared risk factor, trait, diagnostic feature, expression
marker, mortality risk, or outcome in response to treatment,
that distinguishes the group from other groups of patients with
the same phenotype”, (3) Endotype — “A distinct biological
mechanism of disease, often associated with an anticipated
response to treatment, that is shared by a subgroup of patients
andmight be indicated by sharedmortality risk, clinical course,
or treatment responsiveness”, and (4) Treatable trait — “A
subgroup characteristic that can be successfully targeted by an
intervention” [10, 11].
It should be noted that a subphenotype does not necessar-

ily comprise an endotype. For a subphenotype to have an
endotype there must be a mechanistic difference between the
subphenotypes, which can be identified by certain markers.
Similarly, it should be noted that an endotype does not mean
there is a treatable trait. Only if a mechanistic difference can
be successfully targeted by plausible treatment, a treatable trait
has been identified. This is the ultimate goal of precision
medicine.
In addition to identification of treatable traits, (sub) phe-

notyping can also be used as a tool for prognostic- and pre-
dictive enrichment strategies in RCTs. Enrichment is a core
tenet of precision medicine. Using prognostic enrichment,
patients with a higher risk at a worse outcome or disease-
related endpoint are selected, thereby increasing the absolute
effect difference between groups [12]. Predictive enrichment
entails selecting patients more likely to respond to a given
therapy, increasing both absolute and relative effect, possibly
resulting in a smaller required study population [12]. These
strategies stimulate development of new drug therapies and
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F IGURE 2. Heatmap of all included class-defining variables and identified predictive variables in ARDS
subphenotyping models. Only variables significant in at least one study are depicted. Class-defining variables were used for
identifying subphenotypes. Predictive variables were used to classify the subphenotypes using fewer variables. The increased
class-defining variables: (1) gender implicates a higher percentage of males and (2) ethnicity implicates a higher percentage of
white people present in that subphenotype, (3) source of infection is pre-dominantly the thorax, and (4) ARDS risk factor is
pre-dominantly pneumonia. Subphenotypes depicted on the left side of the graph were associated with worse clinical outcomes
compared to the subphenotypes depicted on the right side of the graph. The numbers above the subphenotypes refer to the
original study and correspond to the reference bibliography number. BMI, body mass index; CRP, C-reactive protein; WBC,
white blood cell count; ANG-2, angiopoietin-2; ANG2/1, angiopoietin 2 and 1 ratio; ICAM-1, intercellular adhesion molecule-1;
IFNy, interferon gamma; IL, interleukin; PAI-1, plasminogen activator inhibitor 1; RAGE, receptor for advanced glycation end
products; TNFR1, tumor necrosis factor receptor 1; PF ratio, PaO2/FiO2 ratio.
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TABLE 1. Overview of prevalence and clinical outcome parameters per subphenotype identified in ARDS.
Prevalence

(%)
ICU-

mortality (%)
Ventilator-
free days (n)

28-day
mortality (%)

30-day
mortality (%)

60-day
mortality (%)

90-day
mortality (%)

Ranjeva et al. (2021) [13] Phenotype 1 193 (73%) - - 23.3% - - -
Phenotype 2 70 (27%) - - 40.0% - - -

Garcia et al. (2021) [14] Non-recruitable 106 (45%) 27 (23%) - - - - -
Recruitable 132 (55%) 69 (52%) - - - - -

Puybassat et al. (2000) [15] Non-focal 45 (63%) 24 (53%) - - - - -
Focal 26 (37%) 11 (42%) - - - - -

Bos et al. (2017) [22] Uninflamed 218 (48%) 34 (15.6%) 21 (11–25) - 47 (21.6%) - -
Reactive 236 (52%) 86 (36.4%) 9 (0–21) - 89 (37.7%) - -

Calfee et al. (2014) [21] Hypoinflammatory 318 (67%) - 17.8 - - - 23%
Hyperinflammatory 155 (33%) - 7.7 - - - 44%

Calfee et al. (2014) [21] Hypoinflammatory 404 (74%) - 18.4 - - - 19%
Hyperinflammatory 145 (26%) - 8.3 - - - 51%

Famous et al. (2017) [20] Hypoinflammatory 727 (73%) - 19 - - 21% 22%
Hyperinflammatory 273 (27%) - 3 - - 44% 45%

Sinha et al. (2018) [19] Hypoinflammatory 468 (60%) - 23 (6–26) - - 98 (20.9%) 100 (21.4%)
Hyperinflammatory 277 (40%) - 15 (1–23) - - 101 (36.5%) 104 (37.6%)

Calfee et al. (2018) [18] Hypoinflammatory 353 (65%) - 18 (0–23) 59 (17%) - - 78 (22%)
Hyperinflammatory 186 (35%) - 2 (0–17) 73 (39%) - - 87 (47%)

Sinha et al. (2021) [16] Hypoinflammatory 457 (73%) - 20 (11–25) - - - -
Hyperinflammatory 167 (27%) - 5 (0–20) - - - -

Sinha et al. (2021) [16] Hypoinflammatory 211 (63%) - 24 (0–28) - - - -
Hyperinflammatory 124 (37%) - 0 (0–23) - - - -

Kitsios et al. (2019) [17] Hypoinflammatory 65 (62%) - ns ns - - ns
Hyperinflammatory 39 (38%) - ns ns - - ns

All presented data is significant, except for ns (not significant). A dash represents an uninvestigated parameter. ARDS, Acute Respiratory Distress Syndrome; ICU, Intensive
Care Unit.
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tailoring treatments to patients most likely to benefit from
them. Combined, prognostic- and predictive enrichment allow
for optimal progress towards precision medicine.

4. Identified ARDS subphenotypes

A variety of strategies have been applied in order to iden-
tify subphenotypes in ARDS, covering aspects of etiology,
physiology and morphology, and biology. Fig. 2 provides an
overview of the identified subphenotypes, including the used
class-defining variables and predictive variables. Table 1 (Ref.
[13–22]) presents an overview of the subphenotypes with their
prevalence and associated clinical outcomes. All described
subphenotypes are based on clustering algorithms using a set
of variables that did not include clinical outcomes.

4.1 Clinically-derived subphenotypes
Thus far, two subphenotypes have been identified (1 & 2)
using readily available clinical data from a cohort of ARDS
patients that had acute respiratory failure related to COVID-
19 (Fig. 2). One subphenotype, named ‘Phenotype 2’, showed
increased markers of coagulopathy, like D-dimer, prothrom-
bin time (PT), activated partial thromboplastin time (aPTT),
and fibrinogen, compared to the other subphenotype, named
‘phenotype 1’. White blood cell count and interleukin-6 (IL-
6) were higher in ‘phenotype 2’, but plasma IL-6 concen-
tration was much lower than has been observed in patients
with ARDS due to other causes than COVID-19. There was
no difference in parameters related to respiratory physiology,
such as PaO2:FiO2, driving pressure, minute ventilation, and
PaCO2. There was strong evidence for prognostic enrichment
as patients with ‘phenotype 2’ had double the odds for 28-day
mortality than patients with ‘phenotype 1’ (odds ratio (OR) 2.2;
95% confidence interval (CI) 1.2–3.9; Table 1) [13].

4.2 Physiology and morphology-derived
subphenotypes
A ‘non-recruitable’ and ‘recruitable’ subphenotype have been
identified in patients with ARDS not related to COVID-19
using latent class analysis on a broad set of parameters
related to respiratory mechanics, gas-exchange and Computer
Tomography(CT)-derived gas- and tissue volume (Fig. 2).
The non-recruitable subphenotype was associated with a non-
pulmonary cause of ARDS, fewer moderate-severe ARDS
cases, a lower respiratory system elastance, a decreased
alveolar dead space, less potentially recruitable lung volume,
and less inhomogeneous lungs compared to the recruitable
subphenotype. The recruitable subphenotype could be used for
prognostic enrichment as it was associated with an increased
risk of ICU-mortality (HR 2.9, 95% CI 1.7–2.7) (Table 1)
[14].
Three radiological subphenotypes of ARDSwere described:

lobar attenuations (‘LA’); diffuse attenuations (‘DA’) and
patchy attenuations (‘PA’). These were later redefined as
‘focal’ ARDS (LA subphenotype) and ‘non-focal’ ARDS
(DA and PA subphenotype) [15, 23]. It is important to note
that these subphenotypes were not the result of data-driven
evaluation of the CT images, but rather the result of systematic

evaluation of these scans by human operators. Non-focal
lung morphology is characterized by diffuse and patchy
lung aeration loss (increased inhomogeneity) and distinct
lung mechanics including decreased total lung gas volume,
a lower compliance of the respiratory system and a higher
amount of recruitable lung compared with focal ARDS. This
subphenotype has also been associated with an increased
ICU-mortality in a more recent study [23].

4.3 Biology-derived subphenotypes
Biological data, such as plasma biomarkers, have also been
used to identify subphenotypes in ARDS. Two subphenotypes,
named “reactive” and “uninflamed”, were identified based
on 20 plasma biomarkers of inflammation, coagulation, and
endothelial activation (Fig. 2). The “reactive” subphenotype
could be characterized by high plasma levels of inflammation,
coagulation, and endothelial activation. Patients with the “re-
active” subphenotype more frequently had a non-pulmonary
cause for ARDS. Patients with the “reactive” subphenotype
showed prognostic enrichment as it was associated with a
higher ICU- and 30-day mortality and less ventilator-free days
(Table 1) [22].

4.4 Subphenotypes based on combined
variables
The majority of publications report on analyses based on com-
binations of clinical and biological variables. Two subphe-
notypes, named the “hypoinflammatory” and “hyperinflam-
matory”, have been consistently identified throughout multi-
ple datasets using latent class analysis. The hyperinflamma-
tory subphenotype has been characterized by higher plasma
concentrations of IL-6, IL-8, soluble tumor necrosis factor
receptor-1 (sTNFR1), and plasminogen activator inhibitor-1
(PAI-1), higher heart rate and total minute ventilation. This
subphenotype also had a lower systolic blood pressure, bicar-
bonate, and protein C compared to the hypoinflammatory sub-
phenotype. In other words, the hyperinflammatory subpheno-
type reflects a more severe inflammation, shock, andmetabolic
acidosis. There was prognostic enrichment for mortality and
duration of mechanical ventilation [21]. In several subsequent
secondary analyses of RCTs in ARDS, similar subphenotype
profiles were identified, which validated the original finding
[18–20]. Even the use of a less comprehensive dataset re-
vealed two subphenotypes with comparable characteristics and
clinical outcomes [18]. This is indicative of the robustness
of these subphenotypes in a highly selected patient population
of ARDS. Importantly, the “hypo-” and “hyperinflammatory”
subphenotypes were also identified in prospective observa-
tional cohort studies using a more comprehensive set of vari-
ables. These studies confirmed the potential for prognostic
enrichment of the hyperinflammatory subphenotype in an un-
selected population of consecutive ARDS patients [16, 17].

5. Evidence for heterogeneity of
treatment effect

Each of the above described subphenotype approaches re-
vealed a subgroup with an increased risk of mortality and
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selection of this subgroup could be used for prognostic enrich-
ment. Differences in baseline risk of death could introduce
non-random variation in treatment effect (heterogeneity of
treatment effect, HTE), which might explain some indetermi-
nate results of previous RCTs [24–26]. However, predictive
enrichment of future intervention studies could provide more
considerable HTE and this is most important for the design of
future precision medicine studies.
Secondary analyses of three RCTs in ARDS patients showed

potential HTE when using identified subphenotypes for risk
stratification. Firstly, the multicenter Assessment of Low
Tidal Volume and Elevated End-Expiratory Pressure to Ob-
viate Lung Injury (ALVEOLI) trial compared the effect of
mechanical ventilation with higher versus lower positive end-
expiratory pressure (PEEP) within 36h of ARDS onset on mor-
tality. The original analysis showed similar clinical outcomes
regardless of the PEEP levels used [27]. A secondary analy-
sis of this trial showed a subphenotype-dependent treatment
effect. Patients with the hyperinflammatory subphenotype
who received the high PEEP strategy had improved clinical
outcomes (reduced mortality, more ventilator-free days and
organ failure free-days) compared to the low PEEP strategy.
Patients with the “hypoinflammatory” subphenotype showed
strikingly opposite results with improved clinical outcomes
using a low PEEP strategy compared to a high PEEP strategy
[21]. Secondly, the Fluid and Catheter Treatment (FACTT)
trial compared the effect of conservative versus liberal fluid
management within 48h of ARDS onset on mortality. Con-
servative fluid management shortened the duration of me-
chanical ventilation, without showing a difference in 60-day
mortality [28]. In a secondary analysis, hyperinflammatory
patients had improved clinical outcomes (reduced 60- and
90-day mortality) when randomized to the liberal fluid strat-
egy as compared to the conservative fluid strategy, while
the hypoinflammatory patients showed the inverse associa-
tion. However, no subphenotype-dependent significant differ-
ence in ventilator-free days was observed [20]. Thirdly, the
multicenter Hydroxymethylglutaryl-CoA reductase inhibition
with simvastatin in Acute lung injury to Reduce Pulmonary
dysfunction (HARP-2) trial compared the effect of simvas-
tatin versus placebo within 48h of ARDS onset on ventilator-
free days. No differences in clinical outcomes were found
(ventilator-free days, non-pulmonary organ failure, and 28-
day mortality) [29]. However, differences were observed
across patients stratified by treatment and subphenotype in a
secondary analysis. Specifically, patients with the hyperin-
flammatory subphenotype had a higher 28-day survival using
simvastatin compared to placebo [19]. In addition, potential
HTE for simvastatin in ARDS was also observed in another
secondary analysis using the APACHE II score as risk modifier
[25]. Combined, these secondary analyses support the idea that
indeterminate trial results can be the result of heterogeneity
in trial populations. Subphenotyping could play a role in
predictive enrichment trial strategies by reducing some of the
heterogeneity within the larger ARDS population.
The first and currently only prospective evaluation of a pre-

cision medicine by subphenotypes in a RCT is the LIVE-trial:
Lung Imaging for Ventilator Settings in ARDS [30]. They
tested whether personalized mechanical ventilation strategies

based on morphology subphenotypes (non-focal and focal)
improved the overall survival of ARDS patients compared to
standard care. Personalized mechanical ventilation strategies
entailed tailored tidal volumes, PEEP levels, recruitment ma-
noeuvres, and prone positioning per group (PP). The primary
analysis of the LIVE-trial did not show survival benefit in
favour of the precision medicine approach (HR: 1.01; 95% CI
0.61–1.66, p = 0.98). Further analysis showed that in 21% (85
out of 400) of all included patients the lung morphology was
misclassified based on chest imaging. For the classification of
non-focal and focal ARDS both CT-scan and chest radiography
was allowed, but CT scans were performed only in 29% (56
patients) of the patients randomized to the precision medicine
approach. Despite the high agreement about lung morphol-
ogy classification between experts (k = 0.94), only moderate
agreement was found between local investigators who allo-
cated patients to the precision medicine approach (k = 0.52).
The high likelihood of misclassification can be explained by
the limited availability of CT-scans and misinterpretation of
chest radiography. Interestingly, subgroup analyses revealed
that: (1) correctly classified patients receiving personalized
mechanical ventilation had lower 90-day mortality compared
to the control group and (2) that expert classification revealed
the same beneficial effect, but (3) misclassified patients had
higher 90-day mortality when receiving personalized mechan-
ical ventilation compared to the control group. So, due to
the possible influence of misclassification, the contribution
of using morphology subphenotypes for precision mechanical
ventilation remains uncertain. These trial results emphasize (1)
the requirement of subphenotypes to be robust and not subject
to individual interpretation and (2) that misclassification can
harm patients.

5.1 Subphenotype classification using
parsimonious models and time-related
changes
Most of the cluster and latent class analyses algorithms are not
suitable for clinical classification of patients at the bedside due
to the number of variables required as input. Therefore, pre-
dictive models containing fewer variables have been identified
to classify patients with high accuracy (Fig. 2; Table 2, Ref.
[14, 16, 17, 19–21, 31]). This also provides guidance in devel-
oping classifying tests suitable for clinical practice, like IL-6
and TNFR1 point-of-care tests (ClinicalTrials.gov Identifier:
NCT04009330). Awaiting these point-of-care tests for specific
plasma markers, researchers were recently able to classify
patients in hypo- and hyperinflammatory subphenotypes using
readily available clinical data including demographics vari-
ables (e.g., age, sex, ARDS risk factor), respiratory variables
(e.g., PaO2/FiO2 ratio, PaCO2), vital signs (e.g., tempera-
ture, heart rate, respiratory rate), and laboratory variables
(e.g., hematocrit, white cell count, platelets, sodium) with
high accuracy (AUC: 0.95; 95% CI 0.94–0.96; Table 2) [31].
Although this classification was performed in highly selected
study populations, this finding is very promising. Together
with previous results, this provides multiple opportunities to
enable classification in clinical practice.
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TABLE 2. Predictive models classifying ARDS subphenotypes.
Subphenotypes Predictive model variables AUC

Calfee et al. (2014) [21] Hypoinflammatory vs. Hyperinflammatory (ARMA) IL-6, sTNFR1, vasopressor use 0.94
Calfee et al. (2014) [21] Hypoinflammatory vs. Hyperinflammatory (ALVEOLI) IL-6, sTNFR1, vasopressor use 0.93
Famous et al. (2017) [20]Hypoinflammatory vs. Hyperinflammatory (FACTT) IL-8, sTNFR1, bicarbonate 0.95
Sinha et al. (2018) [19] Hypoinflammatory vs. Hyperinflammatory (SAILS) IL-8, sTNFR1, bicarbonate 0.95
Kitsios et al. (2019) [17] Hypoinflammatory vs. Hyperinflammatory Not defined 0.93
Sinha et al. (2020) [31] Hypoinflammatory vs. Hyperinflammatory IL-8, protein C, bicarbonate, vasopressor use. 0.96

(ARMA, ALVEOLI, SAILS, FACTT)
Sinha et al. (2020) [31] Hypoinflammatory vs. Hyperinflammatory Clinical classifier model (demographic, respiratory, vital

signs, laboratory data) 0.95

(ARMA, ALVEOLI, SAILS, FACTT)
Sinha et al. (2021) [16] Hypoinflammatory vs. Hyperinflammatory IL-8, protein C, bicarbonate, vasopressor use 0.94

(VALID, EARLI)
Bos et al. (2017) [22] Uninflamed vs. reactive Il-6, IFN-gamma, ANG2/1, PAI-1 0.98
Garcia et al. (2021) [14] Non-recruitable vs. Recruitable Dead space, respiratory system elastance, lung

inhomogeneity, proportion of non-aerated lung tissue
0.99

ARMA, ALVEOLI, SAILS, and FACTT are different randomized controlled trial cohorts in patients with ARDS. VALID and EARLI are prospective observational cohort
studies in patients with ARDS. Abbreviations: IL, Interleukin; IFN-gamma, interferon gamma; ANG, angiopoietin; PAI-1, plasminogen activator inhibitor 1; sTNFR1,
soluble tumor necrosis factor receptor 1.
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All above-described subphenotypes have been identified us-
ing data obtained at ICU admission or at enrollment in clinical
trials. The hypo- and hyperinflammatory subphenotype have
shown to be largely stable over the first 3 days [32]. As
it remains uncertain whether subphenotypes reflect different
temporal stages in ARDS, it is important for the usability of
subphenotype classification in clinical trials to evaluate the
subphenotype stability over the evolution of ARDS. Baseline
levels of innate immunity biomarkers (TNFR1, fractalkine,
and ST-2) and procalcitonin were higher in the hyperinflam-
matory patients and showed similar trajectory overtime com-
pared to hypoinflammatory patients. However, angiopoietin-
2 (ANG-2) (endothelial injury) and receptor for advanced
glycation end products (RAGE; marker of epithelial injury)
attenuated over time [17]. Hypothetically, if this host-response
trajectory also occurs in the reactive subphenotype (which is
plausible as the reactive and hyperinflammatory subphenotype
have similar characteristics), this could influence the classifi-
cation, since ANG-2 is used in the prediction model for the
reactive and uninflamed subphenotype [22].
In a secondary analysis of the Evaluating Health Outcomes

and QOL After ALI Among Participants of the ALTA,
OMEGA, EDEN, and SAILS ARDS Network Trials (SAILS-
ALTOS) with a long term follow-up (up to 12 months), the
physical, mental health, and cognitive outcomes were not
different between patients who were classified as having
the hypo- or hyperinflammatory subphenotype at study
enrollment [33]. This might suggest that these subphenotypes
reflect an acute phase of critical illness, resolve at some point
and that other factors attribute to long term dysfunction.

5.2 Underlying processes captured by
subphenotypes
The identified subphenotypes have not been linked directly to
pathophysiological mechanisms leading to ARDS. It is note-
worthy that in studies (which included biological data) the
most important contributing class-defining variables are linked
to the innate immune response (i.e., TNFR1, IL-6, IL-8) [17,
18, 20, 21]. It could be speculated that these subphenotypes
reflect a more general underlying inflammatory reaction, as
these markers are not ARDS-specific. This is supported by
the identification and validation of resembling subphenotypes
(hypo-/hyperinflammatory and unreactive/reactive) in both pa-
tients at risk for ARDS and mechanically ventilated patients
without ARDS with similar characteristics, blood leukocyte
gene expression profiles, and clinical outcomes [17, 34–37].
COVID-19 has added another frequent cause for ARDS. Pa-

tients with COVID-19-associated ARDS did not show the ex-
tensive systemic inflammatory response seen in non-COVID-
19 related ARDS. Patients with COVID-19 also much more
frequently had single organ failure [13]. Remarkably, an
exploratory analysis revealed a lower prevalence of the hyper-
inflammatory subphenotype in COVID-19-associated ARDS
compared to the other ARDS cohorts, and surprisingly higher
28-day mortality rates for both subphenotypes in COVID-
19-associated ARDS [38]. This highlights that clustering
algorithms might not be sufficient when leaving fundamental
differences, like etiology and risk factors, out of the scope even

when a wide range of variables were used in the derivation
phase.
Given the multiple subphenotypes described in this review,

it is possible that we end up with a multi-layered system just
like in asthma, where stratification is based on age of symptom
onset, lung function (FEV1), allergic status and type of airway
inflammation [9]. In ARDS, the following layers could be
considered: etiology, lung morphology, abnormalities in gas
exchange, and biology. Integrating these aspects into inter-
vention studies and clinical care is one of the key challenges
for future research.

6. Towards precision medicine in ARDS

While there are promising results with regards to identified
subphenotypes, the goal of precision medicine -identifying
treatable traits- has not yet been reached. To generate treatable
traits, it is pivotal to increase our knowledge about the underly-
ing pathophysiological mechanisms reflected by the identified
subphenotypes, allowing us to link biological differences and
determine whether a marker doesn’t only differentiate but also
acts as a mediator. The current subphenotypes are mainly
derived from clinical and blood biomarker data, omitting the
pulmonary biology. The clinical pulmonary parameters in-
cluded provide superficial insight into the pulmonary status
but do not show a consistent difference between both sub-
phenotypes [18, 19, 21]. The majority of the subphenotypes
are identified in secondary analyses of datasets from RCTs
with ARDS patients, which could be an explanation for the
lack of consistent difference and advocates for studies with
an unselected population. Furthermore, preliminary results
with a small sample size showed no profound differences in a
selected set of alveolar inflammatory mediators, emphasizing
the importance of elucidating the pulmonary biology within
the identified subphenotypes [39]. Despite the challenges
associated with mapping the lung compartment, the link be-
tween the biological progression or resolution of the identified
subphenotypes, and the phases in the pathogenesis of ARDS
should be explored. Increasing our understanding of these
subphenotypes in several areas is pivotal in order to understand
the beneficial and harmful aspects of the host response within
each subphenotype which could reveal the next steps towards
precision medicine in ARDS.
As shown in Fig. 2, there is a broad range of class-defining

variables that differ between subphenotypes resulting in unique
sets of predictive variables. However, there is also consid-
erable overlap and this allows us to integrate the available
evidence into a bigger picture (Fig. 3). For example: the hyper-
inflammatory subphenotype is associated with worse clinical
outcomes, more likely to have a non-pulmonary primary risk
factor, and patients have increased levels of circulating RAGE
compared to the hypoinflammatory subphenotype [18, 20, 21].
Subphenotypes based on lung morphology showed that the
non-focal subphenotype was associated with worse clinical
outcomes, alveolar fluid clearance (AFC) impairment, and
increased RAGE levels [40]. Strikingly, RAGE itself seems to
be inversely correlated to AFC rates [41]. One could therefore
postulate that the non-focal subphenotype and hyperinflamma-
tory subphenotype overlap to a large extent. If so, the RAGE
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F IGURE 3. Venn diagram depicting an example of overlapping established associations between selected variables
and the hyperinflammatory, reactive, recruitable, and non-focal subphenotype. RAGE, receptor for advanced glycation end
products.

pathway could be of interest as possible treatable trait. Since
these subphenotypes were derived from completely disjointed
variables, overlap might be a key indicator of possible path-
ways to target for researching treatable traits.

7. Conclusions

The recognition of ARDS heterogeneity has created an op-
portunity to identify various subphenotypes, associated with
different clinical outcomes. Key challenges will be (1) the
characterization of the lung compartment and (2) integrating
our subphenotypes related to clinical variables, lung morphol-
ogy, gas-exchange abnormalities and biology in pre-clinical
models and clinical trials. Deeper phenotyping, with parallel
use of prognostic- and predictive enrichment strategies, will
hopefully reveal mechanistic differences and treatable traits,
marking the beginning of precision medicine in ARDS.

AUTHOR CONTRIBUTIONS

NFLH, DCJJB, MJS, LDJB contributed to the study concept
and design. NFLH performed the data collection and wrote the

first draft of the manuscript. DCJJB, MJS, LDJB commented
on previous versions of the manuscript. All authors read and
approved the final manuscript.

ETHICS APPROVAL AND CONSENT TO
PARTICIPATE

Not applicable.

ACKNOWLEDGMENT

The authors would like to thank Professor Antonio Artigas for
editing the special issue on New Insights in Acute Respiratory
Distress Syndrome and for inviting us to contribute.

FUNDING

This research was funded by the Amsterdam UMC fellowship,
the Innovative Medicine Initiative, the Dutch lung foundation,
and Health Holland, grant number 10.2.17.181 PPS.

50



CONFLICT OF INTEREST

The authors declare no conflict of interest.

REFERENCES
[1] Thompson BT, Chambers RC, Liu KD. Acute Respiratory Distress

Syndrome. New England Journal of Medicine. 2017; 377: 562–572.
[2] Confalonieri M, Salton F, Fabiano F. Acute respiratory distress syndrome.

European Respiratory Review : an Official Journal of the European
Respiratory Society. 2017; 26: 160116.

[3] Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell E,
Fan E, et al. Acute respiratory distress syndrome: the Berlin Definition.
Journal of the American Medical Association. 2012; 307: 2526–2533.

[4] Matthay MA, McAuley DF, Ware LB. Clinical trials in acute respiratory
distress syndrome: challenges and opportunities. The Lancet Respiratory
Medicine. 2017; 5: 524–534.

[5] Bos LDJ, Artigas A, Constantin J, Hagens LA, Heijnen N, Laffey JG, et
al. Precision medicine in acute respiratory distress syndrome: workshop
report and recommendations for future research. European Respiratory
Review. 2021; 30: 200317.

[6] Jameson JL, Longo DL. Precision medicine–personalized, problematic,
and promising. The New England Journal of Medicine. 2015; 372: 2229–
2234.

[7] Loibl S, Gianni L. Her2-positive breast cancer. Lancet. 2017; 389: 2415–
2429.

[8] Wenzel SE, Schwartz LB, Langmack EL, Halliday JL, Trudeau JB, Gibbs
RL, et al. Evidence that severe asthma can be divided pathologically
into two inflammatory subtypes with distinct physiologic and clinical
characteristics. American Journal of Respiratory and Critical Care
Medicine. 1999; 160: 1001–1008.

[9] Wenzel SE. Asthma phenotypes: the evolution from clinical to molecular
approaches. Nature Medicine. 2012; 18: 716–725.

[10] Prescott HC, Calfee CS, Thompson BT, Angus DC, Liu VX. Toward
Smarter Lumping and Smarter Splitting: Rethinking Strategies for
Sepsis and Acute Respiratory Distress Syndrome Clinical Trial Design.
American Journal of Respiratory and Critical Care Medicine. 2016; 194:
147–155.

[11] Reddy K, Sinha P, O’Kane CM, Gordon AC, Calfee CS, McAuley DF.
Subphenotypes in critical care: translation into clinical practice. The
Lancet Respiratory Medicine. 2020; 8: 631–643.

[12] FDA. Enrichment Strategies for Clinical Trials to Support
Determination of Effectiveness of Human Drugs and
Biological Products. Guidance for Industry. 2019. Available
at: https://www.fda.gov/BiologicsBloodVaccines/
GuidanceComplianceRegulatoryInformation/Guidances/
default.htm (Accessed: 20 May 2021).

[13] Ranjeva S, Pinciroli R, Hodell E, Mueller A, Hardin CC, Thompson
BT, et al. Identifying clinical and biochemical phenotypes in acute
respiratory distress syndrome secondary to coronavirus disease-2019.
EClinicalMedicine. 2021; 34: 100829.

[14] Wendel Garcia PD, Caccioppola A, Coppola S, Pozzi T, Ciabattoni A,
Cenci S, et al. Latent class analysis to predict intensive care outcomes
in Acute Respiratory Distress Syndrome: a proposal of two pulmonary
phenotypes. Critical Care. 2021; 25: 154.

[15] Puybasset L, Cluzel P, Gusman P, Grenier P, Preteux F, Rouby J-. Regional
distribution of gas and tissue in acute respiratory distress syndrome. i.
Consequences for lung morphology. Intensive Care Medicine. 2000; 26:
857–869.

[16] Sinha P, Delucchi KL, Chen Y, Zhuo H, Abbott J, Wang C, et al. Latent
class analysis-derived subphenotypes are generalisable to observational
cohorts of acute respiratory distress syndrome: a prospective study.
Thorax. 2021. (in press)

[17] Kitsios GD, Yang L, Manatakis DV, Nouraie M, Evankovich J, Bain
W, et al. Host-Response Subphenotypes Offer Prognostic Enrichment in
Patients with or at Risk for Acute Respiratory Distress Syndrome. Critical
Care Medicine. 2019; 47: 1724–1734.

[18] Calfee CS, Delucchi KL, Sinha P, Matthay MA, Hackett J, Shankar-
Hari M, et al. Acute respiratory distress syndrome subphenotypes and

differential response to simvastatin: secondary analysis of a randomised
controlled trial. The Lancet Respiratory Medicine. 2018; 6: 691–698.

[19] Sinha P, Delucchi KL, Thompson BT, McAuley DF, Matthay MA,
Calfee CS. Latent class analysis of ARDS subphenotypes: a secondary
analysis of the statins for acutely injured lungs from sepsis (SAILS) study.
Intensive Care Medicine. 2018; 44: 1859–1869.

[20] Famous KR, Delucchi K, Ware LB, Kangelaris KN, Liu KD, Thompson
BT, et al. Acute Respiratory Distress Syndrome Subphenotypes Respond
Differently to Randomized Fluid Management Strategy. American
Journal of Respiratory and Critical Care Medicine. 2017; 195: 331–338.

[21] Calfee CS, Delucchi K, Parsons PE, Thompson BT, Ware LB, Matthay
MA. Subphenotypes in acute respiratory distress syndrome: latent class
analysis of data from two randomised controlled trials. The Lancet
Respiratory Medicine. 2014; 2: 611–620.

[22] Bos LD, Schouten LR, van Vught LA, Wiewel MA, Ong DSY, Cremer
O, et al. Identification and validation of distinct biological phenotypes
in patients with acute respiratory distress syndrome by cluster analysis.
Thorax. 2017; 72: 876–883.

[23] Rouby J-, Puybasset L, Cluzel P, Richecoeur J, Lu Q, Grenier P. Regional
distribution of gas and tissue in acute respiratory distress syndrome. II.
Physiological correlations and definition of an ARDS Severity Score.
Intensive Care Medicine. 2000; 26: 1046–1056.

[24] Senn S. Mastering variation: variance components and personalised
medicine. Statistics in Medicine. 2016; 35: 966–977.

[25] Santhakumaran S, Gordon A, Prevost AT, O’Kane C, McAuley DF,
Shankar-Hari M. Heterogeneity of treatment effect by baseline risk of
mortality in critically ill patients: re-analysis of three recent sepsis and
ARDS randomised controlled trials. Critical Care. 2019; 23: 156.

[26] Kent DM, Rothwell PM, Ioannidis JPA, Altman DG, Hayward RA.
Assessing and reporting heterogeneity in treatment effects in clinical
trials: a proposal. Trials. 2010; 11: 85.

[27] Brower RG, Lanken PN, MacIntyre N, Matthay MA, Morris A,
Ancukiewicz M, et al. Higher versus lower positive end-expiratory
pressures in patients with the acute respiratory distress syndrome. The
New England Journal of Medicine. 2004; 351: 327–336.

[28] Wiedemann HP, Wheeler AP, Bernard GR, Thompson BT, Hayden D,
deBoisblanc B, et al. Comparison of two fluid-management strategies
in acute lung injury. The New England Journal of Medicine. 2006; 354:
2564–2575.

[29] McAuley DF, Laffey JG, O’Kane CM, Perkins GD, Mullan B, Trinder
TJ, et al. Simvastatin in the acute respiratory distress syndrome. The New
England Journal of Medicine. 2014; 371: 1695–1703.

[30] Constantin J, JabaudonM, Lefrant J, Jaber S, Quenot J, Langeron O, et al.
Personalised mechanical ventilation tailored to lung morphology versus
low positive end-expiratory pressure for patients with acute respiratory
distress syndrome in France (the LIVE study): amulticentre, single-blind,
randomised controlled trial. The Lancet Respiratory Medicine. 2019; 7:
870–880.

[31] Sinha P, Churpek MM, Calfee CS. Machine Learning Classifier Models
can Identify Acute Respiratory Distress Syndrome Phenotypes Using
Readily Available Clinical Data. American Journal of Respiratory and
Critical Care Medicine. 2020; 202: 996–1004.

[32] Delucchi K, Famous KR, Ware LB, Parsons PE, Thompson BT, Calfee
CS. Stability of ARDS subphenotypes over time in two randomised
controlled trials. Thorax. 2018; 73: 439–445.

[33] Hashem MD, Hopkins RO, Colantuoni E, Dinglas VD, Sinha P, Aronson
Friedman L, et al. Six-month and 12-month patient outcomes based
on inflammatory subphenotypes in sepsis-associated ARDS: secondary
analysis of SAILS-ALTOS trial. Thorax. 2021. (in press)

[34] Bos LDJ, Scicluna BP, Ong DSY, Cremer O, van der Poll T, Schultz
MJ. Understanding Heterogeneity in Biologic Phenotypes of Acute
Respiratory Distress Syndrome by Leukocyte Expression Profiles.
American Journal of Respiratory and Critical Care Medicine. 2019; 200:
42–50.

[35] Heijnen NFL, Hagens LA, Smit MR, Cremer OL, Ong DSY, van der
Poll T, et al. Biological Subphenotypes of Acute Respiratory Distress
Syndrome Show Prognostic Enrichment in Mechanically Ventilated
Patients without Acute Respiratory Distress Syndrome. American Journal
of Respiratory and Critical Care Medicine. 2021; 203: 1503–1511.

[36] Drohan CM, Nouraie SM, Bain W, Shah FA, Evankovich J, Zhang Y,

51

https://www.fda.gov/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/default.htm
https://www.fda.gov/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/default.htm
https://www.fda.gov/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/default.htm


et al. Biomarker-Based Classification of Patients with Acute Respiratory
Failure into Inflammatory Subphenotypes: a Single-Center Exploratory
Study. Critical Care Explorations. 2021; 3: e0518.

[37] Sathe NA, Zelnick LR, Mikacenic C, Morrell ED, Bhatraju PK, McNeil
JB, et al. Identification of persistent and resolving subphenotypes of acute
hypoxemic respiratory failure in two independent cohorts. Critical Care.
2021; 25: 336.

[38] Sinha P, Calfee CS, Cherian S, Brealey D, Cutler S, King C, et al.
Prevalence of phenotypes of acute respiratory distress syndrome in
critically ill patients with COVID-19: a prospective observational study.
The Lancet Respiratory Medicine. 2020; 8: 1209–1218.

[39] Heijnen NFL, Hagens LA, Smit MR, Schultz MJ, Poll T, Schnabel RM, et
al. Biological subphenotypes of acute respiratory distress syndrome may
not reflect differences in alveolar inflammation. Physiological Reports.
2021; 9: e14693.

[40] Jabaudon M, Blondonnet R, Lutz J, Roszyk L, Bouvier D, Guérin R,

et al. Net alveolar fluid clearance is associated with lung morphology
phenotypes in acute respiratory distress syndrome. Anaesthesia, Critical
Care & Pain Medicine. 2016; 35: 81–86.

[41] Jabaudon M, Blondonnet R, Roszyk L, Bouvier D, Audard J, Clairefond
G, et al. Soluble Receptor for Advanced Glycation End-Products
Predicts Impaired Alveolar Fluid Clearance in Acute Respiratory Distress
Syndrome. American Journal of Respiratory and Critical Care Medicine.
2015; 192: 191–199.

How to cite this article: Nanon F.L. Heijnen, Dennis C.J.J.
Bergmans, Marcus J. Schultz, Lieuwe D.J. Bos. Precision
medicine in Acute Respiratory Distress Syndrome. Signa Vitae.
2022; 18(5): 75-85. doi:10.22514/sv.2021.233.

52



This is an open access article under the CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).
Signa Vitae 2022 vol.18(1), 3-14 ©2022 The Author(s). Published by MRE Press. http://www.signavitae.com/

Submitted: 12 August, 2021 Accepted: 24 September, 2021 Published: 08 January, 2022 DOI:10.22514/sv.2021.228

R E V I EW

From preclinical to clinical models of acute respiratory
distress syndrome
Ruoyang Zhai1, Woodys Lenga Ma Bonda1, Gustavo Matute-Bello2,3,
Matthieu Jabaudon1,4,*

1GReD, Université Clermont Auvergne,
CNRS, INSERM, 63000
Clermont-Ferrand, France
2Center for Lung Biology, Division of
Pulmonary, Critical Care and Sleep
Medicine, Department of Medicine,
University of Washington, Seattle, WA
98105, USA
3Medical Research Service, VA Puget
Sound Healthcare System, Seattle, WA
98105, USA
4Department of Perioperative Medicine,
CHU Clermont-Ferrand, 63000
Clermont-Ferrand, France

*Correspondence
mjabaudon@chu-clermontferrand.fr
(Matthieu Jabaudon)

Abstract
Various preclinical models that mimic the clinical causes of acute respiratory distress
syndrome (ARDS) have been used to better understand the mechanisms of acute lung
injury and its repair and to investigate novel therapies targeting such mechanisms.
Despite important preclinical and clinical research efforts in recent decades, few
candidate therapies with promising preclinical effects have been successfully translated
into the clinical scenario, which could be attributable to the intrinsic limitations of
the models as well as to the incorrect identification of appropriate phenotypes of
patients to target with novel therapies that have proven beneficial in select preclinical
models. However, current translational research strategies based on the use of multiple
complementary preclinical and clinical models hold the promise of revolutionizing
intensive care by using granular knowledge that should allow for a better diagnosis,
greater predictability of the disease course, and the development of targeted therapies
while ensuring patient safety through reduced adverse effects. Our goal was to
summarize the strengths and limitations of the available models of ARDS, including
animal, in vitro, and clinical models, and to discuss the current challenges and
perspectives for research.

Keywords
Acute respiratory distress syndrome; Acute lung injury; Preclinical models; Transla-
tional research

1. Introduction

The acute respiratory distress syndrome (ARDS) is a severe
form of acute lung injury characterized by the onset of hy-
poxemic respiratory failure associated with noncardiogenic
pulmonary edema and dysregulated inflammatory responses
[1–3]. The incidence of the syndrome is high, represent-
ing approximately 10% of patients admitted to the intensive
care unit (ICU) and, despite important preclinical and clinical
research efforts since its first description in 1967 [4], the
syndrome is still associated with high mortality rates and
long-term impacts on survivors [5]. Substantial progress has
been made in improving supportive intensive care, such as
the application of lung-protective mechanical ventilation, but
specific pharmacological therapy is still lacking. Although this
may be due to the incorrect identification of appropriate subsets
of patients to target with novel therapies that have proven
beneficial in select preclinical models, it may also be explained
by the poor clinical translation of promising therapies from
preclinical models, which can be attributable to the intrinsic
limitations of the models [6, 7].
Research efforts have been held back in part by the difficulty

of modeling human ARDS in animals, mainly due its hetero-
geneity, with many clinical or biological/functional variations
among patients, in addition to its distinct causative factors,

such as pulmonary or extrapulmonary sepsis, gastric fluid
aspiration, transfusions, severe trauma, injurious mechanical
ventilation, and/or reperfusion of ischemic tissues, among
other causes [3, 8–11]. In this perspective, various preclinical
models of “acute lung injury” that mimic the causes of clinical
“ARDS” have been used to better understand the mechanisms
of injury and its repair, and to develop novel therapies targeting
these mechanisms [12].

Ideally, a comprehensive model of acute lung injury should
be able to reproduce all the relevant features of ARDS patho-
physiology, including all the physiological, functional, bio-
logical, and pathological symptoms related to injury and their
consequences. However, such an ideal model mimicking the
clinical scenario does not exist, and all the preclinical models
have intrinsic limitations and strengths [13, 14]. Importantly,
the “ideal” model may not always be the one that best repro-
duces human ARDS, but the one that is best suited to answer
a specific scientific question. For example, despite all their
limitations, mouse models remain key for mechanistic studies
because of the ease of genetic manipulations, the ability to
generate a large cohort in a short time, etc. Large animal
models have more translational value but are less well suited
to mechanistic studies. This leads to a proposed stepwise
approach for animal studies, with reductionistic, targeted ro-
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dent models as an initial step to identify potential mechanisms
or therapeutic targets, and increasingly translational models
(e.g., large animals) as recommended pre-clinical steps as
the research gets closer to the bedside (e.g., testing of novel
therapeutics). Although most preclinical studies on ARDS
have been performed using animal models, other preclinical
in vitro models are available and, more recently, the use of
clinical models of ARDS has also broadened our ability to
decipher injury or repair mechanisms and to identify novel
targets for therapy development.
In this narrative review, our goal was to summarize the

strengths and limitations of the available models of acute lung
injury, including animal, in vitro, and clinical models, and to
discuss the current challenges and prospects for research.

2. In vivomodels of ARDS

Live animalmodels of ARDS play an important role as a bridge
between clinical and laboratory studies in research translation.
The consensus criteria of an in vivo model include acute onset
of injury, altered alveolar-capillary membrane, alveolar in-
flammation, and lung histopathological changes that, together,
lead to physiological impairment, such as arterial hypoxemia
or impaired alveolar fluid clearance (Table 1, Ref. [14])
[14, 15]. Despite the many anatomical and physiological dif-
ferences between animals and humans influencing the response
of the lung to an acute injurious stimulus and affecting the
evaluation of lung injury, in vivo models are frequently used
as a reliable tool to test hypotheses with variably controlled
parameters [14]. The latest updates on what constitutes an
animal model of ARDS have focused on the clinical presenta-
tion, highlighted the importance of some degree of pre-existing
lung injury, suggested the use of mechanical ventilation (to
better coincide with the most frequent clinical scenario), and
recommended the assessment of physiological outcomes to
test potential therapeutic candidates [13, 14, 16]. Since no
single animal model can fully replicate all the pathophysio-
logical features of ARDS, multiple animal models have been
developed, with the goal of replicating, sometimes in a very
caricatural way, the clinical risk factors for ARDS, such as
aspiration, pulmonary/extra-pulmonary infections, and me-
chanical ventilation-induced lung injury, among others [2, 3].
Schematically, preclinical ARDS can be caused in vivo through
direct lung injury (such as after pneumonia or acid installation)
or indirect lung injury (such as after peritonitis). “Double-
hit” models have also been developed, which are intended to
mimic clinical scenarios combining a specific risk factor (such
as pneumonia) and a superimposed injury (such as hyperoxia
or injurious ventilation) [17].
Different animal species have been used in the models, from

large animals, such as non-human primates, pigs, dogs, cattle,
sheep, and rabbits, to smaller animals, such as rats and mice.
Larger animals are believed to better replicate human condi-
tions, but these models are expensive and require specialized
animal facilities. Models using smaller animals, such as mice,
are more widely accessible and are a very powerful research
tool, as the animals can be genetically modified in multiple
ways to facilitate the detailed mechanistic study of complex
pathways [13, 18–20].

2.1 Lipopolysaccharide-induced sepsis
models
Lipopolysaccharide (LPS), often named endotoxin, is
composed of a polar lipid head group (lipid A) and a
chain of repeating disaccharides. It is present on the outer
membrane of Gram-negative bacteria such as escherichia
coli and haemophilus influenzae. The host response to LPS
plays an important role as a mediator of bacterial sepsis
via its binding with toll-like receptor 4 and the subsequent
secretion of inflammatory mediators [21, 22]. LPS-induced
lung injury caused by pulmonary or extra-pulmonary sepsis
is one of the most commonly used ARDS models [13].
LPS can be administered into the lungs by intratracheal
instillation or inhalation to produce direct lung injury in
which the alveolar epithelium is the primary structure that
is damaged. LPS can also be administered intraperitoneally
or intravenously to reproduce peritonitis or blood infection,
respectively, with marked systemic inflammatory response.
Interestingly, repeated or continuous LPS exposure has been
shown to exacerbate lung injury in models of extrapulmonary
ARDS [23]. The LPS model ideally mimics a neutrophilic
inflammatory response with increases in intrapulmonary
cytokines and is, therefore, typically suitable for studies of
inflammatory processes [13, 18]. However, it has significant
disadvantages. First, the responses to LPS are highly variable
among animal species, depending on the presence or absence
of specific lung intravenous macrophages; for example,
rodents are more tolerant to endotoxin exposure than pigs
or sheep. Rodent models have been widely used to study
LPS-induced lung injury due to their availability, easy
accommodation, and relatively low cost. However, rodents
are small animals with limited blood volume available for
serial sampling [13, 24]. The endotoxin preparations used
in animal studies may also vary in serotype and purity and
can be contaminated with bacterial lipoproteins and other
bacterial materials [25]. The duration of LPS exposure may
also introduce some variability in the published results. In
addition, the LPS model is often associated with mild changes
in alveolar-capillary permeability and degrees of endothelial
and epithelial injury, thus limiting clinical translation.

2.2 Live bacteria-induced sepsis models
Intrapulmonary or intravenous administration of live bacteria
is another option to induce sepsis in animal models. In-
tratracheal instillation or inhalation of live bacteria, such as
streptococcus pneumoniae or pseudomonas aeruginosa, can
cause ARDS and, depending on the importance of the bacterial
inoculum, systemic manifestations of sepsis [26–28]. The in-
travenous administration of live bacteria is followed within an
hour by an initial phase of hypotension and leukopenia, which
can progress to septic shock, intravascular coagulation, and
death [13, 14]. Typically, live bacteria-induced sepsis models
induce increased permeability, interstitial edema, and neu-
trophilic alveolitis. They are often used for studies of bacterial
sepsis-induced lung injury. The intratracheal administration
of live bacteria often results in localized pneumonia (rather
than ARDS) in histological studies; however, the unilateral
administration of bacteria can result in lung injury in the
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TABLE 1. Features of experimental acute respiratory distress syndrome in animals and their main relevant measures in animals, as proposed by the official American
Thoracic Society workshop report published in 2011 [14].

Features of experimental ARDS Very relevant measures

Histological evidence of tissue injury • Accumulation of neutrophils in the alveolus or the interstitium

• Presence of hyaline membranes

• Presence of proteinaceous debris in the alveolus

• Thickening of the alveolar wall

• Enhanced injury as measured by a standardized histology score

Alteration of the alveolar-capillary barrier • Increase in extravascular lung water content

• Accumulation of an exogenous tracer in the alveolar spaces or the extravascular compartment

• Increase in total bronchoalveolar protein concentration

• Increase in concentration of high molecular weight proteins in bronchoalveolar fluid (such as albumin, immunoglobulin M (IgM))

• Increase in the microvascular filtration coefficient

Inflammatory response • Increase in the absolute number of neutrophils in bronchoalveolar fluid

• Increase in lung myeloperoxidase activity or protein concentration

• Increase in the concentrations of proinflammatory cytokines in lung tissue or bronchoalveolar fluid

Physiological dysfunction • Hypoxemia

• Increased alveolar–arterial oxygen difference

It is recommended that at least three of the four “main” features are present in animal models of acute respiratory distress syndrome, and that at least one of the “very relevant”
measures is performed for each feature of interest. This list of measures is indicative and may not be exhaustive, meaning that other measures may be relevant.
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contralateral lung, depending on the bacterial dose. Therefore,
the main technical issue with this model resides in the potential
variability in the doses of live bacteria being administered.
Although viral infections are less frequent clinical causes

of ARDS than bacterial infections outside of some specific
pandemics (e.g., the coronavirus disease 2019 pandemic) [3,
5], animal models of viral pneumonia-induced lung injury are
also being used to study the specific responses to or test the
potential therapies for pathogens, such as influenza viruses or
coronaviruses [29, 30].

2.3 Acid aspiration model
Gastric aspiration is one of the common causes leading to the
development of ARDS in patients [31, 32]. This neutrophil-
dependent form of lung injury is characterized by damage
to the alveolar epithelium, alveolar hemorrhage, and intra-
alveolar and interstitial edema. One of the most important
features of this toxic process is the low pH of the gastric
content, and hydrochloric acid (HCl) intratracheal instillation
is the most used method to mimic gastric aspiration in animals,
in particular in mice or larger animals such as pigs. This
model induces the pathophysiological hallmarks of ARDS,
with neutrophil recruitment and moderate effects on mortality
[13]. The acid aspiration model is particularly useful for study-
ing mechanisms of disruption of the alveolar-capillary barrier
and of neutrophil recruitment. In addition, this reproducible
model can be used to study the resolution phase of ARDS
over multiple days after injury [33–35]. However, the narrow
margin between injurious and noninjurious acid concentrations
remains a limitation.

2.4 Abdominal sepsis models
Multiple models of peritonitis-induced lung injury have been
described. In the cecal ligation and puncture (CLP) model, the
cecum is ligated and punctured with a needle. The severity
of the injury depends on the number of holes in the cecum
and the size of the needle. In contrast to models using LPS
and live bacteria, in which the effects are almost immediate,
the effects of CLP develop over days, and the onset is less
abrupt and consistent [13]. The main features of CLP-induced
lung injury are mild hypoxemia, neutrophilic inflammation,
and interstitial and alveolar edema, thus providing a com-
plex representation of clinical extra-pulmonary sepsis [13].
Abdominal sepsis models can, therefore, be useful to study
mechanisms of indirect lung injury due to sepsis. However,
mortality is high, ranging from 25% at 18 h to 70–90% at
30 h, and it requires invasive surgery, although alternative
surgical methods have been reported, such as colon ascen-
dens stent peritonitis and laparoscopic cecal ligation [36, 37].
Other investigators have used intraperitoneal inoculation of
fibrin clots containing controlled inoculum of bacteria, such as
escherichia coli, to reproduce peritonitis-induced lung injury
in mice and rabbits; in this model, lung injury more likely
occurred at high doses, with overwhelmed host response, while
lower doses only caused mild lung injury, such as in CLP
model [38]. A more reliable and titratable model of peritonitis
by the intraperitoneal injection of cecal slurry has been recently
used to induce indirect ARDS [39, 40]. This model was

first adapted from a neonatal necrotizing enterocolitis model
[41]. Briefly, cecal contents are collected from euthanized
donor mice, resuspended, and filtered before intraperitoneal
injection.

2.5 Ventilator-induced lung injury
The use of ventilator-induced lung injury models has largely
contributed to our understanding of the clinical benefits of
lung-protective strategies of mechanical ventilation [42, 43].
Ventilationwith high tidal volumes, especially without positive
end-expiratory pressure, is associated with alveolar recruit-
ment of inflammatory cells, changes in water and protein
permeability, and histological injury, and, in general, severe
hypoxemia develops within several hours [13, 14]. Although
increased alveolar cytokine release has been reported in iso-
lated lung preparations from mice and rats, it may not be
present in all species. In addition, these models generally
use very high tidal volumes (20–30 mL/kg body weight),
which are not necessarily very relevant for clinical translation.
However, they are very useful to study mechanical stretch and
the activation of specific intracellular pathways involved in
mechanotransduction. The effects of moderate increases in
tidal volumes or of other changes in ventilator settings are
best investigated in a “double-hit” model, following another
primary insult.

2.6 Hyperoxia model
Prolonged exposure to hyperoxia may cause hyperoxia-
induced lung injury in humans, with alveolar edema and
endothelial and epithelial injury [44]. Animal models of
hyperoxia have been used as direct lung injury models,
sometimes as a secondary hit after peritonitis or LPS [45, 46].
The mechanism of hyperoxia-induced lung injury remains
unclear and may be mediated by reactive oxygen species. The
hyperoxia model provides an excellent model to study lung
repair after lung injury. However, the major limitations are
that this model requires specific equipment and prolonged
exposure (for 72 h in many studies) [13].

2.7 Ischemia/Reperfusion model
Ischemia and reperfusion following lung transplantation or
at other nonpulmonary sites can lead to a wide range of ef-
fects, including lung injury. This injury is associated with
alveolar edema, epithelial and endothelial injury, inflamma-
tory responses, massive production of free reactive oxygen
species, and hypoxemia [13, 47]. Direct lung ischemia is
generally induced by clamping the pulmonary artery, followed
by reperfusion of the pulmonary and bronchial circulations.
This model reproduces the development of acute lung injury
after lung, intestinal or peripheral ischemia and reperfusion in
humans and is probably more clinically relevant to transplan-
tation studies than to ARDS. Of note, innovative approaches
have been developed to allow non-invasive and repetitive in
vivo microscopy of ectopic lung tissue using dorsal skinfold
chambers in transplantation studies [48]. The main limitation
of the ischemia/reperfusion model is that it requires specific
surgical skills and equipment [13, 49, 50].
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2.8 Models of viral infections
Live animal models of acute lung injury can be used to study
the mechanisms of ARDS due to viruses, such as influenza
viruses or, more recently, the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) [51–54]. Results from
these models have emphasized the major role of the inflamma-
tory host immune response to infection as a major contributor
to lung injury. Although most airborne viruses initially affect
the respiratory epithelium, the role of endothelial dysfunction
has not been well established, and pathogen-specific pathways
may contribute to diffuse alveolar damage [55]. Small animal
models are widely used to study viral infections; however,
translation may require genetic modifications (to the animal
and/or the virus) to make the model susceptible, for example
to SARS-CoV-2 [54]. Animal models can be rapidlymobilized
to better understand the mechanisms of emerging viruses,
such as during the recent coronavirus disease 2019 (COVID-
19) pandemic, and to test new diagnostic, preventive, and/or
therapeutic approaches [30].

2.9 Other models
The oleic acid model was first used to mimic clinical ARDS,
although it is primarily based on the induction of fat embolism
[56]. The intravenous administration of oleic acid leads to
direct lung endothelial injury caused by necrosis andmicrovas-
cular thrombosis. This model is rather reproducible, rapidly
reproduces the most basic features of experimental ARDS
in large animal models (pigs/piglets, sheep, dogs) [57–59],
and is particularly useful to study lung mechanics, ventilatory
strategies, and ventilation/perfusion distribution during acute
lung injury. However, it is now seldom performed; its main
limitations include a high mortality rate, a difficult application
in smaller animals, and unclear effects on alveolar inflamma-
tion [13, 60].
Alveolar surfactant proteins regulate surface tension during

breathing, and surfactant deficiency and dysfunction are fre-
quent during ARDS [3], primarily due to decreased secretion
by injured alveolar type II epithelial cells [61]. Surfactant
depletion can bemodeled by repeated saline lavage of the lungs
and this model has good value to study surfactant functions
and to assess the effects of ventilation strategies in animals. It
induces rapid and reproducible, yet transient, hypoxemia and
alveolar recruitment but only modest lung injury per se and
very little neutrophil recruitment [13, 60, 62, 63].
Whether the bleomycin model is a good acute lung injury

model is still discussed by many researchers, as it is one the
few that leads to an acute inflammatory phase followed by a
fibrotic phase that eventually resolves [13, 14].

3. In vitromodels of ARDS

In vitro cell culture models can provide a direct link to lung cell
responses in a simplified way and represent valuable methods
to investigate basic biological and functional mechanisms and
roles for specific cell types, receptors or pathways. They allow
the manipulation of one or multiple variables through rigor-
ously controlled, bias-free experiments to investigate the vari-
ation in quantitative protein markers, physiological functions,

and/or gene expression in response to multiple conditions,
including candidate therapies targeting precise mechanisms of
injury or repair.
Amonoculture of either alveolar epithelial, lung endothelial,

or alveolar macrophages, among other cell types, can be per-
formed to test mechanistic hypotheses or optimize the experi-
mental parameters in subsequent in vivo or clinical research.
In vitro monocultures can also be used to study important
cellular functions, such as wound healing after a scratch assay
[64] or transepithelial fluid transport by alveolar epithelial
cells (often called “alveolar fluid clearance” in vivo), using
transwell experiments [65, 66]. For example, monolayer cul-
tures of commercialized, immortalized or primary isolated
alveolar epithelial type I (AT I) or type II (AT II) cells have
been used to mimic the alveolar epithelium and its barrier
function [67]). Non-sterile inflammation was first studied
in 2D monoculture or classical culture models exposed to
LPS in vitro, mimicking the clinical infection with Gram-
negative bacteria [68–72]. In contrast, the setting of sterile
inflammation can be studied in vitro by exposing cultured
cells to a mixture of cytokines, such as interleukin-1 beta,
tumor necrosis factor alpha, and interferon gamma [65, 73,
74]. In addition, some biological mechanisms of mechanical
ventilation-induced lung injury have been investigated in vitro
through exposure to cyclic mechanical stretch, hypercapnia
or hyperoxia [75–79]. Interestingly, alveolar epithelial cells
or alveolar progenitor cells (such as induced pluripotent stem
cells-derived AT2-like cells) can be differentiated at the air-
liquid interface, inducing cell polarization, epithelial barrier
formation through the establishment of intercellular junctions,
and surfactant production.
However, monocultures are unable to reproduce the com-

plexity of the alveolar-capillary environment, and, for ex-
ample, a traditional submersion culture model does not re-
produce the air-liquid environment of human alveoli. The
main advances have, therefore, come from modeling the hu-
man airway at the air-liquid interface, building co-culture
models (such as of epithelial cells and endothelial cells or
macrophages), and developing 3D-engineered lung cellular
environments. In vitro co-culture or multicellular models
can better reproduce the in vivo environment, compared to
2D monocultures [80]. Unlike 2D cultures, co-culture or
multicellular systems can model complex interactions between
different cell types in a more relevant environment, such as
a model of alveolar-capillary barrier using epithelial and en-
dothelial cells [81, 82]. For example, a 3D multicellular
model composed of an alveolar epithelial cell layer cultured
in interaction with alveolar macrophages on one side and
monocyte-derived dendritic cells on the other has been recently
described [67, 81, 83]. Ex vivo organoid cultures have also
been proposed to better model the multiple features of ARDS.
These are 3D models assembled from cultured human alveolar
stem cells to reproduce all the characteristics of a functional
human alveolus in vitro [84]. These cultures are long-term,
feeder-free, and chemically defined systems that represent
a very powerful model to investigate complex mechanisms,
such as those involved in severe acute respiratory syndrome
coronavirus 2 infection [85–87]. Ultimately, the combination
of microfluidic bioengineering and 3D cell culture has led
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to the development of “lung-on-a-chip” models comprising a
full alveolar-capillary interface that can be exposed to cyclic
ventilation and perfusion [88–90]. This model requires long-
term cultures of human cell lines, and it is only very recently
that the use of primary human alveolar epithelial cells has been
reported [91].

4. Human models of ARDS

4.1 Human in vivo models of ARDS
Because a recognized shortcoming in humanARDS research is
the difficulty in translating the findings from bench to bedside,
novel in vivo models have been successfully developed to in-
vestigate themechanisms of lung injury or therapies for ARDS.
These models are major breakthroughs in translational ARDS
research and have clear advantages in allowing potentially
effective therapies to be readily investigated in vivo in humans
and to inform subsequent clinical trials in patients.
Seminal studies included intravenous administrations of

LPS to human volunteers [92, 93]; however, in some studies,
direct lung instillations of LPS [94] or other agents, such as
leukotriene B4 (produced by human alveolar macrophages,
with potent chemotactic activity for neutrophils) [95], were
performed using bronchoscopy. More recently, the inhalation
of low-dose LPS by healthy humans was successfully
used to replicate alveolar epithelial cell activation, alveolar
inflammation, and systemic inflammatory response without
causing significant adverse effects [96–99]. In this recently
developed human in vivo model, lung injury is only transient,
and inflammation has mainly been investigated within a few
hours after LPS exposure.

4.2 Human ex vivo models of ARDS
An ex vivo human lung preparation has recently been proposed
to better reflect the in vivo settings of experimental ARDS
[100]. In this model, donor human lungs that have been
rejected for transplantation are ventilated and perfused ex vivo
and used to study the mechanisms of lung injury, isolate multi-
ple primary lung cell types, and test potential therapies before
clinical translation into trials. The model allows for analyses
of physiological indices, such as oxygenation and alveolar
fluid clearance, and the sampling of multiple tissues and fluids
up to 6–10 hours in most experiments [101]. Although the
ex vivo human lung preparation is rather convenient, inex-
pensive, and the model closest to clinical conditions, ethical
and practical issues in obtaining human lungs for research
may exist depending on the country. The main limitation of
ex vivo models resides in the heterogeneity in human lungs
due to donor-specific and pre-procurement variables that limit
baseline comparisons of measures among experimental lungs.
Notably, in addition to its use in ARDS research, the ex vivo
human lung preparation is being largely used in conditioning or
therapeutic studies of donor lungs before transplantation [102].

5. Perspectives and challenges

Multiple models of acute lung injury induced by the main
clinical risk factors for ARDS have been developed in vitro

(from monocultures to more complex constructions), in vivo
in animals, ex vivo (using human or animal lung preparations),
and in vivo in human volunteers (Table 2). While no single
model can truly reproduce the complexity and heterogeneity
of clinical ARDS, combining multiple preclinical approaches
with in vivo and clinical investigations is probably the most
promising strategy for future mechanistic and therapeutic re-
search (Fig. 1). Each experimental model has its limita-
tions. For example, despite the recent developments of 3D
cultures and lung organoids, in vitro models may probably
never reproduce the clinical setting, but they are still very
useful to inform mechanistic and drug discovery studies [6].
Recent animal studies are able to better reflect the multiple-hit
hypothesis for ARDS pathogenesis, and they can be used to
investigate the different phases of ARDS, from onset (such as
in the hydrochloric acid and the oleic acid models) to recovery
(such as in the hyperoxia acid and the bleomycin models),
thus allowing studies of preventive ARDS therapies and the
combined effects of pre-existing lung injury and exposure to
high lung stress through mechanical ventilation use in the
intensive care unit [14, 17, 103]. Animal studies typically use
young and healthy animals, and older animals should also be
investigated to better reflect the clinical picture of ARDS as
a disease of aging. In addition, they do not reproduce the
common clinical ARDS settings of patient comorbidities and
multiorgan failure, with a prolonged need for intensive care
over multiple days, if not weeks, and most studies do not
take into consideration the impact of ventilatory settings (e.g.,
the level of positive end-expiratory pressure) on oxygenation.
To distinguish models of acute lung injury from conditions
that reflect more subacute or chronic lung injury, maximal
lung injury should be evident within 24 hours of exposure to
the inciting stimulus [14]. However, although some animal
models allow studies of lung injury over multiple days and
can capture the different phases of ARDS over time [33],
most of them are limited to the first few hours after injury,
thus limiting clinical translation and the ability to explore the
nonlinearity of biological processes. Another limitation that is
particularly relevant in mice is the profound impact of strain
variability in murine models of injury; not only a particular
observation may not be translatable to humans, but it may not
even be translatable to other strains of mice. This highlights
the need to restrict mice to mechanistic questions and use more
translational models for preclinical studies.
Human models, in vivo or ex vivo, represent major progress

toward the clinical translation of basic findings. In addition
to the development of novel preclinical and clinical ARDS
models, such as the lung-on-a-chip in vitro and the ex vivo
human lung preparation, recent evolutions in the field of
translational ARDS research have been made possible by
the refinement of experimental techniques. In particular,
the field of genome editing now offers a broad range of
opportunities to develop investigational or therapeutic
strategies by downregulating or upregulating the expression
of a specific gene in vitro and in vivo, such as with the gene
knockout or knockdown techniques based on ribonucleic
acid interference or the clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein
(Cas) system (capable of site-specific deoxyribonucleic acid
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F IGURE 1. Schematic view of a translational research framework based on multiple experimental preclinical
approaches and clinical studies. RNAi, interference ribonucleic acid; CRISPR, clustered regularly interspaced short palindromic
repeats; CAS9, CRISPR-associated protein 9; LPS, lipopolysaccharide.

cleavage) [89, 104]. Novel methods have also improved
our ability to understand the functional significance of
polymorphisms or genes identified through genome-wide
studies or transcriptomic screens in models and patients, to
investigate the potential pathogenic causality for markers or
mediators and the potential value of targeting treatment in
specific genetic backgrounds. Such innovative approaches
have been successfully deployed in COVID-19 research [30].

These traditional and novel experimental designs are im-
portant pieces, along with the acquisition of granular clinical,
physiological, and biological data (e.g., from bronchoalveolar
fluid and blood samples to study mechanisms of lung and
systemic responses, respectively, to injury) within clinical
studies, in identifying new drug targets, developing targeted
therapies, and ultimately selecting patients most likely to ben-
efit. Such strategies of trial enrichment, in which patients
are selected who are more likely to develop an outcome,
such as mortality (prognostic enrichment), and/or when they
are more likely to respond to a targeted therapy (predictive
enrichment), hold the promise of precision approaches for
ARDS [105–107]. In such a translational framework, pre-
clinical models may reveal that a biological/functional trait or
marker has a causal role in the severity of ARDS and suggest
that measuring this marker could have value for endotype
identification [34, 105, 108, 109]. Ideally, such markers (e.g.,
biological or radiographic indices) could help in selecting
patients to enroll in future precision trials and monitoring their

individual responses to the intervention being tested [103, 110–
112]. This would require markers that are rapidly available
to inform potential trial eligibility. Of note, the first clinical
study evaluating a point-of-care assay to prospectively identify
hyper- and hypo-inflammatory phenotypes in patients with
ARDS and hypoxemic acute respiratory failure is currently en-
rolling patients (ClinicalTrials.gov Identifier: NCT04009330),
and the preliminary results in patients with COVID-19 have
been published [113]. However, it remains uncertain to date
whether available preclinical models may be representative of
known clinical ARDS phenotypes/endotypes ormay be helpful
to identify phenotype-specific therapy responsive traits [114].
The performance of candidate markers over time during the
natural course of ARDS and their kinetics under candidate
therapies should also be rigorously evaluated [10]. In addition,
even when a diagnostic or therapeutic precision approach is
consistently supported by findings across combined preclinical
and clinical ARDS models, it should not be associated with
adverse effects that may preclude its application to improve
patient outcomes.
In conclusion, multiple experimental models have been de-

veloped in the last few decades, with major recent develop-
ments in the fields of in vitro, ex vivo, and in vivo experimental
ARDS. While some of these experiments failed, others suc-
ceeded in advancing our knowledge of the complex mecha-
nisms of ARDS pathophysiology and the clinical translation
of a few therapeutic interventions, such as lung-protective
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TABLE 2. Non-exhaustive list of preclinical and clinical models of acute respiratory distress syndrome.
Setting Model Injury feature Technical notes
Live animal models Lipopolysaccharide-induced

sepsis
Pulmonary or systemic sepsis Variable response to injury across species

Live bacteria-induced sepsis Variability in the doses of live bacteria administered
Acid aspiration Direct lung injury Mimics aspiration of gastric contents

Narrow margin between injury and absence of injury
Abdominal sepsis Peritonitis-induced indirect lung injury Invasive surgery required with high mortality

Intraperitoneal injection of cecal slurry more reliable and
titratable

Ventilator-induced lung injury Direct alveolar injury with severe hypoxemia High tidal volumes not relevant for clinical translation
Hyperoxia Hyperoxia-induced injury Requires prolonged exposure and specific equipment
Ischemia-reperfusion Induced by clamping the pulmonary artery lung or other

nonpulmonary arteries
Requires specific surgical skills and equipment

Viral infection Acute lung injury of viral causes (mostly airborne viruses) Can be rapidly mobilized to better understand the mecha-
nisms of emerging viruses
Translation may require genetic modifications to the animal
and/or the virus

In vitro models Submerged monoculture Cell injury of sterile or non-sterile causes Reproducible for testing and establishing experimental
conditions
Submerged cultures or cultures at the air-liquid interface

Multicellular co-culture Cell injury of sterile or non-sterile causes in a more relevant multi-
cellular environment

Can model complex interactions between different cell types

Organoid culture
Lung-on-a-chip Cell injury of sterile or non-sterile causes in a human lung-like

environment
Allows multicellular co-culture

Reproduces all characteristics of a functional human alveolus
unit

Human in vivo models Lipopolysaccharide-induced
sepsis in human volunteers

Intravenous administration or direct lung instillation of high-dose
lipopolysaccharide

Seminal models

Inhalation of low-dose lipopolysaccharide Transient lung injury and rapid investigation of inflammation
Human ex vivo models Ex vivo human lung preparation Donor human lungs rejected for transplantation are ventilated and

perfused ex vivo before exposure to sterile or non-sterile injuries
Most translatable model, allows for analyses of physiological
indices
Rather convenient and inexpensive but potential ethical and
practical issues
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mechanical ventilation, neuromuscular blockade, and corticoid
therapy [115–117]. Therefore, the judicious and imaginative
use of a broad range of experimental and analytical approaches
is of paramount importance in developing translational discov-
ery research, with the goal of developing prediction medicine
strategies to ultimately improve patient outcomes.
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Abstract
Patients with acute respiratory distress syndrome (ARDS) often require mechanical
ventilation (MV) and may experience high morbidity and mortality. The ventilatory
management of ARDS patients has changed over the years to mitigate the risk of
ventilator-induced lung injury (VILI) and improve outcomes. Current recommended
MV strategies include the use of low tidal volume (VT ) at 4–6 mL/kg of predicted
body weight (PBW) and plateau pressure (PPLAT ) below 27 cmH2O. Some patients
achieve better outcomes with low VT than others, and several strategies have
been proposed to individualize VT , including standardization for end-expiratory lung
volume or inspiratory capacity. To date, no strategy for individualizing positive-end
expiratory pressure (PEEP) based on oxygenation, recruitment, respiratory mechanics,
or hemodynamics has proven superior for improving survival. Driving pressure,
transpulmonary pressure, and mechanical power have been proposed as markers to
quantify risk of VILI and optimize ventilator settings. Several rescue therapies, including
neuromuscular blockade, prone positioning, recruitmentmaneuvers (RMs), vasodilators,
and extracorporeal membrane oxygenation (ECMO), may be considered in severe
ARDS. New ventilator strategies such as airway pressure release ventilation (APRV)
and time-controlled adaptive ventilation (TCAV) have demonstrated potential benefits
to reduce VILI, but further studies are required to evaluate their clinical relevance. This
review aims to discuss the cornerstones of MV and new insights in ARDS ventilatory
management, as well as their rationales, to guide the physician in an individually
tailored rather than a fixed, sub-physiological approach. We recommend that MV be
individualized based on physiological targets to achieve optimal ventilatory settings for
each patient.

Keywords
Mechanical ventilation; ARDS; COVID-19; Mechanical power; APRV

1. Background

The definition of acute respiratory distress syndrome (ARDS)
dates back to 1967 [1]. Despite 55 years of research and
clinical experience, ARDS management remains challenging,
and the syndrome is associated with a high mortality rate [2],
requiring intensive care unit (ICU) admission and mechanical
ventilation (MV) [3]. In recent decades, a huge effort has been
made to investigate the impact of lung-protective ventilation on
ARDS outcome and to modify ventilatory management strate-
gies to reduce the risk of ventilator induced lung injury (VILI).
Although several ventilatory strategies are now recognized as
the standard of care in the management of ARDS patients, an
individualized approach, which takes into account the limits
of physiological gain and the uncertainty concerning ventila-
tory manipulation on outcome, is now under consideration [4]
(Fig. 1 ). This review aims to discuss the cornerstones of MV
and new insights in ARDS ventilatory management, as well as

their rationale, to guide the physician in an individually tailored
rather than a fixed, less physiological approach.

2. Standard of care

2.1 Low tidal volume

The current standard of care of MV in ARDS includes lung-
protective ventilation targeting a low tidal volume (VT ) of 4–6
mL/kg of predicted body weight (PBW), and plateau pressure
(PPLAT ) below 27 cmH2O [5]. The introduction of these
targets dates back to the 2000 ARMA trial, where a traditional
approach of VT = 12mL/kg of PBWwith a PPLAT less than 50
cmH2Owas comparedwith a lung protective approach of VT =
6 mL/kg with a PPLAT below 27 cmH2O, showing that ARDS
patients with low VT had significant reductions in mortality
[6]. Although these large trials established that lung-protective
ventilation using lowVT should be pursued in ARDS, research
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F IGURE 1. Mechanical ventilation in ARDS: standard of care and rescue strategies. On the left, the cornerstones of
mechanical ventilation in acute respiratory distress syndrome (ARDS). On the right, possible rescue strategies in case of moderate
to severe ARDS refractory to conventional strategies. VT , tidal volume; PBW, predicted body weight; EELV, end-expiratory lung
volume; IC, inspiratory capacity; AI, artificial intelligence; PEEP, positive end-expiratory pressure; PaO2, arterial partial pressure
of oxygen; PPLAT , plateau pressure; ∆P, driving pressure; PL, pleural pressure; PES , esophageal pressure; RMs, recruitment
maneuvers.

regarding the use of low VT in ARDS continued over the next
20 years [7]. A large multinational prospective cohort study,
LUNG SAFE, identified a frequent underdiagnosis of ARDS
at ICU admission and noncompliance with lung-protective
ventilation strategies, resulting in a strong association with
mortality [8]. The detrimental sequelae of MV with high
VT have been clearly demonstrated [9]. Current approaches
suggest individualizing MV according to patient and disease
characteristics [4]. Given that VT has been strongly associ-
ated with mortality in patients with lower respiratory system
compliance (CRS) [10], it should ideally be set according to
the amount of aeration, using inspiratory capacity (IC), or end-
expiratory lung volume (EELV) measured at 30 cmH2O. This
could be considered the approach of choice since, in heteroge-
nous ARDS-affected lungs, lung volumes do not correlate well
with PBW. However, VT can be set according to EELV only
if positive end-expiratory pressure (PEEP) is reduced, since it
may change with CRS [11]. Therefore, IC seems to be a more

reliable technique at bedside, VT being easily achieved with
automated systems and artificial intelligence (AI) support [4].

2.2 Positive end-expiratory pressure

PEEP represents an essential component in ARDS manage-
ment. PEEP allows alveolar recruitment to potentially open
collapsed or edematous and inhomogeneously distributed areas
of the ARDS “baby lung” [12]. A recruitment maneuver (RM)
to open the collapsed alveoli is commonly followed by the
application of PEEP to keep recruited alveoli open and improve
gas exchange [4]. The use of high PEEP levels and RMs has
been questioned, however. Two meta-analyses of randomized
controlled trials (RCTs) concluded that low VT combined
with high PEEP improves survival in patients with ARDS
[13, 14]. A secondary analysis of the Open Lung Ventilation
Study showed improvement in oxygenation with high PEEP,
associated with lower risk of death [15]. On the contrary, in the
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ART trial, a PEEP higher than 15 cmH2O was associated with
increased risk of mortality in patients who were hemodynami-
cally unstable [16], while in the PHARLAP trial an aggressive
recruitment strategy was associated with cardiac arrhythmias
[17]. In a third scenario, three RCTs of lung-protective ven-
tilation in ARDS patients found no differences in mortality
with high and moderate PEEP levels [18–20]. Benefits of
PEEP application include alveolar recruitment, reduction of
intrapulmonary shunting, and improvement of oxygenation,
while harms include increased EELV, possible volutrauma,
andVILI [3, 21]. High PEEP is associated with increased static
stress, even though a meta-analysis concluded that neither
RMs nor higher PEEP affect mortality in ARDS patients [22].
Current recommendations suggest adopting high PEEP (>12
cmH2O) only for patients with moderate or severe ARDS [23].
However, individualization of PEEP according to the potential
for alveolar recruitment should be considered [24]. Indeed, it is
important to distinguish recruitable and non-recruitable ARDS
patients. In the latter, the airway pressure tends to increase,
causing hemodynamic impairment and lung overdistension,
whereas when the collapsed areas are recruitable, the lung can
benefit from reduction of pressures. Unfortunately, monitoring
alveolar recruitment at the bedside remains challenging and, to
date, no definitive recommendations on how to set PEEP are
available. A possible strategy could be to set PEEP according
to transpulmonary pressure (PL) or a low PEEP/arterial partial
pressure of oxygen (PaO2)/fraction of inspired oxygen (FiO2)
table, which does not seem to influence mortality [16, 25]. A
possible, relatively new strategy to estimate PEEP at bedside
expects to appraise the recruitment volume by performing two
pressure/volume (P/V) curves (at high and low PEEP) and
measuring the difference between the expired volume and the
volume predicted by the compliance of the respiratory system
above the airway opening pressure: ∆V rec

∆Prec where ∆Prec =

PEEPhigh−PEEP low.

The compliance of the recruited lung can be estimated by

the ratio:
∆V rec

(PEEPhigh−PEEPlow)

Crs above airway opening pressure or at PEEP low

[26]. When this ratio is equal to or greater than 0.5, patients
are more likely to be recruitable, and might need higher
levels of PEEP. In any case, from a clinical point of view,
PEEP should be set at the lowest level to achieve a minimal
acceptable peripheral saturation of oxygen (SpO2) (88–92%)
or PaO2 (55–70 mmHg) [27, 28], but keeping in mind possible
detrimental clinical effects on right ventricular function,
cardiac output, and lymphatic flow drainage [29, 30]. In
addition to the aforementioned methods for PEEP titration,
electrical impedance tomography (EIT), lung ultrasound
(LUS), and computed tomography (CT) should be mentioned.
As compared with pressure/volume curve, PEEP titration
using EIT was associated with improved oxygenation,
compliance, driving pressure, and weaning success rate
[31]. However, “optimal” PEEP levels determined by EIT
may differ significantly among ARDS patients (of around
10%) due to the presence of non-recruitable lungs and
heterogeneity of ventilation. The advantage of using EIT
at the bedside to individualize PEEP is the possibility of
identifying lung heterogeneity, thus avoiding alveolar cycling
and regional overdistension and minimizing the risk of VILI in

a personalized manner. Despite this potential advantage, the
literature on possible optimization of mechanical ventilation
using EIT in ARDS is still scarce, and further implementation
is needed [32]. LUS demonstrated good estimation of
lung recruitment at the bedside, with the limitation of not
assessing PEEP-induced lung hyperinflation [33], but ability
to distinguish between different ARDS morphologies (focal
vs. non-focal) [34]. The use of LUS to individualize PEEP
in patients with ARDS has several advantages, including
bedside availability, low cost, no ionizing radiation, and
relatively little dependence on operator skills. LUS provides
the possibility of observing changes in ultrasound patterns
during PEEP implementation and successfully selecting an
appropriate level of PEEP, and can detect response to the
application of RMs, helping the clinician distinguish between
recruiters and non-recruiters [35]. Other methods such as
CT could help in titration of PEEP in case of limitations
of noninvasive methods [36], allowing a visual, anatomical
analysis of lung recruitability [37]. However, CT has potential
disadvantages, including the impossibility to be performed
routinely and repeated due to the limitations of patient
transportability and ionizing radiations exposure, as well as
the need for possible increased sedation and neuromuscular
blockade. For this reason, CT cannot be considered for routine
use in individualizing PEEP at the bedside [35].

2.3 Driving pressure
Driving pressure (∆P) represents the ratio between VT

and CRS or the airway plateau pressure minus PEEP
(PPLAT−PEEP). In other terms, since CRS correlates with
aeration of the lung, ∆P represents an easy estimator of strain
(VT /aeration of the lung at end expiration) for that particular
VT . ∆P was first considered a component of lung protective
ventilation in 1998 by Amato et al. in a small RCT [38].
Since then,∆P has been adopted as a method to set PEEP, but
the benefits of this strategy are counterbalanced by potential
harms, including the fact that ∆P depends on the different
VT used as well as CRS . At high CRS , lower ∆P may help
achieve higher PEEP. ∆P may also be affected by changes in
chest wall compliance, and airway closure may confound the
relationship between PEEP and∆P [4]. Decreases in∆P have
been associated with survival benefit even when the patient
received protective plateau pressure and VT [39], while
∆P higher than 13 cmH2O was associated with mortality
[40]. A meta-analysis of 7 RCTs and 2 observational studies
also confirmed that ∆P above 15 cmH2O is associated with
significantly higher mortality [41]. In short, maintaining
∆P below 13 cmH2O and PPLAT below 27 cmH2O is the
best suggested approach, although an individualized tailored
strategy according to VT and PEEP is preferable [42]. It is our
opinion that the beneficial effects of reduced ∆P on outcome
are because of lower VT , and not to the reduction of ∆P with
higher PEEP, mostly associated with increased PPLAT .

2.4 Transpulmonary pressure
Transpulmonary pressure (PL) represents the distending force
of the lung determined by the equation PAW − PPL (where
PAW is airway pressure and PPL is the pleural pressure), and
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it is estimated by esophageal pressure (PES) [43]. In ARDS,
both lung and chest wall elastance (ECW ) are often impaired.
To induce alveolar recruitment, PEEP needs to overcome PL
[44, 45]. PAW is not injurious at tidal ventilation, provided
ECW is increased. PPL allows differentiation of lungs vs.
chest-wall mechanics [43]. In the supine position, PL acts
as the pressure that works on alveoli and airways due to the
pressure gradient between nondependent and dependent areas
[46]. Using PES to interpret PL, the difference between PAW

− PES at end-expiration or end-inspiration can reflect the PL
in the middle lung, while the difference in PL (∆PL) be-
tween end-inspiration and end-expiration estimates the ∆PES

[4]. Further, one should consider that PES overestimates the
pleural pressure by + 5 cmH2O in nondependent lung regions
(near the sternum), while underestimating by −5 cmH2O the
pleural pressure in dependent lung regions (near the vertebrae).
For these reasons, the absolute PL in the dependent lung
regions at end-expiration should be calculated as PEEP −
PES − 5 cmH2O, while in the nondependent lung regions at
end-inspiration, it should be calculated as PPLAT − PES +
5 cmH2O. Several trials targeting mechanical ventilation by
using PL have found no beneficial effects on outcome [45, 47].
However, none of them appropriately corrected for appropriate
absolute PL. Preliminary data regarding the use of transpul-
monary pressure to tailor ventilator settings are encourag-
ing, but further, adequately powered studies are warranted.
Therefore, although this technique represents an appealing
“precision medicine” approach to individualized mechanical
ventilation parameters, the routine use of transpulmonary pres-
sure is limited and should be reserved only for selected cases
(e.g. obese patients, to assess the impact of the chest wall;
patients in whom ventilatory pressures are too high to be
explained by other, easier methods). Indeed, the assessment of
transpulmonary pressure with continuousmonitoring of PES at
the bedside is often challenging because of the need to insert an
esophageal catheter connected to a computer running dedicated
software [43, 45, 47]. Furthermore, as explained elsewhere in
this review, other, more suitable, and accessible methods to
personalize mechanical ventilation in ARDS are available.

2.5 Mechanical power
Mechanical power (MP) is the product of mechanical en-
ergy and respiratory rate [48], also defined as the amount
of energy per unit of time. Lung damage can be directly
explained by using some parameters that are set on the ven-
tilator by the clinician (VT , ∆P, airflow, respiratory rate,
and PEEP). The mechanisms associated with these variables
alone or different combinations thereof cause direct damage to
epithelial/endothelial cells and extracellular matrix [48]. MP
calculation is based on the following formulas, according to
the type of ventilation that is applied:

MPV CV = 0.098 × VT × (PPEAK−
∆P

2
) × RR

MPPCV = 0.098 × VT × (∆P + PEEP ) × RR

where VCV is volume-controlled mode, PCV is pressure-

controlled mode [49, 50], and RR represents the respiratory
rate in breaths per minute. In general, these MP formulas are
based on the basic equation of motion, PRS = ERS × VT +
V ′

INSP ×RAW , which considers changes in pressure as well
as elastic and resistive components (V′

INSP is the inspiratory
flow and RAW is the airway resistance). The same equation
can be computed for the “absolute” level of respiratory system
energy as PRS = ERS × VT + V ′

INSP × RAW +
PEEP . However, to date, controversies remain regarding the
best equation to evaluate MP at bedside [51]. MP has been
associated with increased mortality and worse oxygenation
in ARDS and non-ARDS populations [52, 53], although in
another report this was true only if normalized to compliance as
well as to aerated tissue [54]. More studies are needed to better
understand the association between MP and survival in ARDS
patients. For this reason, although MP represents an appealing
and easily available method that integrates several ventilatory
parameter in a unique equation which can be calculated at the
bedside, the lack of literature confirming the impact of this
parameter on hard outcomes limits its routine use as a potential
target to individualize mechanical ventilation in ARDS [4].

3. Other ventilation modes

3.1 Airway pressure release ventilation and
time-controlled adaptive ventilation

Airway pressure release ventilation (APRV) is a ventilatory
strategy first developed by Downs et al. [55] for patients with
reduced compliance. This ventilatory mode uses a continuous
positive airway pressure combined with a partial and short
release phase for ventilation, allowing the patient to breathe
spontaneously. A high pressure (Phigh) around 20–30 cmH2O
is applied and maintained for a certain time (T1) during which
the patient can breathe spontaneously. At the end of T1, the
pressure decreases to low pressure (Plow) according to lung
elastic recoil. T2 is obtained with an expiratory flow around
25–50% of the maximum value. However, Phighand Plow
should be set according to the higher and lower inflection
points of the P/V loop [56]. The efficacy of APRV in ARDS
has been recently demonstrated in a meta-analysis of 6 clinical
trials and 375 patients, showing an improvement in oxygena-
tion with shorter ICU stay [57]. Regarding hemodynamic
stability, another meta-analysis found an increase in the mean
arterial pressure and reductions in peak pressure and 28-day
mortality [58]. APRV, compared to lung-protective venti-
lation, increased compliance and oxygenation and improved
hemodynamics, thus resulting in reduced mortality, duration
of MV, and ICU stay [59, 60]. The use of time-controlled
adaptive ventilation (TCAV) during APRV showed improve-
ment of lung recruitment, more homogeneous ventilation, and
reduction in alveolar strain and stress [61]. In experimental
ARDS, TCAV, compared to lung-protective MV, reduced lung
damage and inflammation [62], making this strategy a possible
valuable alternative to classic APRV. These two ventilatory
techniques are implemented for the management of patients
with ARDS for all the above-mentioned reasons. However,
when targeting patients whomight benefit from this techniques
to individualize therapy, several potential situations should be
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considered, including the fact that spontaneous breathing effort
can result in increased oxygen consumption by the respira-
tory muscles; that vigorous breathing efforts may increase the
transcapillary pressure gradient, enhancing pulmonary edema
formation; and large tidal volumes and transpulmonary pres-
sure swings can be achieved because APRV is also a type of
pressure-controlled ventilation, thus potentially contributing to
volutrauma [63].

3.2 High-frequency oscillatory ventilation
High-frequency oscillatory ventilation (HFOV) is a concep-
tually appealing method of MV to reduce VILI in ARDS
patients, using VT equal or lower than dead space (0.1–3
mL/kg) but respiratory rates >150 breaths/min or 3–15 Hz
and a bias flow of gas set at 5–60 L/min [64]. The equation
of Fredberg explains how alveolar ventilation is obtained with
HFOV: (f)x × (VT )

y , where x is between 0.5 and 1 and y
between 1.5 and 2.2, which can be written as follows: (f) ×
(VT )

2. Based on this equation, it can be noted that VT

has a greater influence than respiratory rate in determining
alveolar ventilation. HFOV maintains a continuous distending
pressure and facilitates elimination of carbon dioxide, mainly
by accelerating themolecular diffusion process [64]. In experi-
mental ARDS, HFOV reduced lung injury, hyaline membrane
formation, airway epithelial cell damage, and biomarkers of
inflammation (interleukin (IL)-1β, IL-6, IL-8, IL-10, trans-
forming growth factor and adhesion molecules, as well as
tumor necrosis factor (TNF)) when compared to conventional
MV [64, 65]. In ARDS patients, HFOV, when used as a
rescue therapy, improved oxygenation [66]. However, other
studies found it resulted in higher mortality rates in patients
whose oxygenation failed to improve [67], or a nonsignificant
trend towards reduced 30-day mortality when compared to
conventional MV [68]. In 2017, a meta-analysis by Meade
et al. [69] reported that HFOV increases mortality in pa-
tients with ARDS, but not in case of severe hypoxemia on
conventional MV. A previous Cochrane review concluded that
there is not enough evidence to demonstrate superiority of
HFOV in adult ARDS patients when compared with lung-
protective conventional MV, but benefits of HFOV were seen
regarding survival and treatment failure (i.e., refractory hy-
poxemia, hypercapnia, hypotension, or barotrauma) [70]. In
summary, the use of HFOV in adult ARDS remains con-
troversial, especially regarding survival outcomes. HFOV
can be considered as rescue therapy in ARDS if potential
harms (higher intrathoracic pressure, interference with right
ventricular preload, pneumothorax, displacement of the endo-
tracheal tube, airway obstruction from mucus plug, refractory
acidosis, cellular injury) and benefits (improved oxygenation,
reduced VILI, failed conventional ventilation, lower VT , lungs
inflation avoiding repeated opening and closing of alveoli) are
weighed carefully with respect to individual patient character-
istics and needs [71]. Patients who can benefit from HFOV
as a rescue strategy are those with severe ARDS whose lungs
cannot tolerate high tidal distending pressure.

4. Adjunctive therapies

4.1 Prone positioning
Prone positioning represents a rescue therapy in severe ARDS.
In ARDS lungs, dependent areas are commonly more perfused
than the nondependent due to gravitational gradient, resulting
in hypoxia associated with ventilation/perfusion mismatch.
Prone positioning allows a more homogenous distribution of
ventilation/perfusion with diminished intrapulmonary shunt
[72]. Nevertheless, some conflicting results were published
in the clinical setting regarding ARDS patient outcomes. The
prone-supine RCT found no differences in survival when com-
paring prone with supine positioning, but more complications
[73]; in contrast, the PROSEVA trial showed reducedmortality
in prone compared to supine groups, and similar rates of
complications [74]. A meta-analysis of RCTs confirmed the
benefits of reduced mortality using prone positioning [75].
Particularly, in a sub-analysis, mortality rate was further re-
duced when prone positioning was applied for more than 12
hours [76]. Finally, two recent meta-analyses supported the
use of prone positioning and venous-venous extracorporeal
membrane oxygenation (VV-ECMO) in adjunction to lung-
protective ventilation in ARDS patients, demonstrating sur-
vival benefits [77, 78]. Prone positioning has also become
one of the cornerstones of mechanical ventilation in COVID-
19 patients with ARDS, as briefly explained in the appropriate
section below “5. Mechanical ventilation in COVID-19”.

4.2 Recruitment maneuvers
Recruitmentmaneuvers (RMs) are considered part of the “open
lung approach”, reducing repeated opening and closing of
collapsed alveoli and intrapulmonary shunt, thus improving
oxygenation [79]. However, RMs may lead to VILI and
hemodynamic impairment. The ART trial reported that high-
pressure stepwise lung RMs (up to PPLAT of 50–60 cmH2O)
combined with higher PEEP titration increased patient mor-
tality [16], while the PHARLAP trial [17], assessing RMs up
to a PPLAT of 28 cmH2O, was interrupted as several patients
experienced hemodynamic issues. Meta-analyses of RCTs,
despite supporting the use of RMs in combination with PEEP
or alone, did not describe which type of RMs was performed
in each trial, thus leading to poor accuracy. RMs are usually
adopted in cases of severe hypoxemia, but there is no evidence
regarding their optimal frequency or exact timing. Some
studies report systematic application of RMs, while others
report the application of RMs when the lung is de-recruited,
as a rescue measure. Regardless, RMs appear to be safe if
used periodically (i.e., not systematically), since they improve
oxygenation and seem not to lead to barotrauma or hemody-
namic compromise [22, 80, 81]. Additionally, it is important
to identify lung recruitability at bedside to individualize the use
of RM strategies in ARDS patients. An approach which targets
at the need of the patient by assessing lung recruitability at the
bedside before applying potentially harmful maneuvers is sug-
gested. A potentially recruitable lung consists of some areas
of open alveoli and others of collapsed alveoli, which can be
opened, thus decreasing shunt, pulmonary vascular resistance,
and edema, as well as improving oxygenation. Conversely, a
potentially non-recruitable or poorly recruitable lung is mainly
constituted of already open alveoli, carrying a high risk of
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VILI from excessive stress and strain, increased dead space,
shunting, and potentially high pulmonary vascular resistances
[82]. Methods to assess lung recruitability have been explained
in paragraph 2.2 “Positive end-expiratory pressure”.

4.3 Sedation, analgesia and neuromuscular
blockers
In the acute phase, patients with severe ARDS remain deeply
sedated and require the use of neuromuscular blocking agents
(NMBAs) to improve gas exchange. On the other hand,
early active breathing has the advantage of reducing respira-
tory muscle wasting, improving oxygenation, and increasing
compliance [83]. Analgesia and sedation with or without
the use of NMBAs is challenging in patients with ARDS.
The primary objective of analgesia and sedation in patients
with ARDS is to provide safety and comfort, to help the
patient interact with the ventilator and the staff, to facilitate
critical interventions, and to promote physical and cognitive
recovery to minimize the risk of delirium and agitation [84].
Sedation and analgesia should be set according to individ-
ual patient requirements, without rigid adherence to a single
strategy—i.e., accepting short intervals of moderate sedation
to reduce patient-ventilator asynchronies and discomfort, oc-
casional deep sedation (especially in case of need for invasive
mechanical ventilation with high pressures and neuromus-
cular blockade), or mild sedation with adequate analgesia,
such as during ventilator weaning. In any case, sedation
and analgesia should be individualized to patient requirements
and ventilation needs [84]. Monitoring of sedation and pain
levels with validated tools (i.e., Richmond Agitation Sedation
Scale (RASS), Sedation Agitation Scale (SAS), Behavioral
Pain Scale (BPS), etcetera) should be encouraged. Analgesic
and sedative infusions should be continued unless NMBAs
are stopped [84]. It is important to distinguish which ARDS
patients will benefit from the use of NMBAs, including those
with higher The Acute Physiology and Chronic Health Evalua-
tion (APACHE) II score, alveolar-arterial oxygen gradient, and
PPLAT , or those who are critical and require rescue therapies
like VV-ECMOor prone positioning [85]. In 2010, Papazian et
al. [86] found that a strategy of early administration ofNMBAs
improved 90-day survival and liberation from MV without
increasing muscle weakness from disuse. In the ROSE trial,
which included patients withmoderate to severeARDS, no sig-
nificant differences in mortality were found between patients
who received an early and continuous infusion of NMBAs vs.
those who received usual care and lighter sedation [87]. A
recent meta-analysis excluding the ROSE trial concluded that
NMBAs did not reduce the overall risk of death at 28 days
and 90 days, while ICU mortality was significantly reduced
[88]. The reasons for excluding the ROSE trial were (1)
the use of different PEEP titration strategies and (2) different
degrees of sedation (light sedation compared to deep sedation
strategy used in the other trials) [88]. Considering the differing
results obtained from RCTs including severe ARDS patients,
NMBAs appear to improve oxygenation and reduce the risk of
barotrauma, but do not decrease mortality risk, ventilator-free
days, or duration of MV.

4.4 Vasodilators
Selective pulmonary vasodilators, like inhaled nitric oxide
(iNO), are an another rescue therapy for ARDS patients un-
responsive to conventional therapies [89]. iNO improves
oxygenation through a selective vasodilatation of capillary ves-
sels in well-aerated alveoli, thus reducing ventilation/perfusion
mismatch and pulmonary vascular resistance as well as in-
creasing right ventricular output [89]. However, a meta-
analysis of RCTs did not support routine use of iNO in ARDS,
since no significant changes in survival were observed and a
risk of renal dysfunction was detected [90]. As an alternative
to iNO, inhaled epoprostenol has been suggested. The advan-
tages of inhaled epoprostenol compared to iNO are (1) reduced
potential side effects, (2) easier administration, and (3) lower
costs. However, there are few studies regarding the use of
inhaled epoprostenol in ARDS targeting mortality as a primary
outcome [91].

4.5 Venous-venous (VV)-ECMO
VV-ECMO is often adopted as a rescue strategy for severe
ARDS patients. The risk of VILI is reduced as an ultra-
protective ventilatory strategy is provided [92]. The sug-
gested criteria for VV-ECMO initiation in ARDS are: (1)
mortality risk >50% and PaO2/FiO2 <150 with FiO2 >90%
and/or a Murray score of 2–3, an Age-Adjusted Oxygena-
tion Index (AOI) score of 60; (2) mortality risk ≥80% and
PaO2/FiO2 <100 with FiO2 >90%, and/or Murray score 3–4,
AOI score >80 or Acute Physiology of Stroke Score (APSS)
(Age, PaO2/FiO2, Plateau Pressure) of 8; (3) hypercapnia
despite protective mechanical ventilation and rescue therapies
(e.g. prone positioning, recruitment maneuver); (4) severe air
leak syndrome; (5) need for lung transplantation; or (6) acute
severe heart or pulmonary failure that is potentially reversible
but unresponsive to conventional management [93–95]. A
meta-analysis of 2 RCTs and 5 observational studies concluded
that ARDS patients undergoing VV-ECMO and MV exhibited
a significantly lower mortality rate than those receiving MV
alone at 30, 60, and 90 days [96]. However, a recent reanalysis
of the data presented by Munshi et al. [97] using both tra-
ditional and Bayesian models to estimate the treatment effect
concluded no certainty regarding the efficacy of VV-ECMO in
ARDS on mortality. Compared with conventional MV, VV-
ECMO showed lower 60-day, 90-day, and 1-year mortality in
patients with ARDS, as demonstrated by both conventional
and individual-patient-data meta-analyses [98, 99]. Hence,
the latest evidence does not clearly support the use of VV-
ECMO for patients who are critical and cannot obtain other
benefits from conventional therapies. Therefore, patients with
ARDS who might benefit from VV-ECMO are those needing
complete pulmonary support to allow adequate oxygenation
and carbon dioxide removal, while limiting the risk of VILI
due to conventional ventilator strategies. However, given
that VV-ECMO is commonly adopted as a rescue strategy,
the decision to start VV-ECMO is difficult to place into the
context of personalized ARDS therapy. The decision to initiate
ECMO should also weigh the patients’ possibility of recovery,
family expectations, odds of survival, potential life-threatening
complications, and ethical considerations [100].

70



5. Mechanical ventilation in COVID-19

The coronavirus disease 2019 (COVID-19) pandemic has
called into question several cornerstones of MV in ARDS,
mainly because at the onset of the pandemic ARDS and
COVID-19 were considered very similar; thus, there was
an attempt to employ the same MV strategies for both
conditions. The main driver of MV strategies in COVID-19
ARDS is actually the identification of pathophysiological
differences and similarities between COVID-19 ARDS and
non-COVID-19 ARDS, although both are characterized by
severe refractory hypoxemia and high mortality [101]. Severe
COVID-19 and typical ARDS are usually characterized by
respiratory compromise and multiorgan failure. Biological
markers have been identified as exacerbating factors for
severe disease in both cases [102]. Particularly, variations in
the immune and inflammatory response, including cytokine
release (e.g. interleukin-6 and 10), endothelial dysfunction,
microthrombus formation with an altered coagulation cascade,
have led to the identification of several serum biomarkers
(lactate dehydrogenase, D-dimer, among others) able to
provide early detection of progression to severe disease,
although their potential association with outcomes is unclear
[103]. This concept has been previously raised in non-
COVID-19 ARDS, with the identification of sub-phenotypes
(i.e., hyperinflammatory and hypoinflammatory), which
may represent a shift toward a more targeted “precision
medicine” approach [104]. In COVID-19 ARDS, unlike in
typical ARDS, nondependent aerated regions show mostly
perfusion over ventilation, with a certain degree of hypoxic
vasoconstriction in the dependent lung regions that results
in a non-gravitational distribution of regional blood flow
[105]. The identification of COVID-19 phenotypes (1 or
L and 2 or H) through chest CT could be a valid strategy
to select patients who would benefit from early intubation
and those who would not [106]. In COVID-19 phenotype
1, lung compliance typically is not markedly affected,
whereas gas exchange and hypoxia deteriorate rapidly due
to microthrombosis, with increased wasted ventilation, and
reduced ventilation/perfusion mismatch, while lung weight
is lower [107]. On the other hand, in COVID-19 phenotype
2, lung weight is increased, with reduced compliance,
increased wasted ventilation, and true shunting, whereas
ventilation/perfusion mismatch is less compromised [106].
Indeed, COVID-19 patients receiving invasive MV show a
decrease in lung volume and increase in poorly aerated or
non-aerated lung tissue areas compared to patients receiving
noninvasive respiratory support (NIRS) [108].
Therefore, the use of NIRS as a first-line strategy should be

put within the context of COVID-19 phenotypes and consid-
ered especially for COVID-19 phenotype 1. In general, current
recommendations moved from an early intubation approach at
the onset of the pandemic to a more conservative one [109],
distinguishing between COVID-19 phenotypes 1 and 2 in
order to intubate early only those patients who clearly present
with COVID-19 phenotype 2 or deterioration of phenotype
1 after NIRS. The recognition of patients who are at higher
risk of NIRS failure is challenging [109] and should con-
sider possible patient self-inflicted lung injury (P-SILI). NIRS

methods include high-flow nasal oxygen (HFNO), noninvasive
continuous positive airway pressure (CPAP), and noninvasive
ventilation (NIV). An initial strategy using non-invasive CPAP
was found to reduce the risk of tracheal intubation or mortality
compared to conventional oxygen therapy, while this was
not confirmed for HFNO [110]. A brief period of awake
prone positioning during NIRS can also be considered before
moving forward to intubation [111]. In the presence of clinical
deterioration or if patients already present with phenotype
2 (or H) on admission, intubation and invasive mechanical
ventilation can be considered. This mode of ventilation should
be set using a low VT of 4–6 mL/kg of PBW, low plateau
pressure <28–30 cmH2O, and moderate levels of PEEP (10
to 15 cmH2O) according to individual patient response and
requirements [111]. When lung compliance is preserved and
areas of atelectasis are few, low to moderate rather than high
PEEP levels might be indicated [111]. Hence, a strategy for the
early phase (with predominance of low ventilation/perfusion
areas) would comprise higher oxygen fraction and moderate
levels of PEEP, while in the late stage (predominance of shunt),
higher PEEP levels (but not exceeding 15 cmH2O) might be
suggested, given that poor response to oxygen is expected
[111]. Regarding the use of prone positioning during invasive
mechanical ventilation in patients with COVID-19 ARDS,
there is no agreement in the literature as to which patients may
benefit from this strategy. In general, more severe patients
with COVID-19 phenotype 2 are considered eligible. Themain
rationale is that the improvement in oxygenation achieved with
prone positioning allows a more homogeneous distribution
of ventilation and perfusion, reducing the risk of VILI. This
improvement in oxygenation is often associated with redistri-
bution of perfusion (anti-gravitational as compared with non-
COVID-19 ARDS) rather than effective alveolar recruitment
in COVID-19 [28, 112]. Although prone positioning led to
an improvement in oxygenation, this improvement was not
always associated with better survival [113–115]. Moreover,
the identification of “responders” to prone positioning among
patients with COVID-19 is highly heterogeneous by definition
[113, 115, 116], due to such factors as the use of different
thresholds for defining an improvement in oxygenation. Some
studies also identified a higher mortality in “non-responders”
[114]. APRV and RMs could be considered in patients with
COVID-19 and ARDS who do not improve despite optimiza-
tion of mechanical ventilation. The use of VV-ECMO in
patients with COVID-19 ARDS should be considered indi-
vidually, based on a careful evaluation of risks, benefits, and
available resources (i.e., ECMO center, ICU beds and staff).
Indications for initiation of VV-ECMO in COVID-19 overlap
with those for non-COVID-19 ARDS. The main difference
between these two entities of ARDS is represented by the
constrained availability of resources within the context of a
pandemic, as patients with COVID-19 exhibit mortality rates
similar to those of historical VV-ECMO cohorts [117].

6. Summary

Mechanical ventilation in patients with ARDS has changed
markedly over the last decades. A recommended approach is
that of keeping VT , PPLAT , ∆P, and MP low. Several rescue
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therapies, including neuromuscular blocking agents, vasodila-
tors, prone positioning, RMs, and VV-ECMO, may be used in
severe ARDS. An individually tailored mechanical ventilation
strategy based on each patient’s characteristics might be the
cornerstone of future enhancement of MV in ARDS and may
represent a promising approach for respiratory diseases with
presentations like ARDS, such as COVID-19.
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Abstract
Acute respiratory distress syndrome (ARDS) is a life-threatening condition in critically
ill patients characterized by hypoxemia and non-compliant lung. In this review, we
discuss the pathophysiology of ARDS, including the mechanisms involved in the
formation of pulmonary edema, the dysregulated inflammatory and immune responses,
the activation of procoagulant events, the cellular communication by extracellular
vesicles (EVs) between different types of cells and the interaction of the lung with other
organs. Activation of inflammation, coagulation, and cell death processes result in the
disruption of the alveolar-capillary membrane and the consequent protein-rich edema
formation in the alveoli, in which structural and functional alterations of the alveolar
epithelium play an essential role. Inflammation and activated endothelial cells trigger
coagulation cascades and platelets that generate a procoagulant state in both the airspace
and the intravascular compartment with the formation of fibrin in airspaces and thrombi
in the microvasculature that aggravate alveolar injury and gas exchange. The crosstalk
between epithelial/endothelial cells, platelets, and immune cells is mediated by EVs,
whose role in the pathogenesis of ARDS is not known. Finally, the interaction of the
lung with other organs has become an important determinant in the development and
resolution of ARDS. Understanding the pathophysiological mechanisms involved in
ARDS is crucial to developing new therapeutic strategies.

Keywords
Acute respiratory distress syndrome; Mechanisms; Pulmonary edema; Inflammation;
Coagulation; Extracellular vesicles (EVs); Organ interaction

1. Introduction

Acute respiratory distress (ARDS) is a life-threatening con-
dition in critically ill patients defined as the rapid onset of
pulmonary edema not fully explained by cardiac failure or
fluid overload, resulting in respiratory failure and hypoxemia.
ARDS is an inflammatory lung injury characterized by acute
onset, bilateral pulmonary infiltrates, poor oxygenation, and
diffuse alveolar damage [1]. The leading causes of ARDS are
pneumonia and non-pulmonary sepsis. Other causes of ARDS
are the aspiration of gastric contents, major trauma (including
burns or penetrating injuries), acute pancreatitis, hemorrhagic
shock, ischemic insults, reperfusion injury, drug overdose, and
transfusions [2, 3]. The infection by severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2), responsible for the
current pandemic of coronavirus disease 2019 (COVID-19),
has dramatically risen the ARDS incidence, which reaches
nearly 40% of hospitalized patients and 75% of Intensive Care
Unit (ICU) patients with COVID-19 pneumonia [4, 5].
The histological hallmark of ARDS is the diffuse alveolar

damage (DAD), characterized by protein-rich edema, neu-
trophil accumulation into alveolar spaces, alveolar hemor-
rhage, fibrin deposition (due to the enhanced pro-coagulation),

and hyaline membrane formation [2] (Fig. 1). However, not all
patients clinically diagnosed of ARDS have the histological
manifestation of DAD in the lung. Indeed, clinical reports
before the SARS-CoV-2 pandemic indicate that DAD is only
found in 56.4% of ARDS patients [6]. On the other hand,
in postmortem studies in patients with ARDS, the presence
of DAD has been associated with a different clinical profile
compared to patients without DAD [2, 3, 5, 7].
ARDS is a common cause of death in critically ill patients,

with a high mortality rate of 30–40% before the pandemic of
SARS-CoV-2, reaching a mortality rate of 69–73% in COVID-
19 patients with ARDS in some countries [8]. Although
improvements in supportive care have been achieved during
the last 30 years, no effective pharmacological treatment has
been developed yet [9]. Moreover, ARDS often occurs in the
setting of multiple organ failure, which in turn aggravates lung
damage [10]. In addition, many studies have reported that
ARDS survivors have a reduced quality of life as indicated
by restrictive ventilatory deficits, significant exercise limita-
tion, fatigue, muscle weakness, and neurocognitive and mood
disorders [2, 11, 12]. Therefore, understanding the pathophys-
iological mechanisms responsible for ARDS development is
crucial to developing new therapeutic strategies.
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F IGURE 1. Characteristics of diffuse alveolar damage (DAD). The acute phase of DAD is characterized by alveolar
epithelial and endothelial cell damage, an early increased permeability of the alveolar-capillary membrane, and flooding the
airspacewith protein-rich pulmonary edema fluid. Activation of resident alveolar macrophages and enhanced neutrophil migration
and activation provide host defense, but they also release pro-inflammatory chemokines, cytokines, and other products (proteases,
ROS, NETs) that can be deleterious. Platelet activation and release of vasoactive-procoagulant products lead to thrombi formation
in the microvasculature and fibrin deposition in the alveolar airspaces, which contributes to the formation of hyaline membrane
(mainly formed by deposition of proteins, fibrin, and cellular debris) on the denuded epithelial membrane. Activation of fibroblast
leads to collagen deposition in the interstitium. Also, alveolar hemorrhage can occur, and the extravasated red blood cells can
release cell-free hemoglobin, exacerbating injury via oxidant-dependent mechanisms. Figure created with BioRender.com.
Na+/K+-ATPase, sodium/potassium adenosine triphosphatase; ROS, reactive oxygen species; NETs, neutrophil extracellular
traps; PAF, platelet-activating factor; IL, interleukin; TNF, tumor necrosis factor.

2. Pathology of ARDS

The pathological findings in the lungs of patients with ARDS
change over time, and the disease progression is variable.
Although several phases have been described, they can occur
concurrently [13]. The early exudative phase includes diffuse
alveolar damage with disruption and loss of epithelial and
endothelial cells, interstitial and alveolar flooding by protein-
rich edema fluid, neutrophil and macrophage influx, and hem-
orrhage into the alveolar space. In the alveolar epithelium,
type I cells can be irreversibly damaged, and the denuded
space is replaced by hyaline membranes, while injury to the
surfactant-producing type II cells contributes to alveolar col-
lapse [14]. Because of endothelial damage and a procoagulant
state, microthrombi form. In the subacute phase (the next 7–
14 days), some of the edema has usually been reabsorbed,
and proliferation of alveolar epithelial type II cells can take
place associated with squamous metaplasia as a repairment
mechanism of the alveolar epithelium. Although ARDS may

resolve entirely in some patients at this point, in others it
progresses to a fibroproliferative phase (after 14 days), in
which there is infiltration of fibroblasts and more evidence
of collagen deposition and remodeling of the interstitial and
alveolar spaces [13, 15, 16]. In this chronic phase, there
is a resolution of the acute neutrophilic infiltrate and more
evidence of fibrosis, while alveolar epithelial proliferation can
still progress. The persistence of fibroblast activation and
collagen deposition can lead to lung fibrosis, which in some
cases is irreversible.

3. Pathophysiological mechanisms of
ARDS

ARDS is characterized by a dysregulated inflammatory re-
sponse resulting in enhanced leukocyte infiltration into the
alveolar space, a procoagulant state, and epithelial and en-
dothelial cell damage that results in an enhanced permeability
of the alveolar-capillary membrane. This increased perme-
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ability leads to protein-rich edema formation in the alveolar
and interstitial spaces in contrast to the low protein pulmonary
edema that results from hydrostatic causes such as congestive
heart failure [17–19].

4. Pulmonary epithelial/endothelial
injury and edema in ARDS

In ARDS, a pulmonary protein-rich edema is an early event
that markedly contributes to hypoxemia in these patients. Al-
terations in alveolar fluid transport and clearance and the in-
crease in endothelial/epithelial permeability lead to alveolar
proteinaceous edema. Multiple factors, including dysregulated
inflammation, intense leukocyte infiltration, activation of pro-
coagulant processes, cell death, and mechanical stretch, con-
tribute to the disruption and dysfunction of both epithelial and
endothelial barriers [17–19].

4.1 Pulmonary epithelial injury
In healthy conditions, the alveolar-epithelial barrier is intact
and maintains its capability of alveolar fluid clearance, allow-
ing the reabsorption of excess alveolar fluid. This absorp-
tion of alveolar fluid from the airspaces to the interstitium is
carried on by a vectorial ion transport, mainly mediated by
the apical epithelial sodium channels (ENaC) and the baso-
lateral sodium-potassium adenosine triphosphatase (Na+/K+-
ATPase) pumps (Fig. 2) [20]. Some factors such as influenza
infection, hypoxia, or hypercapnia can diminish the function of
these sodium channels and Na+/K+-ATPase pumps, resulting
in a reduced capacity of fluid clearance in the lung of patients
with ARDS [2, 21, 22].
Activation of cell death mechanisms during ARDS, such as

FasL (Fas Ligand)-mediated apoptosis or pyroptosis (highly
inflammatory type of programmed cell death), are responsible
for the loss of alveolar epithelial cells, thus contributing
to barrier hyperpermeability [23–25]. Cell death can be
triggered on epithelial cells by direct injury on the epithelium
or activation of the pattern recognition receptors (PRRs).
These PRRs are cell-surface or cytosolic proteins activated by
the pathogen-associated molecular patterns (PAMPs) and/or
damage-associated molecular patter (DAMPs). PAMPS are
extrinsic molecules derived from various microorganisms,
while DAMPs are intrinsic molecules derived from injured
cells or extracellular molecules. Toll-like receptors and the
receptor for advanced glycation end products (RAGE) are
examples of PRRs. Besides apoptosis, activation of alveolar
epithelial PRRs activates inflammatory cascades that alter the
alveolar epithelial and endothelial barriers. Internalization
of the PRRs upon pathogen binding, for instance, releases
new particles of pathogens, inflammatory molecules (e.g.,
cytokines), DAMPs, and PAMPs into the alveolar space that
can exert a deleterious effect on the epithelial integrity and
function [26, 27].
Alterations in cell-cell adhesion in the alveolar epithelium

and its interaction with extracellular matrix (ECM) have also
been reported in ARDS. Intercellular junctions of epithelial
cells are mediated by tight junctions (TJs) complexes, which
consist of some transmembrane proteins such as junctional ad-

hesion molecules (JAMs), occludin, and claudins that interact
with the adaptor protein zonula occludens (ZO), which, in turn,
binds to the actin fibers of the cytoskeleton (Fig. 2). These TJ-
actin complexes are essential structures in alveolar epithelial
permeability since they control cell tension and contraction and
the paracellular transport of fluid and solutes into the airspace
[19] (Fig. 2). Therefore, dysfunction of the TJs results in
increased permeability to water and proteins and deterioration
of the capacity of alveolar fluid clearance of the epithelium,
leading to the formation and perpetuation of lung edema.
Studies in experimental models of acute lung injury indicate
massive changes in the expression and localization of ZO and
claudins with the consequent increase in epithelial permeabil-
ity [25, 28, 29]. The ECM represents the scaffold of alveolar
epithelium and capillary endothelium that participates in cell-
cell adhesion, and in the fluid trafficking into the airspace
and cell signaling. In ARDS, the oxidative stress and the
dysregulated inflammation in the lung induce the expression of
some enzymes, such as elastases or matrix metalloproteinases
(MMPs), that change the structure and stiffness of the ECM
and, consequently, modify the expression of the TJ proteins
and barrier function, contributing to lung edema formation
[19, 30–32].
Alveolar inflammation is characterized by marked

neutrophil influx, activation of alveolar macrophages,
and release into the airspaces of cytokines (tumor necrosis
factor-α (TNF-α), tumor necrosis factor receptor (TNFR),
interleukin-1β (IL-1β), interleukin-1 receptor antagonist
(IL1RA), IL-6, interferon-γ (INF-γ), granulocyte colony-
stimulating factor (G-CSF), transforming growth factor-β
(TGF-β)) and chemokines ((IL-8, epithelial neutrophil-
activating protein 78 (ENA-78), monocyte chemoattractant
protein-1 (MCP-1), macrophage inflammatory protein-2
(MIP-2)) by alveolar endothelial, epithelial, and immune cells
[19, 33]. Among them, TGF-β is a key mediator in ARDS
that can be detected in bronchoalveolar lavage (BAL) fluid
from patients with ARDS in the first 24 h of diagnosis and
has an essential role in its onset and progression. In the early
phase, TGF-β causes apoptosis in alveolar epithelial cells
and contributes to lung edema by increasing permeability
and decreasing the alveolar fluid clearance of the alveolar
epithelium [34]. This decrease in the alveolar fluid clearance
is due to changes in the expression of apical epithelial sodium
channels (ENaC) and the basolateral Na+/K+-ATPase pumps
[14, 19, 35]. In a later stage, TGF-β exerts an essential role in
regulating inflammation, immunity, tissue repair, and fibrosis.
In this line, TGF-β contributes to lung fibrosis via activation
of lung fibroblasts and indirectly via inducing apoptosis of
alveolar epithelial cells [34, 36].

4.2 Pulmonary endothelial injury
Alteration of the vascular endothelial function and extensive
alveolar-capillary leak also occurs in the lung of patients with
ARDS. Endothelial injury can be caused by the adhesion and
migration of neutrophil granulocytes on and through the en-
dothelium [37] and by the direct effects of cytotoxic factors
present in the intravascular and the intra-alveolar compart-
ments. This contact between intra-alveolar factors and the
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F IGURE 2. Role of alveolar epithelium in lung edema. The alveolar epithelium is a continuous and tight monolayer of
alveolar type I (ATI) and alveolar type II (ATII) cells. ATI cells are very thin and permit gas exchange, and ATII cells produce
surfactant to enable lung expansion with low surface tension. The intact alveolar epithelium is linked by intercellular tight
junctions that restrict the passage of water, electrolytes, and small hydrophilic solutes to the airspaces. In the normal lung, the
transvascular flux of fluid out of the capillary moves water and low-molecular-weight solutes into the interstitial space depending
on the permeability of the capillary membrane and the net difference between hydrostatic and protein osmotic pressure. In health,
this fluid does not cross the epithelial barrier and moves into the lymphatics. When alveolar edema occurs, this edema fluid
accumulating in airspaces is absorbed by the epithelium following a transepithelial osmotic gradient created by an active sodium
transport. This sodium gradient is created and maintained by the apical membrane epithelial Na+ channels (ENaC) and the
basolateral sodium/potassium adenosine triphosphatase (Na+/K+-ATPase) in both ATI and ATII cells, causing excess water to
move passively from the airspaces to the interstitium. Figure created with BioRender.com.
JAMs, junctional adhesion molecules; ZO-1, Zonula occludens-1.

endothelium occurs because of the disruption of the alveolar
epithelial barrier. Many intravascular and intra-alveolar fac-
tors activate cell death mechanisms on endothelial cells, such
as apoptosis and pyroptosis, and contribute to the breakdown
of endothelial intercellular junctions [38, 39], leading to an in-
crease in vascular permeability that contributes to lung edema
and respiratory failure in these patients [2].

Like alveolar epithelial cells, endothelial cells can be acti-
vated by PAMPs andDAMPs, some of them derived from alve-
olar epithelial cells and resident macrophages, as well as from
circulating leukocytes and platelets, such as TNF-α, IL-1β,
vascular endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF), platelet-activating factor (PAF), TGF-
β1 and angiostatin (a cleavage product from plasminogen
with an intense antiangiogenic activity) that are increased in
the BAL fluid of patients with ARDS [34, 40, 41]. Among
these factors, TNF-α, TGF-β, and angiostatin contribute to
endothelial injury by inducing apoptosis [42–44]. In addition,
TGF-β contributes to increased endothelial permeability via
phosphorylation of adherent junction proteins and the forma-
tion of stress actin fiber in endothelial cells in vitro [45]. TNF-
α also disrupts tight junction proteins (ZO-1, claudin 2-4-

5) and β-catenin in pulmonary endothelial and epithelial cell
layers, which can be exacerbated by IFN-γ [28, 46, 47]. Il-
1β increases alveolar endothelial and epithelial permeability
via Ras homolog familymember A (RhoA)/integrins-mediated
epithelial TGF-β release [48].

Activated endothelial cells trigger a cascade of events, in-
cluding activation of coagulation cascades, activation and ag-
gregation of platelets, formation of platelet-leukocyte aggre-
gates, and up-regulation of cell adhesion molecules, such as P-
selectin, E-selectin, ICAM (intercellular adhesion molecule)
and VCAM (vascular cell adhesion molecule), that mediate
leukocyte adhesion and transmigration across the endothelium
(Fig. 3). This transmigration of leukocytes, the deposition of
platelets and neutrophils on endothelium, or the formation of
platelet-neutrophil aggregates play a synergic role in increas-
ing vascular permeability in the lung [39, 49] (Fig. 3).

Elevated levels of angiotensin II (AngII) have been found in
the lung of patients with ARDS. AngII interacts with Ang II
receptor type 1 (AT1R), mainly expressed in the endothelium,
and induces the production of several mediators (inflammatory
cytokines, eicosanoids, and VEGF) that trigger proinflamma-
tory responses and elevate the pulmonary vascular permeabil-
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F IGURE 3. The inflammation and coagulation interaction in ARDS. Activated endothelial cells trigger various events that
include activation of the coagulation cascade (with reduction of anticoagulant and fibrinolytic factors), the release of cytokines,
and up-regulation of leukocyte and endothelial cell adhesion molecules (P-selectin, E-selectin, ICAM, VCAM, PECAM). These
events, in turn, promote activation of leukocytes and platelets that leads to platelet aggregation and formation of platelet-leukocyte
aggregates, facilitating the adhesion and migration of leukocytes to the interstitium and alveolar airspaces. In addition, the
generation of tissue factor (from exposed subendothelium or released by activated macrophages/monocytes and platelets) and von
Willebrand factor (vWF) (released by activated endothelial cells and platelets) mediates further platelet adhesion and aggregation.
Activated neutrophils release pro-inflammatory mediators (chemokines, cytokines) along with ROS, enzymes (MMPs, elastase,
myeloperoxidase), and neutrophil extracellular traps (NETs) that have an essential role in host defense but cause endothelial
and epithelial injury under overwhelming pathological conditions. Coagulation and activated platelets and leukocytes augment
microvascular endothelial damage leading to the disruption and increased permeability of the endothelial barrier. All these events
facilitate further movement of inflammatory cells and protein-rich fluid into the interstitium and alveoli. In the intravascular
compartment, activation of coagulation, platelets, leukocytes, and endothelial cells, along with the generation of thrombin and
fibrin, leads to the formation of thrombi in the pulmonary microvasculature. Figure created with BioRender.com.
ECM, extracellular matrix; ROS, Reactive Oxygen Species; MMPs, Matrix Metalloproteinases; NETs, Neutrophil Extracellular
Traps; GPIb-IX-V, glicoprotein Ib-IX-V; ICAM-1, intercellular adhesion molecule 1; VCAM-1, vascular cell adhesion protein 1;
PECAM-1, platelet-endothelial cell adhesion molecule-1.

ity, contributing to pulmonary edema [50, 51]. Interestingly,
SARS-CoV-2 is internalized by alveolar epithelial cells via
binding to angiotensin-converting enzyme 2 (ACE2) receptor,
resulting in an ACE2 downregulation and the subsequent up-
regulation of angiotensin II (Ang II) that contribute to lung en-
dothelial vascular dysfunction in COVID-19 pneumonia [52].
Besides TJs, endothelial cells are also connected by ad-

herens junctions, which contain vascular endothelial cadherin
(VE-cadherin) that links to the actin cytoskeleton. The weak-
ening of endothelial junctions induced by inflammation also
relies on the destabilization of VE-cadherin contacts and alter-

ations in the endothelial actin-myosin cytoskeleton [39].

Altogether, the increase in endothelial and epithelial per-
meability leads to protein-rich edema formation in the lung,
resulting in the alteration of gas exchange and the subsequent
hypoxemia in ARDS. Extensive alveolar epithelium damage
has been observed in non-surviving ARDS patients, whereby
the degree of alveolar epithelial damage seems to determine
the ARDS severity and prognosis [2, 53].
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5. Humoral and cellular immune system
in ARDS

5.1 Activation of pattern recognition
receptors
In the lung, activation and regulation of innate and adap-
tive immunity are mediated by patter recognition receptors
(PRRs), also present in alveolar epithelial and endothelial
cells as mentioned above [27]. Activation of these PRRs by
PAMPs andDAMPs leads to nuclear translocation of transcrip-
tion factors such as nuclear factor (NF)-κB, predominantly
through a myeloid differentiation primary response gene 88
(MyD88)-dependent mechanism. This is followed by the
transcription of proinflammatory cytokines such as TNF-α,
IL-1β, and IL-8, which can activate immune cells and alter
alveolar epithelial and endothelial functions in the lung. This
early humoral and cellular immune activation contributes to
lung injury and widespread lung inflammation to other organs,
promoting multi-organ damage [54].

5.2 Innate immune cells

5.2.1 Activation of M1 macrophages
Two types of activated macrophages have been described,
the M1 proinflammatory phenotype and the M2 anti-
inflammatory. The M1 polarization of resident alveolar
macrophages represents one of the local defenses against
pathogens. In this stage, M1 alveolar macrophages trigger
pathogen clearance mechanisms and release reactive oxygen
species (ROS) and proinflammatory cytokines (IL-1β, IL-6,
IL-18, MCP-1, MIP-2, and TNF-α) that activate and recruit
immune cells to the site of infection, including natural killer
cells, cytotoxic T cells, and innate lymphoid cells. These
cells are primed and increase their cytotoxicity activity
against the pathogen, partially mediated by the production
of IFN-γ. These immune cells release a second wave of
cytokines, acting as chemoattracts of circulating monocytes
and neutrophils [55, 56] that can be cytotoxic for the
alveolar-capillary membrane. To assist in the clearance of
viral, bacterial, or fungal pathogens, resident and recruited
neutrophils release molecules, such as myeloperoxidase
(MPO), metalloproteinases (MMPs), elastase, and neutrophil
extracellular traps (NETs), that can alter the structure and
function of the alveolar epithelial/endothelial barrier and ECM
[57].
In ARDS, the immune response is dysregulated, and M1

alveolar macrophages release high levels of proinflammatory
cytokines (IL-1β, IL-6, IL-2, IL-7, and IL-8, TNF-α) and
chemokines (MCP-1, MIP-1α), resulting in infiltration of im-
mune cells (mainly circulating monocytes and neutrophils)
[58, 59]. Although the early polarization of macrophages to
M1 has an initial protective function against pathogen infec-
tion, growing evidence demonstrates that both resident and
recruitedM1macrophages play a relevant role in ARDS patho-
genesis. Indeed, experimental models of acute lung injury have
reported reduced mortality when inhibitors of M1 polarization
were administered [60–63].

5.2.2 Activation of M2 macrophages
The polarization of M1 macrophages to M2 phenotype
is induced to counteract the proinflammatory stage. M2
macrophages play a relevant role in inflammation resolution
and lung tissue repair by clearance of cellular debris and
apoptotic cells, limiting proinflammatory cytokine release
and inducing the expression of anti-inflammatory mediators
(IL-10, fibronectin 1, TGF-β), which reduce levels of
nitric oxide synthase and nitric oxide species via arginase
1 induction [64]. In this regard, the administration of M2
alveolar macrophages to mice with lipopolysaccharide (LPS)-
induced acute lung injury depletes circulating monocytes,
reduces neutrophil infiltration and oxidative stress, and
decreases the levels of inflammatory molecules (TNF-α,
IL-1β, and IL-6), elevates the expression of anti-inflammatory
mediators (IL-17, MCP-1, IL-10), and increases levels of
regulatory T-cells (Treg) [65]. Apart from balancing the pro-
and anti-inflammatory cytokines levels, M2 macrophages
also recognize and phagocytize neutrophils, reducing and
preventing their cytotoxic effects on the lung [64].
Finally, the late and complicated phase of ARDS, known

as the fibro-proliferative phase, is characterized by exces-
sive fibroblast proliferation and increased ECM deposition.
Numerous studies have reported that persistently activated
M2-macrophages also participate in this phase of ARDS [64,
66]. In this regard, persistently activated M2-macrophages
release TGF-β, fibronectin, proline, and tissue inhibitors of
metalloproteinase (TIMP) that promote fibroblast proliferation
and hamper the removal of excessive ECM. On the other hand,
M1-macrophages have been reported to play an anti-fibrotic
role in this phase by producing antifibrotic cytokines (e.g.,
CXCL10) andMMPs capable of degrading the excessive ECM
[67]. Therefore, in this late phase of ARDS, the M1/M2
macrophage balance in the microenvironment of the injured
lung seems crucial for ARDS resolution.

5.2.3 Neutrophil activation
The activation of neutrophils into alveolar space releases ROS
that triggers oxidative stress and intracellular enzymes (MMPs,
elastase) that degrade the ECM, contributing to alveolar ep-
ithelial barrier disruption [31, 68]. In addition, neutrophils can
undergo NETosis, a type of cell death by which neutrophils
extrude NETs. NETs are composed of DNA fibers, histones,
and antimicrobial proteins, in which pathogens are immobi-
lized and exposed to a local high and lethal concentration of
effector proteins [69]. An excessiveNET formation enhances a
proinflammatory response that alters endothelial and epithelial
barriers mainly by decreasing ZO-1, VE-cadherin, and β-
catenin [70, 71]. Moreover, in vitro assays have shown the
role of NETs as a scaffold for platelets, red blood cells, and
procoagulant factors (such as von Willebrand factor and tissue
factor), contributing to thrombus formation and propagation
[72, 73]. Indeed, elevated plasma levels of NETs in humans
have been associated with ARDS severity and mortality [74].

5.3 Adaptive immune cells
During infection, the adaptive immune response is rapidly
initiated. Pathogen particles are presented through major his-
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tocompatibility complex class I (MHC I) of activated dendritic
cells (DC) to CD8+ T cells. The latter cells are cytotoxic and
induce apoptosis on infected cells by producing perforin and
granzymes. Activated CD8+ T cells also become pathogen-
specific effectors andmemory T cells. The major histocompat-
ibility complex class II (MHCII) is presented by DCs to CD4+
T cells. Then, CD4+ T cells may differentiate into one of
several T helper (Th) cell lineages, including Th1, Th2, Th17,
and T follicular cells, as defined by their pattern of cytokine
production and function. Th1, Th2, and Th17 cells contribute
to pathogen clearance, whereas T follicular cells assist B cells
in the production of neutralizing antibodies [56].
Alterations in adaptive immune response have been broadly

described in ARDS. For example, levels of CD4+ T cells are
dramatically reduced in patients with sepsis-induced ARDS,
as well as the Th1 and Th2-associated cytokine production
and pathogen clearance [75]. In contrast, Th17 cells are
elevated in the lung [76], BAL fluid [77], and blood [78]
of ARDS patients and experimental animals after acute lung
injury. Differentiation to Th17 is mainly induced by IL-6,
which is elevated in ARDS. Th17 cells activate macrophages,
DCs, and neutrophils, triggering the release of proinflamma-
tory cytokines (IL-1, IL-6, IL-8, IL-21, IL-17A, TNF-α, and
MCP-1) by these cells [78], which is accompanied by increased
alveolar epithelial permeability [76] and greater severity of
illness [77].
Another subtype of CD4+ T cells, the regulatory T (Treg)

cells, are also altered during ARDS. Treg cells exert an anti-
inflammatory effect that is essential in resolving lung injury.
They suppress the effector T+ cell responses (mainly from
Th17 cells) and maintain the tolerance to self-antigens, avoid-
ing autoimmune responses [79]. During acute lung injury, the
increased levels of IL-6 enhance Th17 cell activation and Treg
suppression, altering Th17/Treg balance [80]. The Th17/Treg
ratio increases in mild to severe ARDS patients and has been
proposed as a predictor biomarker of mortality in ARDS,
correlating with increased APACHE (Acute Physiology and
Chronic Health disease Classification System), SOFA (Se-
quential Organ Failure Assessment) and lung injury scores
[81]. Interestingly, increasing Treg levels via stimulation of
the cAMP/FOXP3 (cyclic adenosine monophosphate/ fork-
head box P3) signal reduces the number of Th17 cells protect-
ing against lung injury and mortality in mice with acute lung
injury [82].

6. Hemostatic and immune system
interaction

ARDS is characterized by an imbalance between coagulation
and the immune system. Activation of procoagulant factors
along with an impaired anticoagulant system leads to reduced
fibrinolysis, a massive production of thrombin, and, conse-
quently, an intra-alveolar and lung intravascular fibrin forma-
tion. A cross-talk between coagulation and the innate immune
system initiates the complex process of immunothrombosis,
which exerts a vital role as a host defense mechanism [83]. In
ARDS, immunothrombosis is dysregulated, leading to excess
formation of immunologically mediated thrombi that affect
the lung microvasculature (Fig. 3). Therefore, the restoration

of the alveolar and intravascular hemostasis and the adequate
control of immune responses are crucial in the pathogenesis of
ARDS [84–87].
Immunothrombosis is the consequence of endothelial,

platelet, and innate immune cell activation, excessive
coagulation, and decreased fibrinolysis (Fig. 3) [84]. It
has been shown that patients with ARDS have increased
levels of fibrinopeptide A, a direct marker of thrombin
generation, and soluble thrombomodulin (probably degraded
from alveolar epithelial thrombomodulin), and decreased
levels of the anticoagulant activated protein C (APC) in their
alveolar airspaces and plasma. On the other hand, there
is suppression of the fibrinolysis in the alveoli caused by
increased levels of plasminogen activator inhibitor-1 (PAI-1)
produced by endothelial cells and mediated by inflammation.
Increased levels of PAI-1 are present in bronchoalveolar
fluid and plasma from patients with ARDS. PAI-1 suppresses
tissue-type plasminogen activator (t-PA) and urokinase-type
plasminogen activator (u-PA) from converting plasminogen to
plasmin, which ultimately leads to reduced fibrin degradation
[86, 88–93].

6.1 Endothelial damage
In injured alveoli, endothelial damage activates innate host
responses and coagulation, promoting platelet activation and
aggregation (Fig. 3). After endothelial damage, disruption
of the intercellular junctions exposes the subendothelial ex-
tracellular matrix containing the procoagulant tissue factor
(TF). TF is also produced by endothelial and epithelial cells
in the alveoli and by activated macrophages/monocytes and
platelets. Then, TF binds to Factor VII to initiate TF-dependent
coagulation, resulting in thrombin generation, platelet aggre-
gation, conversion of fibrinogen to fibrin, and, consequently,
formation of blood clots (Fig. 3) and fibrin deposition in
the alveolar airspaces [94, 95]. The von Willebrand factor
(VWF), produced by activated endothelial cells, platelets, or
exposed subendothelium, mediates further platelet adhesion
and aggregation [92]. Under activation, vascular endothelial
cells express cell adhesion proteins such as P-selectin, E-
selectin, ICAM, and VCAM that enable the recruitment of
platelets and leukocytes, which also have a pivotal role in
hemostasis and thrombosis [96] (Fig. 3). In addition, the renin-
angiotensin pathway plays an essential role in ARDS promot-
ing coagulation. Accumulation of angiotensin II (AngII) has
been observed in the lung of patients with ARDS. The binding
of AngII to angiotensin II receptor type 1 (AT1) augments
pulmonary vasoconstriction and contributes to TF and PAI-1
expression on platelets and endothelial cells [97].

6.2 Platelet activation and interaction with
immune cells
Platelets are an essential component of ARDS pathogenesis.
In a small human study, platelet activation was greater
in ARDS patients than in healthy controls [98]. Also, it
has been shown that the severity of lung injury is tightly
correlated with platelet-derived α-granule mediators in
BAL fluid [99]. Platelets have an essential function in
coagulation and the innate immune system, participating
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in neutrophil and monocyte activation and recruitment
(Fig. 3). During endothelial damage, the exposure to
subendothelial collagen leads to platelet activation and
subsequent release of cell membrane proteins and granular
contents, including chemokines, cytokines (IL-1, TNF-α),
coagulation proteases, adhesive molecules, growth factors,
and mediators of angiogenesis that cause further platelet
activation and amplification of the innate immune responses
[100–102]. Activated platelets bind to leukocytes, such
as neutrophils and monocytes, promoting their activation,
adhesion, and migration at the site of injured endothelium
via expression of adhesion molecules, such as ICAM-1
and VACM-1 (Fig. 3). Also, leukocyte rolling on vascular
endothelium is facilitated by platelet-derived P-selectin
and thromboxane-A2, facilitating leukocyte migration into
injured tissue (Fig. 3). This platelet-neutrophil binding is
mediated by toll-like receptor 4 (TLR4) engagement and
participates in neutrophil activation and release of NETs
[103]. Although NETs show antimicrobial properties by
trapping and inactivating microorganisms in blood vessels,
they also have procoagulant properties and might cause
collateral tissue damage, in which the neutrophil-derived
proteases have an important role. Furthermore, NETs cause
platelet activation and aggregation, and activates coagulation
pathway, contributing to fibrin formation [103–105]. Also,
activated platelets exert an important function in immune
defense by releasing antimicrobial peptides (e.g., AMPs) and
enhancing the phagocytosis capacity of leukocytes, however,
an increased formation of the platelet-leukocyte complex
contributes to acute lung injury and other organ failure [106].
Actually, preclinical studies of acute lung injury (ALI) show
that the depletion of platelet leads to a significant reduction
of neutrophil recruitment in the lung, and that the inhibition
of platelet-neutrophil complex improves gas exchange and
prolongs animal survival [107].

6.3 Molecular link between hemostatic and
immune systems
Immune cells as well as platelets and endothelial cells can be
activated by factors of the coagulation cascade. The molecular
link between hemostatic and immune systems is mainly based
on the protease activated receptors (PARs) on immune cells,
platelets, and endothelial cells. Complexes of TF/Factor VIIa
(TF/FVIIa), TF/FVIIa/Factor Xa (TF/FVIIa/FXa) and Factor
Xa and thrombin trigger PARs, which activate innate immune
cells and the expression of cytokine and adhesion molecules.
These effects enhance inflammatory processes in the lung,
including P-selectin-mediated leukocyte migration, that cause
disruption of endothelial barrier by altering endothelial cy-
toskeleton and further platelet activation [83, 92, 108, 109].
In addition, fibrinogen and fibrin can directly initiate the acti-
vation of neutrophils [110].
On the other hand, inflammation facilitates and enhances

coagulation. In this regard, proinflammatory cytokines ac-
tivate coagulation system and also play an important role in
the down-regulation of physiological anticoagulant pathways
[111]. Inflammatory cytokines, such as IL-1, TNF-α, IFN-
γ, and lipopolysaccharide (LPS) of gram-negative bacteria,

known to be elevates in ARDS patients, induce TF expression
on macrophages and platelets [84]. IL-2, also elevated in
these patients, decreases fibrinolysis by upregulating of the
antifibrinolytic PAI-1. Interestingly, it has been shown that
platelets have receptors for IL-1β, IL-6 and IL-8. These cy-
tokines that are one of the most reported elevated cytokines in
ARDS have the capability of activating and spreading platelets
[112]. IL-6 and IFN-γ also increases the expression of TF
on endothelial cells and monocytes and can impair vascular
endothelium function. The chemokines, such as IL-8, have an
indirect prothrombotic effect via attracting neutrophils to the
site of infection [84, 101]. As mentioned before, the release
of NETs by neutrophils can contribute to tissue damage by
exacerbating local inflammation and enhancing microvascular
thrombosis in the lung. This organized recruitment of innate
cells and platelets at the site of endothelial injury, in turn, leads
to the release of pro-inflammatory mediators contributing to
further activation of intravascular immune responses [84, 113].

6.4 Hypoxia enhances immunothrombosis
Finally, hypoxia occurs in moderate-to-severe ARDS and this
can lead to endothelial dysfunction, including disruption of
vascular tone and hypercoagulability. Hypoxia-induced ex-
pression of adhesion molecules P-selectin, E-selectin, ICAM-
1 and VCAM-1 that results in platelet and leukocyte recruit-
ment and more expression of TF, causing hypercoagulability
[114, 115]. Under hypoxia, endothelial and immune cells
release hypoxia-induced factors (HIFs), a transcription fac-
tors that promote thrombosis by increasing endothelial release
of PAI-1 and inflammatory cytokines (TNF-α, IL-2) and by
downregulating thrombomodulin [114–116]. In macrophages,
HIFs promote their activation and local aggregation, with the
consequent release of proinflammatory cytokines, including
IL-6 and TNF-α [116].
Altogether, immunothrombosis in the lung results in the

formation of an intravascular scaffold, enhancing the recogni-
tion and destruction of pathogens and supporting endothelial
integrity. However, uncontrolled immunothrombosis might
induce collateral tissue damage and contribute to ARDS and
multiorgan dysfunction.

7. Intercellular communication
mediated by extracellular vesicles
(EVs)

Extracellular vesicles (EVs) are membrane-bound vesicles that
mediate intercellular communication by transferring proteins,
genetic material, and organelles between cells in both physio-
logical and pathological conditions [117]. A growing body of
evidence demonstrates the role of EVs in the pathogenesis of
ARDS by modulating the onset and the progression of alveolar
inflammation, coagulation, and epithelial/endothelial barrier
dysfunction.
During lung injury, EVs derived from structural (endothelial

and epithelial cells) and immune cells carry proinflammatory
cytokines and chemokines (such as TNF-α, IL-6, IL-8, IL-1β,
CXCL1, CXCL-10, MCP-1, MIP-2) capable of activating and
recruiting immune cells into alveolar space, which exacerbate
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alveolar damage [118]. Moreover, these pro-inflammatory
EVs can reach epithelial and endothelial cells and contribute to
direct alteration of the alveolar-capillarymembrane, increasing
lung permeability by mechanisms involving apoptosis and
weakening intercellular TJ complexes [119–121]. During lung
injury, EVs derived from activated monocytes, neutrophils and
platelets upregulate the adhesion molecules VCAM, ICAM,
or/and CCL5 (C-C motif chemokine ligand 5) on endothe-
lial cells, promoting and enhancing the adhesiveness of these
immune cells to the endothelium [39]. The proinflammatory
stimulus on platelets, endothelial cells, and alveolar epithelial
cells also induced the release of EVs enriched on TF, which
initiates the coagulation cascade and results in thrombin gen-
eration, fibrin deposition, and clot formation [122–124].
After the injury, alveolar epithelial cells release EVs en-

riched in IL-6 and MMP-1 that can be uptaken by nearby ep-
ithelial cells, contributing to pulmonary inflammation, degra-
dation of ECM, and epithelial barrier disruption [125, 126].
Alveolar epithelial cell-derived EVs also transfer their cargo to
immune cells un lung injury. Specifically, EV-mediated trans-
fer of caspase-3 from epithelial cells to macrophages has been
reported, resulting in the activation of macrophages and their
secretion of proinflammatory molecules such as TNF-α, IL-6,
and MIP-2 [127]. Epithelial cell-derived EVs can also activate
NF-κB signaling on alveolar macrophages upon upregulation
of TLR2, Myd88, TNF-α, and IL-6. Experimental models
of acute lung injury also reveal the role of epithelial cell-
derived EVs in triggering the migration of macrophages into
the lung. In this regard, epithelial cell-derived EVs transfer
several microRNAs such as miR-17, miR-221, miR-320a,
miR-22, and miR-342 to macrophages, resulting in the expres-
sion of integrin β1 onto macrophage surface, which promotes
macrophage adhesion and migration. This miRNA transfer
also mediates macrophage secretion of TNF-α and NF-κB
activation, further exacerbating lung inflammation in ARDS
[128]. Importantly, it has been found that EVs derived from
alveolar epithelial cells in ARDS patients are enriched in TF,
highlighting the contribution of epithelial cells to the coagula-
tion disorder occurring in these patients [123].
Experimental models of ALI/ARDS have also demonstrated

the contribution of EVs derived from activated macrophages
to lung injury by triggering inflammation. Under proinflam-
matory stimuli, macrophages release EVs enriched in TNF-
α, IL-1β, and IL-6, which can be uptaken by alveolar epithe-
lial cells and upregulates ICAM-1, IL-8, and MCP-1 expres-
sion. Macrophage-derived EVs also contain miRNAs, such as
miR-223, capable of triggering monocyte differentiation into
macrophages [129]. Activated macrophages also communi-
cate with endothelial cells, activating ERK1/2 (extracellular
signal-regulated kinase 1/2) and NF-κB signaling pathways
and expressing the endothelial-leukocyte adhesion proteins
VCAM-1, ICAM-1, and E-selectin, which promote leuko-
cyte adhesion to endothelium and increase endothelial barrier
permeability [130–132]. Importantly, this EV-mediated in-
teraction between monocytes and endothelial cells also pro-
motes intravascular activation of coagulation while reducing
the anticoagulant properties of the vascular luminal surface of
the endothelium. These events mainly occur by increasing
TF and decreasing the levels of anticoagulant tissue factor

pathway inhibitor (TFPI) and thrombomodulin in endothelial
cells [130].
Several studies on experimental models of acute lung injury

have shown that endothelial cell derived EVs induce changes
in vascular permeability andmodulate immune cells responses.
Endothelial derived-EVs can transfer nitrated sphingosine-1-
phosphate receptor 3, a critical molecule involved in vascu-
lar permeability, and Src kinase that impairs adherens junc-
tion and cytoskeleton integrity of targeted endothelial cells
by mechanisms involving phosphorylation of myosin light
chains and vascular endothelial-cadherin (VE-cadherin) [133–
137]. Endothelial cell-derived EVs also target and activate
macrophages, inducing the macrophage production of proin-
flammatory molecules (CXCL10, CCL4, CCL5, IL-6, IL-
8, MCP-1) and increasing macrophage adhesiveness to the
endothelium [138]. Endothelial cell-derived EVs have also
been reported to target neutrophils and induce NET forma-
tion in mice with abdominal sepsis [136, 137]. In addition,
increasing evidence reveals that endothelial cell-derived EVs
have a relevant role in coagulopathies. Elevated plasma levels
of pro-coagulant endothelial-cell derived EVs containing TF
have been found in patients with sepsis [139], influenza A
infection [140], and COVID-19 [141], which are associated
with severity and mortality. In addition, in patients with sepsis,
these elevated levels of TF on circulating endothelial-derived
EVs correlate with the severity of sepsis and disseminated
intravascular coagulation (DIC) [139].
As occurs in other types of cells, neutrophils release EVs

whose content varies depending on the stimuli received,
exerting distinct properties such as anti-inflammatory,
proinflammatory, antibacterial, or procoagulant effects
[142, 143]. Regarding the protective effects, neutrophil-
derived EVs have been reported to specifically transfer
miR-223 to alveolar epithelial cells, reducing the alveolar
permeability and inflammatory cytokines (IL-6, IL-1β,
CXCL1) in a mouse model of ventilator-induced lung injury
[121]. Neutrophil-derived EVs can also reach macrophages
and induce M1 or M2 macrophage polarization. In this
regard, a study of acute lung injury in mice has shown
that neutrophil-derived EVs contain proinflammatory
molecules (such as miR-1260, miR-1285, miR-4454, and
miR-7975) that induce proinflammatory M1 macrophage
polarization. On the contrary, these EVs can contain anti-
inflammatory miRNAs (miR-126, miR-150, and miR-451a)
that promote the macrophage polarization to the M2-anti-
inflammatory phenotype [144]. Neutrophil-derived EVs
also exert proinflammatory effects on endothelial cells,
enhancing the adhesiveness to leukocytes and platelets
[145, 146], and increasing vascular permeability due to their
content of cathepsin G, S100A-8, and S100A-9 [147]. In
addition, proinflammatory neutrophil-derived EVs transfer
arachidonic acid to platelets, resulting in increased production
of thromboxane that contributes to platelet activation and
aggregation [148]. Because of their content in enzymes, such
as elastase and MMPs, neutrophil-derived EVs also mediate
the degradation of ECM, resulting in endothelial and epithelial
barrier disruption [31, 68].
The role of EVs derived from activated platelets on the

pathogenesis of ARDS has also been demonstrated in ex-
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perimental models of acute lung injury. Specifically, they
dysregulate coagulation, enhance inflammation and contribute
to alveolar-capillary membrane disruption [103, 136, 137].
Platelet-derived EVs activate monocyte and endothelial cells,
on which they trigger the release of proinflammatory cytokines
and increase their adhesiveness [149, 150]. Moreover, circu-
lating platelet-derived EVs play an important role in vascular
endothelial permeability; their levels have been considered
promising biomarkers of endothelial dysfunction [151–153].
Indeed, they can transfer IL-1β to endothelial cells, augment-
ing vascular permeability via activation of the NLR family
pyrin domain containing-3 (NLRP3)-inflammasome pathway
[151–154]. They also can induce apoptosis in endothelial cells
via miR-142-3p transfer [151–153, 155]. Elevated levels of TF
have been found in circulating platelet-derived EVs in experi-
mental models of acute lung injury and ARDS patients [156–
158]. In general, platelet-derived EVs have been proposed to
act as relevant clotting initiation agents, contributing to the
severity of ARDS.
Finally, the release of lung-derived EVs into the systemic

circulation following lung injury might spread the damage
to distant organs. New knowledge of the implication of
the EVs in mediating intercellular communication between
structural—endothelial and epithelial cells—and immune
cells during ARDS offers an extraordinary opportunity
to understand specific pathological mechanisms fully and
develop novel therapeutic strategies.

8. Multiorgan-lung interaction in ARDS

In ARDS, the exacerbated lung inflammatory response and
the dysregulation of immune defense along with hypoxemia
and coagulopathy alter other distant organs [54, 159–161]. At
ARDS onset, 80 and 90% of the patients have at least one dys-
functional nonpulmonary organ system. The most prevalent is
cardiovascular (73%), followed by hematologic (46%), renal
(20%), and hepatic (19%) dysfunction. Nonpulmonary organ
dysfunction is significantly greater in severe ARDS (reaching
90%) comparedwithmild andmoderate ARDS. The number of
the associated dysfunctional organs also increases with ARDS
severity. On the other hand, patients with prior nonpulmonary
organ dysfunction are at higher risk of developing ARDS, with
worse evolution and increased mortality [162]. Therefore, it is
becoming more apparent that the communication between the
lung and other organs is a crucial determinant for the develop-
ment and resolution of ARDS, leading toward an integrative
approach in the management of critical patients.

8.1 Liver-lung interaction
The liver has multiple functions, such as the clearance
of pathogens and their products and cellular debris, the
metabolism of toxins and drugs, the synthesis of proteins, and
the modulation of systemic inflammatory response and host
defense [163]. Critical patients with previous cirrhosis and
other chronic liver diseases have a higher risk of developing
ARDS and worse clinical outcomes than patients with no liver
diseases [164, 165]. On the other hand, hepatic dysfunction
during the first 48-h period of moderate-to-severe ARDS

is strongly associated with a worse outcome. It has been
shown that early liver dysfunction and not kidney dysfunction
is independently associated with death in ARDS patients
ventilated according to a protective ventilation strategy [166].
Therefore, the bidirectional liver-lung communication seems
to play a significant role in the development, progression, and
resolution of ARDS [167].

8.1.1 Reticuloendothelial system in the liver
The liver harbors resident macrophages, known as Kupffer
cells, which account for approximately 85% of the tissue
macrophages in the body. These macrophages are involved in
the clearance of pathogens and their products through phagocy-
tosis and secretion of some mediators [168]. The dysfunction
of the reticuloendothelial system of the liver facilitates the
release of pathogens and PAMPs to the circulatory system,
reaching other organs, such as the lung, in which they activate
pulmonary and systemic inflammatory responses [169]. The
liver also protects the lung due to the inactivation and detox-
ification of some molecules from the systemic circulation,
including pro-inflammatory cytokines, vasoactive mediators,
and eicosanoids [163]. The defective clearance of these prod-
ucts by the liver can cause damage to the alveolar endothelial-
capillary barrier, activate immune cells, and promote platelet
aggregation in the lung, contributing to the development of dif-
fuse alveolar damage [170, 171]. During liver injury, hepatic
immune cells release proinflammatory cytokines (IL-1β, IL-
6, TNF-α), PAF, and leukotrienes to the systemic circulation
[172]. In several acute inflammatory diseases, such as sepsis, it
has been shown that those inflammatory mediators released by
the injured liver can activate alveolar macrophages and impair
lung function [173, 174]. In addition, increased oxidative
stress markers and cytokines, such as TNF-α and IL-1β, have
been found in the lungs of rats with tetrachloride (CCl4)-
induced cirrhosis. Gas exchange and the size of pulmonary
vessels are also altered in experimental models of cirrhosis
[175, 176].

8.1.2 Acute-phase proteins, bilirubin, and
extracellular vesicles
During infection or tissue injury, the organism initiates a sys-
temic response, known as the acute-phase response, to restore
homeostasis. This response is mainlymediated by the liver and
includes relevant changes in the levels of acute-phase proteins
(APPs) in plasma [177]. APPs include many molecules in-
volved in pathogen clearance, immune cell recruitment, or an-
tioxidant processes. Interestingly, in the lung of patients with
ARDS, the activation of local alveolar inflammation triggers
the acute-phase response in the liver. Moreover, in patients
with ARDS induced by pneumonia, the pro-inflammatory cy-
tokines (IL-1, IL-6, and TNF-α) released by pulmonary im-
mune cells lead to the synthesis of APPs by the liver, mainly
via NF-κB activation [178, 179]. These liver-derived APPs,
which include reactive protein C, SAA (serum amyloid A), or
SAP (serum amyloid P), activate alveolar macrophages and
trigger more cytokine release (CXCL1, IL-6), which lead to
an enhancement of the neutrophil recruitment and oxidative
stress in the alveolar spaces, contributing to lung damage [180,
181]. In addition, elevated levels of bilirubin produced in liver
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diseases reach the alveolar space and alter the surface tension
properties of the alveolar surfactant [182]. Growing evidence
demonstrates that hyperbilirubinemia may contribute to the
development of ARDS via activation of apoptosis, oxidative
stress, and inflammation in different cell types [183, 184].
On the other hand, circulating EVs are increased during lung
injury and in liver diseases [157, 185]. The potential role
of these circulating EVs in liver-lung communication remains
unknown and is an exciting field for future investigation.
Altogether, these observations evidence that the crosstalk

between liver and lung seems to have a relevant role in the
pathogenesis of ARDS.

8.2 Brain-lung interaction
The brain-lung interactions have also been reported in critically
ill patients in both directions. It is well known that patients
with brain injury can develop ARDS. In contrast, patients with
ARDS frequently associate some neurocognitive deficiencies
such as alterations in language, memory, and/or disorientation
that can even persist a long time after discharge [54, 186, 187].
The neurological damages after lung injury remain unclear

but may include the combination of hypoxemia, the effect of
an activated systemic inflammatory response, and the circu-
latory changes caused by mechanical ventilation, including
the effects of the positive end-expiratory pressure on cerebral
microcirculation and intracranial pressure. The brain is an
organ extremely sensitive to oxygen deprivation; thus, the
hypoxemia resulting from ARDS seems to be a contributing
but not the unique factor to brain dysfunction [187]. A recent
systemic review has found an association between mechanical
ventilation and acute cognitive impairment, describing greater
neuroinflammation and lower cognitive scores in subjects with
long-term mechanical ventilation [188].
In an experimental model of acute lung injury in pigs, Fries

et al. [189] demonstrated elevated levels of the proinflamma-
tory protein S-100B in serum and significant neuronal damage
in the Cornu Ammonis, a subregion of the hippocampus that
is especially vulnerable to a variety of pathologic conditions,
such as ischemia, inflammation, and hypoxia. This hippocam-
pal damage could explain the cognitive impairment associated
with lung injury in patients.
A growing body of evidence indicates that the blood-brain

barrier (BBB) permeability can be altered during systemic
inflammation and/or infection because of the effect of circu-
lating proinflammatory mediators (i.e., IL-6, IL-1β, or TNF-
α). These mediators activate cerebral endothelial cells, alter
tight junction proteins and promote leukocyte transendothe-
lial migration through the BBB, enhancing the local brain
inflammatory responses. In this line, it has been shown that
massive recruitment of monocytes into the brain initiates a
complex neuroinflammatory response driving microglia po-
larization towards the M1 phenotype, which aggravates the
cerebral inflammatory state, increases the BBB permeability,
and activates different types of cell death by mechanisms
involving the release of MMP9 and proinflammatory cytokine
[190, 191].
The autonomic nervous system also plays an important role

in the neuroimmune crosstalk between the brain and lung.

The cholinergic pathway exerts an antiinflammatory effect that
controls the systemic inflammatory response. In an experimen-
tal study of acute lung injury, Dos Santos et al. [192] showed
that while vagus nerve inhibition enhances ALI, stimulation
of the antiinflammatory cholinergic reflex exerts a protective
effect in the lung.
Brain-lung interactions have received little attention in the

literature, but a growing body of evidence suggests that both
the lungs and brain establish a relevant cross-talk that modu-
lates local and systemic inflammatory responses through com-
mon mediators.

8.3 Kidney-lung interaction
Acute kidney injury is also a life-threatening condition com-
monly presented in critically ill patients with systemic inflam-
matory response syndrome (SIRS), septic shock, or multi-
organ dysfunction [193, 194]. Hemodynamic alterations in-
duced by mechanical ventilation alter kidney perfusion and
function by reducing the cardiac output, which leads to a
redistribution of the renal blood flow with a reduction of the
glomerular filtration rate and free water clearance [195, 196].
Mechanical ventilation also stimulates renin-angiotensin and
sympathetic pathways, resulting in suppression of the atrial
natriuretic peptide release. These changes lead to renal blood
flow reduction and fluid retention [197, 198]. In addition,
some preclinical studies suggest an essential role of several
inflammatory mediators secondary to ventilator-induced lung
injury (VILI) in developing acute kidney injury (known as
ventilator-induced kidney injury). In experimental models
of VILI, there is an increase of nitric oxide synthase (NOS)
in both lung and kidney and of VEGF in serum along with
systemic microvascular leak [199]. NOS enhances vascular
permeability upon VEGF-ERK1/2 activation [200]. Increased
levels of IL-6 and VEGF in the kidney have been shown in
an experimental model of acid-induced lung injury in animals
ventilated with high tidal volume (17 mL/kg) [201]. Apoptosis
is also induced in kidney epithelial cells in animals with VILI.
In ARDS patients, there is a correlation between elevated pro-
apoptotic soluble Fas ligand and creatinine levels in the serum
of ARDS patients [202].
In addition, hypoxemia has also been reported to alter kidney

function, reducing renal blood flow by activating vasoactive
factors such as angiotensin II, endothelin, and a decrease in
nitric oxide that result in elevated renal vascular resistance
[203, 204]. Moreover, in vitro models have demonstrated
that low oxygen (O2) and high carbon dioxide (CO2) induced
apoptosis in renal tubular cells [205].
On the other hand, detrimental effects of acute kidney injury

on the lung have also been observed. In this line, acute kidney
injury induced in animals results in a downregulation of epithe-
lial sodium channel (eNaC), Na+/K+-ATPase, and aquaporin-
5 in the lungs [206]. These proteins play relevant roles in fluid
clearance and permeability of the alveolar epithelium; thus,
dysregulation of these processes may lead to ARDS devel-
opment. Acute kidney injury also elevates proinflammatory
cytokines (IL-1β, IL-6, and IL-12) in serum leading to a sec-
ondary ALI characterized by pulmonary vascular congestion
and neutrophil infiltration [207]. Another preclinical study in
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mice shows that acute kidney injury is followed 4 h later by
neutrophil infiltration, increased myeloperoxidase activation,
and high levels of the neutrophil chemokines KC (keratinocyte
chemoattractant) and MIP-2 along with capillary leak in the
lung [208].
Altogether, kidneys could become damaged by mediators of

inflammation or immuno-mediated factors related to ARDS,
including the ventilator-related systemic and renal circulatory
changes. On the contrary, it could be the renal disease deter-
mining consecutive pulmonary damage in critically ill patients.

9. Summary and conclusions

In summary, activation of PAMP and DAMP-mediated cell
signals, dysregulated inflammatory response with pulmonary
leukocyte infiltration, a procoagulant state, and the activation
of cell death processes result in the disruption of the alveolar-
capillary membrane and consequently in the protein-riched
edema formation, in which weaknesses of the TJ complexes
and alterations of the ECM in the alveolar epithelium play a
key role. Inflammation and activated endothelial cells trigger
coagulation cascades and platelet activation and aggregation.
Activated platelets directly interact with neutrophils, facili-
tating their extravasation and recruitment into the lung and
enhancing the systemic inflammatory responses. All these
events generate a procoagulant state with the formation of
fibrin in the airspaces and thrombosis in the microvasculature
that aggravate alveolar injury and gas exchange. The crosstalk
between alveolar epithelial cells, immune cells, platelets, and
endothelial cells is mediated at least in part by EVs, which also
mediate interorgan communication. Interaction of the lung
with other organs has been revealed as an essential determinant
in the development and resolution of ARDS.
Altogether, the pathophysiology of ARDS comprises many

interconnected mechanisms responsible for modulating the on-
set and progression of lung injury. A complete understanding
of the cross-talk between the different types of cells involved
and the interaction of the lung with other organs will improve
our knowledge of the physiopathogenesis of ARDS and offer
an excellent opportunity to discover new biomarkers and novel
therapeutic strategies in this and other clinical conditions.
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Abstract
Acute respiratory distress syndrome (ARDS) is a critical illness characterized by a
severe hypoxemic respiratory failure, caused by an inflammatory response which
results in diffuse lung damage. Despite decades of research, the treatment of ARDS
remains supportive. However, in recent years, cell-based therapies have been the
subject of intensive ongoing research efforts, showing relevant therapeutic potential in
preclinical ARDS models. Among all the different cells that have been identified as
suitable candidates for use, mesenchymal stromal cells (MSCs) have been the most
attractive candidates and have generated significant interest. MSCs are multipotent
adult stem/stromal cells that can modulate the immune response and enhance repair
of damaged tissue in multiple in vivo models. Their promising effect seems to be not
primarily mediated by MSCs differentiation and engraftment but more by the paracrine
release of different soluble mediators and cellular components such as extracellular
vesicles (EVs). Preclinical experiments have provided encouraging evidence for the
therapeutic potential of MSCs, leading to the launch of several phase I and II clinical
trials that have shown safety of MSCs in ARDS, which became very common nowadays
due to the Coronavirus disease (COVID-19) pandemic. However, some translational
challenges have yet to be solved, such as the reproducibility of cell harvest, storage,
reconstitution, and administration of cells/cell-products, before the therapeutic potential
of stem cells therapies can be realized.

Keywords
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1. Introduction

Acute respiratory distress syndrome (ARDS) constitutes a con-
dition of progressive acute hypoxic respiratory failure charac-
terized by the dysfunction of alveolar-capillary barrier and by
rapid onset of inflammation in the lungs, leading to diffuse
alveolar damage [1]. In 2012, a panel of experts developed
the Berlin definition for ARDS that comprised three severity
levels (mild, moderate and severe) based on degree of hypox-
emia that are associated with progressively increased mortality
[2]. ARDS can be caused by a number of clinical disorders,
predominantly bacterial and viral infection and/or sepsis, with
other common causes including aspiration of gastric contents
and major trauma, but it can be also triggered by less common
events as severe acute pancreatitis, shock, drug overdose or
devastating neurologic injury [3]. Recently, the Covid-19
pandemic added a new viral cause of ARDSwith a huge impact
on Intensive Care Units (ICUs) around the world [4, 5].
It is clear that ARDS is a complex clinical syndrome with

distinct clinicopathological characteristics [6]. The reported
incidence appears to vary widely, although this is likely due to
differences in clinical recognition of the syndrome, and vari-
able ICU bed availability [7]. Despite this, there is no doubt
that ARDS is common in critically ill patients and represents

one of the leading causes of death in intensive care units. It is
important to note that, despite decades of study on the patho-
genesis of ARDS, the transfer of this knowledge to discovering
new therapies for ARDS has been disappointing. Currently
treatment is still limited to assisted ventilation and other life
support techniques such as fluid management, antimicrobial
therapies and nutritional supplementation. Increases in sur-
vival rates in recent years are mainly related to improvements
in these life support techniques [8–11]. Unfortunately, at
present no effective pharmacological treatment is available for
the treatment of ARDS. The consequence is that mortality
remains unacceptably high, ranging from 35% in patients with
mild ARDS to 46% in cases of severe ARDS [7].

This situation highlights the need to explore new therapeutic
strategies for ARDS. In this regard, cell therapies have exhib-
ited promising therapeutic potential in preclinical and clinical
studies [12], but also they have a number of challenges to solve.
The advantage of cell therapies is that their effects are exerted
at different levels, from the regulation at molecular level to
the structural regeneration of tissue. This offers remarkable
therapeutic potential in conditions such as ARDS with a com-
plex pathogenesis in which acting on individual pathways
is often ineffective. Different cells [13] and cell products
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have been used as potential therapeutic agents, including em-
bryonic stem cells, induced pluripotent stem cells (iPSC),
Endothelial progenitor cells (EnPC) or epithelial Progenitor
cells (EpPC) stromal or mesenchymal stromal cells (MSC),
and also products released by the cells [14], as conditioned
media or extracellular vesicles [15], in particular exosomes.
The ethical issues associated with embryonic stem cells as well
as difficulties in obtaining and standardizing progenitor cells
led most researchers to focus on adult stem cells, especially
mesenchymal stem cells, which also have low immunogenicity
and high capacity for expansion.

2. Mesenchymal Stromal Cells

Of all the options, the cells that have probably generated
the most interest and in which there are the most studies
underway are the MSCs [16, 17]. These multipotent adult
stem cells can be obtained from the bone marrow, umbilical
cord, or peripheral blood and can be maintained without losing
their ability to differentiate into mesodermal lineages. In
addition, they have low immunogenicity and possess anti-
inflammatory, angiogenic, antifibrotic and immunomodula-
tory activities [18]. All these properties have potential to at-
tenuate ARDS severity and/or promote recovery and tissue re-
pair. Ideally, MSC administration may reprogram the immune
response, decrease inflammation, and promote regeneration of
damaged lung areas (Fig. 1). In addition, its antifibrotic poten-
tial could also prevent the appearance of foci of fibrosis that
would compromise the proper exchange of gases [19]. Initially
it was also considered that MSC grafting, differentiation and
multiplication potential could facilitate the reconstruction of
overly damaged tissue areas, but later it has been seen that
this effect is very limited [20]. Finally, it has been observed
that the therapeutic potential of MSC could be enhanced by
stimulating them prior to administration. Exposure to hypoxia,
lipopolysaccharide (LPS), different cytokine combinations and
other stressful stimuli trigger survival genetic programs that
strengthen the regenerative activity of MSCs [21].

2.1 Epithelial repair
Alveolar epithelial cell damage is one of the typical features of
ARDS. In cases of severe ARDS, the damage can affect both
type II and I alveolar cells, generating focal areas of destruction
and exposing the basement membrane. All this increases lung
permeability, triggers processes of fibrosis and coagulation
and, obviously, dramatically affects lung function [22, 23].
Consequently, for the treatment of ARDS, it is essential to
improve and accelerate the processes of epithelial regeneration
to restore the functionality of the alveolar wall. Without this
fundamental step, the effectiveness of supportive care, such as
assisted ventilation, is relatively limited.
MSC administration had been demonstrated to enhance the

regeneration of the pulmonary epithelium [24], via multiple
mechanisms, including Keratinocyte Growth Factor (KGF) se-
cretion [25], Matrix Metalloproteinase-8 (MMP-8) expression
[26], β-catenin activation [27], NF-κB inhibition [28] and the
induction of a reparative M2 phenotype in macrophages [29].
These effects are potentiated when MSCs are pre-treated with

stimulating inflammatory agents as LPS or cytokines [21].

2.2 Alveolar fluid clearance
Fluid accumulation inside the alveoli is a consequence of
the loss of endothelial integrity during ARDS and strongly
contributes to lung edema and hypoxemia [30]. Several studies
demonstrate that MSC treatments can enhance clearance of
alveolar fluid reducing the amount of lung water contents
in both in vivo and ex vivo models of lung injury [31, 32].
The mechanisms proposed includes the restoration of sodium
equilibrium by acting on the sodium channels in a mechanism
mediated by KGF [33] or by miRNA-34c [34]. Angiopoietin-
1 appears to be also involved in the protective mechanism of
MSC via stabilization of endothelial permeability [24].

2.3 Immune response modulation
MSCs have been reported to exert a number of effects in
both adaptive and innate immune system [35]. The release
of paracrine factors and extracellular vesicles modulate the
phenotype and/or function of macrophages, neutrophils, T
cells and B cells [29, 36–39]. Changes in the phenotype of
these cells results in additional release of anti-inflammatory
and immunosuppressive mediators, as Interleukin 10 (IL-10)
or prostaglandin-E2, that reduces lung damage associated with
the inflammatory response [40]. In particular, exposure of
MSCs to an inflammatory microenvironment causes changes
in the expression of genes that modulate the inflammatory re-
sponse and the activation of different lymphocyte populations
[41–43]. These effects of MSCs are of particular relevance
given the role of the immune response in the pathogenesis of
ARDS.

3. MSCs Engraftment

While engraftment and trans-differentiation of MSCs to re-
place damaged host tissue was initially considered an impor-
tant potential mechanisms of action, it is now known that
this is not the case. In fact, experimental data indicate that
less than 1% of the administered cells will end up grafting
into the damaged tissue [44, 45]. This amount is too small
to justify the observed protective effects. This fact does not
change the potential of MSC based therapies for controlling
the progression of ARDS but open the door to additional
treatments based on paracrine factors released by the MSCs.
This is why, in addition to the administration of MSCs, studies
have also been carried out to investigate the effect of treatment
with conditioned medium, secretome and, in particular, extra-
cellular vesicles (EVs) [33, 46–49].

4. MSC Secretome and EVs

The advantage of using elements of MSC secretome is that
they avoid some of the potential problems associated with
the use of whole MSCs as a therapy. This includes the
difference in therapeutic efficacy between different batches of
cells, the control of apoptosis and other ways of cell clearance
including phagocytosis by macrophages, the potential toxicity
of different agents required in the process of MSCs culture
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F IGURE 1. MSCs mechanisms for ARDS treatment. ROS: reactive oxygen species; NETs: neutrophil extracellular traps;
Th17: T helper 17; Treg cells: regulatory T cells; M1: M1 macrophage phenotype; M2: M2 macrophage phenotype; KGF:
keratinocyte growth factor; Ang-1: angiopoietin-1; AEC I: type I alveolar epithelial cells; AEC II: type II alveolar epithelial
cells; ENaC: epithelial sodium channel; MMP-8: matrix metalloproteinase-8; EVs: extracellular vesicles; MSCs: mesenchymal
stromal cells.

and preservation, the potential risk associated to the use of
heterologous cells and the logistical problems linked to the
use of cells in the clinical practice [50]. Although most of
these drawbacks can be controlled or have not been found to
be as significant as expected [51], the use of exosomes allows
them to be avoided while maintaining much of the therapeutic
potential of the cells themselves. In some ways exosomes
can be seen as a delivery system for regenerative and anti-
inflammatory proteins and microRNAs to damaged epithelial
cells or, alternatively, activated inflammatory cells in lung.
However, some challenges have yet to be solved. For

example, as with MSCs, there are also differences in the
content, and therefore in the therapeutic activity, between the
different batches of exosomes. Storage and reconstitution have
been also challenging since exosomes could form aggregates
during the process of freezing and thawing [52]. The standard-
ization of methods for determining the therapeutic potential of
exosomes in a homogeneous manner is also proving difficult
to establish [53].

5. Route of Administration

5.1 MSC routes of Delivery
The optimal route of administration for MSCs remains under
debate. It can be delivered either by intravenous or intratra-
cheal routes, and for exosomes or paracrine mediators, deliv-

ered as an aerosol using a nebulizer. Intravenous use currently
remains the preferred route due to its greater feasibility in
clinical practice. However, this way makes it difficult to
control the amount of MSCs that effectively reach the lung and
are retained there [54]. Depending on the patient’s condition,
the administered cells may be retained in different organs. In
experimental studies it has been suggested that in non-injured
animals, large amounts of administered cells are trapped in
the liver, spleen or kidney while in injured animals, cells
accumulate in the lungs [55, 56]. This adds a degree of
uncertainty to the dose of cells that will actually reach the
lung, particularly where there are multiple sites of injury, e.g.,
multiple organ injury. The effects that cells retained in other
tissues and organs have on these tissues is also uncertain, which
adds to the complexity of using this therapy.
The alternative is direct administration into the lung.

The intratracheal route, based on the administration of
fluid-suspended cells using an intratracheal tube, has been
extensively used in experimental models [57], but has many
disadvantages in clinical application. It is an invasive delivery
approach, associated with an irregular distribution of cells
and, above all, adding fluid to lungs which, given their already
increased water content, might worsen the pre-existing
pathology. The alternative is the use of aerosols or nebulizers,
that convert the liquid into aerosols that can be easily inhaled.
This approach offers higher efficiency than the alternative
ways but there are differences depending on the type of
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TABLE 1. Clinical trials: registered MSC-based treatment in Covid-19-associated ARDS.

Identifier (status) Clinical
trial phase Cell source Dosage Route Enrolled

number Primary outcomes

NCT04525378 (Recruiting) 1 BM-MSCs 2.5, 5, 10 × 107
cells/kg

I.V 20 Intrahospital mortality
at day 28

NCT04456361(Active) 1 WJ-MSCs 1 × 108 cells/kg I.V 9 Oxygen saturation
CHICTR2000029990
(Recruiting) 1–2 BM-MSCs 1 × 106 cells/kg I.V 60 Oxygen saturation

NCT04355728 (Recruiting) 1–2 UC-MSCs 1 × 108 cells/kg
(2 times)

I.V 24 Adverse events

NCT03042143 (Active) 1–2 UC-MSCs 1, 2, 4 × 108
cells/kg I.V 75 Oxygenation index,

adverse events

NCT04390139 (Recruiting) 1–2 WJ-MSCs 1 × 106 cells/kg I.V 30 All-cause mortality at
day 28

NCT04416139 (Recruiting) 2 UC-MSCs 1 × 106 cells/kg I.V 10

PaO2/FiO2 ratio, heart
and respiratory rate,
changes in body
temperature

NCT04865107 (Recruiting) 2 UC-MSCs 2, 7 × 108 cells/kg I.V 54
Number of days free
of oxygen mechanical
ventilation at Day 28

NCT04366063 (Recruiting) 2–3 BM-MSCs 1 × 108 cells/kg
(2 times)

I.V 80 Adverse events, blood
oxygen saturation

NCT04371393 (Recruiting) 3 BM-MSCs 2 × 106 cells/kg
(2 times)

I.V 300 All-cause mortality at
day 30

BM-MSCs: bone marrow-derived mesenchymal stem cells; I.V.: intravenous; WJ-MSCs: Wharton-Jelly mesenchymal stromal
cells; UC-MSCs: umbilical cord-derived mesenchymal stem cells.

nebulizer used and there is still much research that need to
be done before cell product nebulization become routine in
clinical practice. Specifically, the administration of intact
cells by nebulizers needs to be optimized, although there is
great potential for administering MSCs-derived EVs or the
whole secretome this way [12].

5.2 Clinical Trials

Preclinical experiments have provided encouraging evidence
for the therapeutic potential of MSCs in a variety of diseases,
including ARDS [18]. This led to the launch of several phase
I and II clinical trials which have demonstrated the safety
and feasibility of these treatments [58–60]. Relevant issues
that remain to be determined include the need to establish the
appropriate dose of cells administered, and the most effective
dose regimen. Lower doses could be ineffective while the
administration of an excessive number of cells could result in
complications associated to thromboembolic risk. It should be
noted that the selected route of administration is in almost all
cases intravenous. Only in a few Covid-19 trials the inhaled
route of administration has been selected [61], showing that,
despite its advantages, the aerosolized and nebulized routes
require additional improvements before moving on to a clinical
application.

5.3 COVID-19-related ARDS

The number of studies increased dramatically during 2020 due
to the arrival of the Covid-19 pandemic. In just one year, a
substantial number of phase I and II clinical trials focused on
controlling Covid-19-associated ARDS were initiated, mostly
in China [62] (Table 1). Predictably, there is a huge variation
in the origin of MSCs, the number of patients recruited, or
the administration protocols. There are also a number of
studies administering MSCs-derived EVs [63]. Despite these
differences, these studies consistently demonstrated that the
administration of MSCs is, as expected, safe and. In some
studies, patients have shown improvement in some clinical
parameters. For instance, in a phase IIa clinical trial conducted
in the USA, in which patients received a high dose level of allo-
geneic BoneMarrow-MSC (BM-MSC) (10× 106 cells/kg), no
predefinedMSC-related haemodynamic or respiratory adverse
effects were observed. Besides, infusioned patients showed
an improvement in the oxygenation index and a reduced level
of Angiopoietin 2 (ANG-2) in plasma, demonstrating that the
MSC administration improved endothelial injury [64].

One of the factors that facilitated the application of MSCs
in therapies for Covid-19-ARDS is the fact that these cells
are highly resistant to Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) infection, as they do not express
either angiotensin-converting enzyme 2 (ACE2) or transmem-
brane protease serine subtype 2 (TMPRSS2) on its surface
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[65]. Importantly, this low expression is observed also in
inflammatory situations [66].

6. Conclusions

The development of new and effective therapies for ARDS
is a key objective of biomedical research and the therapies
based on MSCs are among the approaches with the greatest
potential. The potential suggested by preclinical studies has
been extended in clinical studies which have shown that, in the
treatment of ARDS, MSCs were safe and well tolerated. This
impression has been reinforced by the large number of studies
initiated in response to the Covid-19 pandemic. However,
mechanistic studies will still be needed to fully understand the
mechanisms of action so that these therapies can be optimized.
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