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Sepsis-induced acute respiratory distress syndrome (ARDS) has high morbidity and mortality
and arises after lung infection or infection at extrapulmonary sites. An aberrant host response to
infection leads to disruption of the pulmonary alveolar-capillary barrier, resulting in lung injury
characterized by hypoxemia, inflammation, and noncardiogenic pulmonary edema. Despite
increased understanding of the molecular biology underlying sepsis-induced ARDS, there are no
targeted pharmacologic therapies for this devastating condition. Here, we review the molecular
underpinnings of sepsis-induced ARDS with a focus on relevant clinical and translational studies
that point toward novel therapeutic strategies.

Introduction

Sepsis is a syndrome characterized by organ dysfunction and an aberrant immune response to an infection.
Organ dysfunction results from the local or systemic release of mediators that exert deleterious effects at
the site of infection or in organs distant from the inciting infection (1). Lung injury is common in sepsis,
and when this occurs it results in acute respiratory distress syndrome (ARDS). Therapies to prevent or treat
lung injury in sepsis remain elusive; therefore, it is critical to understand the molecular mechanisms that
lead to sepsis-induced ARDS and the translational implications of these findings.

The 2016 Sepsis-3 conference (2) defined sepsis as life-threatening organ dysfunction caused by a dys-
regulated host response to infection. Clinical sepsis criteria were refined to include an acute change of
greater than or equal to 2 points in the Sequential Organ Failure Assessment score, which assigns points for
markers of injury to various organ systems (3). Septic shock was defined as sepsis resulting in an elevated
blood lactate level (>2 pmol/L) and requiring vasopressors to maintain adequate blood pressure (mean
arterial pressure 265 mmHg) in the absence of hypovolemia. Patients with septic shock had significantly
higher mortality than those with sepsis alone (>40% vs. >10%). Importantly, aspects of this definition are
still undergoing critical evaluation (4-9). ARDS is defined by the acute (less than 7 days) onset of hypox-
emia and bilateral radiographic infiltrates consistent with pulmonary edema that are not explained by heart
failure (10). ARDS severity is determined by the degree of hypoxemia, as measured by the ratio of the par-
tial pressure of oxygen in the blood (PaO,) to the fraction of inspired oxygen delivered (FIO,), with a lower
PaO,/FIO, ratio indicating more severe lung injury. The mortality rate for patients with severe ARDS
(PaO,/FIO, <100) approaches 40%, with an intensive care unit (ICU) prevalence of 10%, affecting nearly
1 in 4 mechanically ventilated patients (11). In a recent international study, sepsis was an underlying cause
for approximately 75% of patients with ARDS (59% pneumonia, 16% extrapulmonary sepsis) (11), and it
is estimated that there are over 210,000 cases of sepsis-induced ARDS in the US annually (12, 13). Notably,
patients with sepsis-induced ARDS have higher mortality than those with ARDS from other causes (14).
There may be unique sepsis-activated molecular pathways that result in ARDS and are distinct from those
activated by other causes of ARDS (e.g., trauma, multiple transfusions). For example, certain pathways
discussed below, such as pyroptosis or downstream effectors of mesenchymal stromal cells and pro-resolv-
ing lipid mediators, appear to enhance bacterial clearance, suggesting a more specific role in sepsis-induced
ARDS. Additionally, studies have suggested that biomarkers correlating with higher levels of inflammation
(e.g., procalcitonin, soluble ICAM-1, soluble E-selectin) and endothelial dysfunction (e.g., VWF antigen
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and soluble urokinase-type plasminogen activator receptor) might be enhanced in sepsis-induced ARDS
compared with other causes of ARDS (15-17). Phenotyping ARDS patients based on biology underlying
the development of lung injury has been an intense focus of study in recent years. In fact, some experts felt
that clinical biomarkers should have been incorporated into consensus conference definitions, thus adding
urgency to the quest for improved correlation of molecular pathways with clinical phenotypes (18).

Below, we highlight aspects of the current understanding of sepsis-induced ARDS that have led to trans-
lational studies and clinical trials targeting the molecular pathogenesis of lung injury following infection.

Pathophysiology

The gas-exchanging unit of the lung, the alveolus, is lined by a thin (several microns thick) alveolar-capil-
lary barrier that maintains the air-liquid interface (Figure 1). The barrier has 3 components: (1) epithelial
cell layer (either type I [AT1] or type II [AT2] pneumocytes), (2) microvascular endothelial cell layer, and
(3) interstitial space between the epithelial and endothelial surfaces. Resident alveolar macrophages sit
directly on top of pulmonary epithelia. The central concept that defines lung injury in ARDS is loss of this
barrier (19). Sepsis-induced injury can initiate on the epithelial side (direct lung injury) or the endothelial
side (indirect lung injury) (Figure 1). Barrier dysfunction from sepsis-induced ARDS can arise from an
infection originating in the lung (e.g., pneumonia) or from extrapulmonary infection (e.g., intraabdominal
infection) (Figure 1). The lung has approximately 480 x 10°¢ alveoli (20) that can be differentially affected
when ARDS develops, resulting in substantial heterogeneity, with severe injury to some areas of the lung
and relative sparing of other areas.

In direct sepsis-induced ARDS, lung dysfunction begins following pneumonia. Pulmonary infections in
adults were believed to be most commonly bacterial, however, recent evidence supports an increasing inci-
dence of viral infections or combined bacterial/viral infections (21). Immunocompromised patients may be
at increased risk for fungal or other atypical infections. Immune suppression or underlying lung pathology
(e.g., interstitial lung disease; ref. 22) may increase risk for developing ARDS from pneumonia, but factors
that predict sepsis-induced ARDS development in patients with pneumonia have not been clearly identified.
Pulmonary pathogens activate a robust innate immune response in epithelial cells and alveolar macrophages,
followed by neutrophil infiltration and monocyte recruitment that contribute to sepsis-induced ARDS (23,
24). Release of proinflammatory mediators, such as TNF, IL-1B, and IL-6, lead to loss of alveolar-capillary
barrier integrity, neutrophil recruitment, surfactant dysfunction, and alveolar edema (Figure 1). Changes in
alveolar epithelial cells during sepsis-induced ARDS include alterations in alveolar fluid clearance, cell—cell
junction formation, and cell trauma or death (25-27). Pathways downstream of epithelial injury (discussed
below) may be disproportionately activated following direct lung injury. This concept is supported by the
observation that biomarkers related to epithelial dysfunction (e.g., surfactant protein D) are elevated in ARDS
patients with direct lung injury, compared with those with indirect lung injury (28).

Indirect sepsis-induced ARDS arises from an infection outside the lung. The mechanism(s) underlying
the development of lung injury from an infection at a distant site are multifactorial and not well understood.
The gut plays an important role in indirect lung injury, either as a primary source of infection or as the result
of compromised gut barrier integrity due to infection at another site (29). Increased gut permeability can lead
to the release of mediators that play a role in the development of lung injury (Figure 1). Toxic mediators
released from the gut may also travel to the lung through mesenteric lymphatics, known as the “gut-lymph”
hypothesis (30). The highly vascular nature of the lung and the fact that the entire cardiac output circulates
through the pulmonary circulation predisposes this organ to injury. Damage to the alveolar-capillary barrier
can be further fueled by alterations to microvascular endothelial cells and through formation of microthrom-
bi. Injury to the endothelial cell surface, through alteration of the glycocalyx, formation of platelet-leukocyte
aggregates, and triggered release of inflammatory mediators, can also facilitate loss of alveolar-capillary barri-
er function (31-33). Thus, in contrast with direct lung injury, pathways downstream of endothelial injury (dis-
cussed below) may be disproportionately activated following indirect lung injury. This concept is supported by
the observation that biomarkers related to endothelial dysfunction (e.g., angiopoietin-1) are elevated in ARDS
patients with indirect lung injury, compared with those with direct lung injury (28, 34).

Patients with sepsis-induced ARDS often require mechanical ventilation. Although lifesaving, mechan-
ical ventilation can exacerbate underlying lung injury through a process known as ventilator-induced lung
injury (VILI) (35, 36). Heterogeneity of lung injury during sepsis-induced ARDS predisposes local regions
to overdistension (volutrauma) or alveolar collapse and reopening (atelectrauma) during mechanical ven-
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Figure 1. Pathogene-
sis of sepsis-induced
ARDS. Sepsis-induced
ARDS arises from a

lung infection (direct
lung injury) or from an
extrapulmonary source
(indirect lung injury).
The host response to
the pathogen results in
recruitment of inflam-
matory cells, release

of proinflammatory
cytokines, and other
pathways of injury (see
text) that damage the
alveolar-capillary barrier.
Loss of integrity of this
barrier leads to influx

of pulmonary edema
fluid and lung injury. AM:
alveolar macrophage,
DAMPs: damage-associ-
ated molecular patterns,
EC: endothelial cell, EpC:
epithelial cell, NET: neu-
trophil extracellular trap,
PAMPs: pathogen-as-
sociated molecular
patterns, PRR: pattern
recognition receptor.
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tilation. Injurious mechanical forces can damage the lung through direct trauma to cells or through activa-
tion of mechanotransduction-associated biologic pathways (biotrauma). In preclinical models of sepsis-in-
duced ARDS, mechanical ventilation produces synergistic injury compared with sepsis or VILI alone (37,
38). These are referred to as “two-hit” models and mirror the course of human sepsis (39).
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Molecular pathways of lung injury

Our current understanding of the biology underlying sepsis and ARDS is vast, and many detailed reviews
have recently been published (30, 40—42). We focus on selected findings and contextualize them as they
pertain to sepsis-induced ARDS.

Generation of inflammation. Sepsis-induced ARDS is initiated by an inflammatory host response to a
microbial pathogen. The host response can be categorized into the innate immune response, which func-
tions via pattern recognition receptors (PRRs) directed against microbial molecules and the adaptive immune
response (humoral immunity from antibodies produced by B lymphocytes and cell-mediated immunity medi-
ated by T lymphocytes), as well as host-derived molecules, leading to activation of cellular immune responses.

PRRs are membrane-bound or cytoplasmic proteins that bind to corresponding PAMPs, such as micro-
bial nucleic acids, bacterial cell surface lipoproteins, and LPS. PRRs are present on surveillance cells,
such as immune, epithelial, and endothelial cells, that sample the local environment (41). For example,
Gram-negative bacteria—derived LPS is a PAMP that binds the cell-surface PRR TLR4, leading to innate
immune response activation (43). The PRR family also includes transmembrane proteins, such as other
TLRs and C-type lectin receptors, and cytoplasmic proteins, such as NOD-like receptors and retinoic acid—
inducible gene-I-like receptors (44). In addition to microbial signals, PRRs recognize endogenous DAMPs
released from intracellular and extracellular compartments during sepsis. DAMPs include those of nuclear
origin (e.g., DNA, high-mobility group box 1 protein) and those from the cytoplasm (e.g., RNA), the ECM
(e.g., hyaluronic acid), or other sites (e.g., mitochondrial DNA [mtDNA], ATP) (42, 45-47). An initial
septic insult produces downstream inflammation from PAMP stimulation of the innate immune system.
This inflammation is subsequently amplified by DAMP signaling, resulting in further cell and tissue injury
(41). These pathways trigger a cycle of injury, leading to alveolar-capillary barrier dysfunction, facilitation
of additional pathogen invasion, and PAMP stimulation of the innate immune system.

Early control of infection provides the best defense against the release of PAMPs and DAMPs. Data from
clinical studies support early antibiotics as a critical intervention for improving mortality from sepsis and devel-
opment of end-organ dysfunction. Mortality from sepsis is 5 times higher when the initial antibiotic choice
is inappropriate (48), and increased time to antibiotic administration is associated with progression to septic
shock (49). Activation of the innate immune response following infection is regulated by various cellular path-
ways, including autophagy, a highly conserved pathway involved in clearing damaged proteins and organelles
from cells. Following activation of the innate immune response, autophagy plays a key role in limiting mtDNA
release, which is dependent upon the NALP3 inflammasome (50). Inflammasomes are multiprotein complexes
that mediate caspase-1 activation, which promotes maturation and secretion of IL-1f and IL-18. Interestingly,
mice lacking key autophagy proteins produced higher levels of IL-1p and IL-18 in sepsis models and had higher
LPS- and polymicrobial sepsis-induced mortality than WT controls (51-53).

Our group and others have observed a striking association between elevated blood mtDNA levels and
mortality in sepsis and ARDS, as well as an association between IL-18 levels and mortality (54-56). These
data suggest that targeting inflammasome and autophagy pathways may represent a novel therapeutic strat-
egy. LPS (via TLR4 stimulation) can also induce autophagy through a p38/MAPK/VPS34 pathway that
results in activation of heme oxygenase-1 (HO-1), a cytoprotective molecule upregulated in sepsis and
ARDS (57). CO, a gaseous molecule produced endogenously, is a byproduct derived from HO-1 induc-
tion (58, 59). Although toxic at high doses, low-dose CO administered exogenously is cytoprotective in
preclinical sepsis and ARDS models (60). CO exerts its protective effect through pleiotropic mechanisms
via regulation of autophagy and apoptosis, as well as through regulation of mitochondrial biogenesis and
mesenchymal stem/stromal cells (MSCs) (57, 61-63). CO also enhances production and generation of
pro-resolving lipid mediators (ref. 64 and see below). A recent multicenter phase I clinical trial examining
the role of low-dose inhaled CO in sepsis-induced ARDS showed that low-dose inhaled CO administration
in patients with sepsis-induced ARDS was feasible and safe, raising the prospect of a future targeted thera-
peutic to modify a DAMP-mediated injury cascade (65).

In addition to autophagy, programmed cell death plays an important role in lung inflammation and sep-
sis-induced lung injury. Previously, apoptosis, which is considered noninflammatory, was believed to be the
only form of programmed cell death (66). More recently, other forms of programmed cell death have been
reported, including necroptosis (necrotic cell death; ref. 67) and pyroptosis (68), both of which are proin-
flammatory. Pyroptosis is a caspase-1-dependent form of programmed cell death that occurs in response
to infection with intracellular pathogens and is important for pathogen clearance. Immune cells recognize
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foreign pathogens, release proinflammatory cytokines, then “burst” and die, promoting tissue inflammation.
Pyroptosis activated by the inflammasome can promote lung injury (69), including that caused by sepsis (51).
Necroptosis is regulated by activation of the RIPK1-RIPK3 kinase complex pathway. Subsequent phosphor-
ylation of the mixed-lineage kinase domain-like protein by receptor-interacting protein kinase 3 (RIPK3) acti-
vates necroptosis and leads to the release of cellular contents that propagate the inflammatory response (69).
Many of the details of necroptosis signaling have been delineated in cancer cell lines, though necroptosis has
recently been shown to contribute to VILI (70). RIPK 3-deficient mice were protected from VILI and exhibited
lower indices of cell necrosis compared with control animals. Furthermore, RIPK3 was found to be elevated
in the plasma of mechanically ventilated patients, many of whom had sepsis-induced ARDS, demonstrating
a role for this pathway in critically ill patients (70). In a subsequent study, elevated RIPK3 levels in plasma
were associated with in-hospital mortality and organ failure in 5 ICU cohorts in the US and Korea (71).
This work makes up part of a rapidly expanding network of nonapoptotic cell death pathways that may also
contribute to organ dysfunction in sepsis-induced lung injury (67). Therapies that modulate these cell death
pathways may limit inflammation or barrier disruption in the context of sepsis-induced ARDS, and cell death
pathways may represent therapeutic targets in lung injury.

Dysregulated inflammation and downstream effectors. Dysregulation of the inflammatory response in
sepsis and ARDS has been reviewed previously (30, 40, 41). We will highlight some of the key find-
ings, including recent progress using inflammatory profiles in patient phenotyping. Activation of the
innate immune system by PAMPs or DAMPs leads to the release of numerous chemokines, as well as
proinflammatory cytokines (e.g., IL-13, TNF, IL-6, IL-8) and antiinflammatory cytokines (e.g., IL-10)
(30). Proinflammatory cytokines are important for pathogen clearance, but high levels can lead to alveo-
lar-capillary barrier breakdown by injury to the endothelial layer (circulating cytokines) or injury to the
epithelial layer (alveolar fluid cytokines) (72). After disruption of the alveolar-capillary barrier, proin-
flammatory effectors in the alveolar fluid are released into the circulation to promote further inflam-
mation and immune responses. Notably, the use of lung-protective ventilation (i.e., low—tidal volume
ventilation) has been shown to mitigate the release of various inflammatory cytokines (73).

Recently, it has become clear that there are subphenotypes of ARDS. Calfee et al. identified a hyperin-
flammatory subphenotype by applying latent class modeling to 2 cohorts from National Heart, Lung, and
Blood Institute (NHLBI) ARDS randomized controlled trials (74). Compared with other ARDS patients, the
hyperinflammatory subphenotype is characterized by higher plasma levels of proinflammatory biomarkers,
including IL-8 and soluble TNF receptor 1; lower serum bicarbonate; and higher prevalence of sepsis. The
hyperinflammatory group had worse outcomes, including higher mortality and fewer ventilator- and organ
failure—free days. Moreover, patients with the hyperinflammatory subphenotype responded differently to the
application of high positive end expiratory pressure on the ventilator, with a reduction in mortality that was
not seen across the entire cohort (74). There may be additional subphenotypes of ARDS, such as a profibrotic
subphenotype in which exacerbation of underlying interstitial lung abnormalities mimics ARDS (22).

Neutrophils are key effectors of the innate immune response to sepsis. These cells promote pathogen clear-
ance by engulfing and killing bacteria and by releasing NETs, which are networks of extracellular DNA, includ-
ing nuclear chromatin with associated proteins, that may facilitate pathogen clearance (Figure 1). However,
delayed neutrophil apoptosis and prolonged neutrophilic inflammation can mediate further alveolar-capillary
barrier disruption (75, 76). Interestingly, degradation of NETs with DNasel improves lung injury and mortality
in mouse models (77). Additionally, intravascular neutrophil and platelet activation can result in formation of
neutrophil-platelet aggregates, leading to secondary capture of neutrophils, further promoting endothelial cell
activation and barrier disruption. In preclinical ARDS models, blocking neutrophil-platelet aggregates mitigat-
ed the development of ARDS (24, 78). The complement system is also activated during sepsis, and PAMP or
DAMP exposure leads to the production of peptides such as C3a and C5a. C5a is a potent proinflammatory
peptide that functions as a chemoattractant for leukocytes and an amplifier of the inflammatory response. C5a
triggers an oxidative burst in neutrophils, resulting in production of ROS and granular enzymes that contribute
to tissue damage and barrier dysfunction (79). C5a can also promote NET formation (80).

Inflammatory network activation also affects the vascular and lymphatic endothelium, resulting in
increased expression of adhesion molecules that facilitate binding of leukocytes to the endothelium. Severe
sepsis can activate the coagulation system, with increased expression of procoagulant proteins (e.g., tissue
factor, platelet activating factor) and a reduction in anticoagulant proteins (e.g., tissue factor pathway inhib-
itor, activated protein C). Fibrin removal is impeded, in part, by increased plasminogen activator inhibitor

https://doi.org/10.1172/jci.insight.124061 5



) REVIEW

insight.jci.org

type 1 that inhibits the endogenous fibrinolytic system. As a result, increased microvascular clots can form
that can promote tissue injury and end-organ dysfunction through impaired perfusion. In more severe cases
of sepsis, widespread microvascular thrombosis can lead to disseminated intravascular coagulation and,
paradoxically, thrombocytopenia and uncontrolled bleeding, likely from consumption of platelets and clot-
ting factors. The coagulopathy of sepsis has been reviewed in detail previously (81).

Microvascular thrombosis and formation of platelet-leukocyte aggregates are likely key processes
mediating sepsis-induced lung injury. Abdulnour et al. recently examined peripheral blood leukocyte
number and activation in patients at risk for ARDS included in the Lung Injury Prevention Study with
Aspirin trial of aspirin versus placebo (82), where aspirin did not reduce the risk of ARDS at 7 days.
Many enrolled subjects had sepsis as their risk factor for ARDS development (>76%). Unexpectedly,
biomarkers of intravascular monocyte activation (i.e., monocyte—platelet aggregates) in at-risk patients
were associated with ARDS development, pointing toward a role for activated monocytes in early ARDS
pathogenesis (83). Future studies will need to address the functional implications of monocyte—platelet
aggregates and monocyte subsets in lung injury development.

Immune suppression and immunoparalysis. Suppression of the adaptive immune response in sepsis may lead to
a persistent compensatory antiinflammatory phase termed “immunoparalysis.” Following initial cytokine-medi-
ated hyperinflammation, immunoparalysis can lead to nosocomial infections and increased mortality in the later
phase of sepsis (84). Although resuscitation strategies have improved early mortality in sepsis, patients often die
in the later immunoparalysis phase, which is characterized by organ dysfunction, including the development of
VILI in patients who require mechanical ventilation. Reactivation of viral infections, such as CMV, during this
period (even in previously immunocompetent hosts) may confer additional risk for ARDS development (85).
Strategies to prevent reactivation of latent viral infections is a potential approach to combat immunosuppression
in sepsis. A recent phase II study examined whether ganciclovir in CMV-seropositive adults with sepsis-asso-
ciated respiratory failure would prevent reactivation (86). There was no significant difference in the primary
outcome (change in plasma IL-6 levels), but secondary analyses showed that ganciclovir decreased CMV reacti-
vation and duration of mechanical ventilation and increased ventilator-free days. Although current data do not
support the use of antiviral therapy to prevent reactivation or secondary infection, future studies will be needed
to determine if this type of chemoprophylaxis can improve outcomes in the ICU.

Apoptosis-mediated depletion of CD4" T cells and B cells has been proposed to lead to sepsis-induced
immunoparalysis (87). Another potential mechanism is sepsis-related T cell exhaustion, during which dys-
functional T cells express programmed cell death protein 1 (PD-1) and cytotoxic T lymphocyte antigen-4
(CTLA-4). Stromal and professional antigen-presenting cells increase expression of T cell programmed
death ligand 1 (PD-L1) that binds PD-1 on T cells and suppresses T cell function (88). Furthermore, there
is a shift toward a T helper type 2 immune-suppressive cytokine profile and increased activity of Tregs,
which are also immune suppressive (88). Interestingly, T helper type 17 cells link the adaptive and innate
immune systems, in part through IL-17 production and augmentation of neutrophil responses (89). Similar
to cancer, reversal of T cell exhaustion has been proposed as a potential therapeutic approach in sepsis (90),
and antibodies to CTLA-4, PD-1, and PD-L1 have shown benefit in murine sepsis models (91, 92). Other
effectors of the immune system, including NKT cells, mucosal-associated invariant T cells, yo T cells, CD8*
T cells, and B cells, have previously been implicated in sepsis (see ref. 30 for detailed review).

Another potential strategy to prevent secondary infection and organ dysfunction during sepsis is to target
immunodysfunction, with the goal of determining an individual’s state of inflammation and/or immunopa-
ralysis. This approach requires the ability to define the immunologic state of a patient with sepsis in real time
and then administer treatment to alter that state. Such phenotyping would determine whether targeted therapy
to suppress or boost the immune system could mitigate lung injury, and novel tools for rapid bedside immuno-
phenotyping are being developed (93). Treatment with an antiinflammatory therapy may be appropriate for a
patient in the hyperinflammatory phase of sepsis, while immunostimulatory therapies have a theoretical benefit
during immunoparalysis. Examples of potential immunostimulatory therapies include leukocyte growth factors
(GM-CSFs) that can increase neutrophil phagocytosis and killing (94); immunostimulatory cytokines (IFN-y
and IL-7) that stimulate T cell survival and proliferation (95); and inhibitors of negative costimulatory pathways
(PD-1 and PD-L1) (88). A recent study by Morrell et al. suggested that PD-L1 activation might hold promise
for patients with sepsis-induced ARDS. The authors used cytometry by TOF (CyTOF) (96), combining flow
cytometry with elemental mass spectrometry, to characterize immunophenotypic profiles of human alveolar
leukocytes in ARDS (97). The majority of subjects with ARDS in this study had sepsis-induced ARDS, and
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expression of PD-1- and PD-L1-associated genes was significantly decreased in alveolar macrophages from
ARDS subjects who required prolonged mechanical ventilation or died. The findings in this small cohort raise
the interesting question as to whether PD-L1 expression on alveolar macrophages plays an important role in
controlling the inflammatory response and whether activating PD-L1 may represent a novel therapeutic strategy
in ARDS. Interestingly, PD-L1 checkpoint blockade in cancer patients has been associated with development of
an ARDS:-like pneumonitis (98), further supporting the relevance of this pathway in ARDS.

Resolution and repair of injury

Epithelial and endothelial cell repair. During sepsis-induced ARDS there is parallel activation of pathways
that lead to lung injury and that promote resolution. The first step in the resolution of sepsis-induced lung
injury is reestablishment of a functional alveolar-capillary barrier. On the epithelial side, this process begins
with the migration and differentiation of AT2 cells to replace the injured AT1 cells, followed by prolifer-
ation of tissue resident progenitor cells. The release of soluble mediators from other structural lung cells
plays a key role in alveolar epithelial repair. Keratinocyte growth factor (KGF) is released from fibroblasts
and other lung cells and promotes epithelial repair (99). Administration of recombinant KGF or genetic
overexpression decreases lung injury in preclinical models (100-102). However, a recent phase II trial of
recombinant human KGF did not improve outcomes in ARDS and may have caused harm (103).

The lung endothelium must also be repaired during sepsis-induced ARDS. Endothelial permeability
develops during lung injury through stimulation of the actin-myosin cytoskeleton and stress fiber formation
in a Rho-dependent fashion (104). The release of inflammatory cytokines and other mediators of injury leads
to the formation of intercellular gaps and leakage of edema fluid into the interstitial and alveolar spaces.
Decreasing stress fiber formation by dampening Rho pathway activation leads to a compensatory activation
of the Rapl GTPase (105). Activation of Rapl leads to restoration of adherens junctions and barrier integrity
(105, 106). Another potent regulator of endothelial permeability is the bioactive lipid sphingosine-1-phos-
phate (S1P), which enhances barrier permeability through a series of signaling events that are initiated after
binding to its membrane-bound GPCR (107). These pathways lead to the formation of focal adhesion kinases
and the assembly of intercellular junctions (107). Interestingly, functional promoter variants in the S1P recep-
tor SIPR3 were shown to associate with susceptibility to sepsis-induced ARDS (108).

Other molecules, including angiopoietin-1, have been shown to play key roles in maintenance and
repair of the pulmonary endothelium (104). Angiopoietin-1 is a vascular growth factor that maintains
capillary integrity via binding to the endothelial Tie2 receptor (109). Following vascular injury during sep-
sis-induced ARDS, angiopoietin-2 is released from endothelial cells and antagonizes angiopoietin-1 bind-
ing to Tie2, leading to increased vascular permeability (110). Angiopoietin-2 levels are increased in patients
with ARDS and sepsis and are associated with worse outcomes (111-114). An angiopoietin-1 mimetic and
angiopoietin-2-binding antibodies have been shown to prevent lung injury in preclinical ARDS (115) and
sepsis (116) models and are currently being developed for possible use in patients with ARDS (117).

HMG CoA reductase inhibitors (i.e., statins) have also been investigated as a potential therapy in
ARDS through protection of the endothelial barrier (118, 119). A recent report suggested that statins can
also dampen inflammation from injurious mechanical forces during mechanical ventilation (120). Despite
benefit in preclinical models, a randomized clinical trial of rosuvastatin versus placebo in sepsis-induced
ARDS failed to show a difference in 60-day mortality and was stopped early for futility (121). A second
randomized trial of simvastatin in ARDS (Hydroxymethylglutaryl-CoA reductase inhibition in Acute lung
injury to Reduce Pulmonary dysfunction [HARP-2] trial) did not decrease ventilator-free days (122), but
interestingly, a subsequent analysis of the HARP-2 data showed that patients with a hyperinflammatory
subphenotype had increased survival when treated with simvastatin (123). These data highlight the impor-
tance of using a strategy to identify patients that are likely respond to a therapy (i.e., predictive enrichment)
when conducting clinical trials in patients with ARDS (124).

Extracellular adenosine is an endogenous antiinflammatory mediator that decreases leukocyte recruit-
ment to the lung (125) and enhances endothelial barrier function in the context of lung injury (126). In the
vasculature, adenosine is generated from AMP by the endothelial enzyme ecto 5"-nucleotidase (CD73) (127).
IFN-B-1a increases CD73 expression in pulmonary capillaries, and a phase I/1I trial of IFN-B—1a in patients
with ARDS demonstrated that this drug was safe and was associated with a decrease in 28-day mortality
(128). However a recent phase III trial of IFN-B—1a in ARDS did not show a significant improvement in
mortality or ventilator-free days (129).
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The matrix, progenitor cells, and lung repair. Lung repair begins with the deposition of a provisional matrix
to facilitate migration and proliferation of fibroblasts and other lung structural cells. The matrix also plays
a key role in orchestrating the proliferation of various structural cells to restore normal lung architecture.
Mesenchymal cells, including fibroblasts, produce collagen and other matrix components in response to the
secretion of TGF-f and other FGFs (130). Fibroblasts can also degrade and remodel the matrix through
the secretion of metalloproteinases (131). Once lung structure and function have been reestablished, the
provisional matrix is removed and fibroblasts return to a homeostatic and quiescent state. Failure to return
to homeostasis results in persistent matrix deposition and fibroblast proliferation that is characteristic of the
fibroproliferative phase of ARDS (132).

As the lung barrier is restored and fluid is cleared from alveoli, progenitor cells proliferate and differenti-
ate to restore alveolar architecture and function. Although some controversy persists, the current consensus
is that the adult lung contains multiple niches of progenitor cells that function as stem cells and proliferate
in response to injury (133). Basal cells can self-renew and give rise to all cell types in the airway epithelium
(133, 134). Recently, 2 groups found that activation of WNT signaling identified a subpopulation of AT?2 cells
responsible for proliferation and differentiation following epithelial injury from influenza (135) or hyperoxia
(136). MSCs are found in many tissues and were originally defined by the ability to differentiate into multiple
tissue types in vitro. Though they do not directly engraft or act as progenitor cells, MSCs possess immuno-
modulatory properties and decrease injury in preclinical ARDS models (137). A phase I trial of allogeneic
bone marrow—derived MSCs for ARDS found that a single infusion of MSCs in patients with moderate to
severe ARDS was well tolerated (138), which was confirmed in a recently published phase II trial (139).

Resolution of inflammation and clearance of inflammatory cells. Once a tight barrier has been reestablished,
the next step is clearance of inflammatory cells, debris, and edema fluid from the alveolar and interstitial
spaces. This process is mediated by decreased production and degradation of chemokines (140). As inflam-
mation dampens, recruited neutrophils undergo apoptosis or other forms of cell death (see above). Apop-
totic neutrophils are cleared through phagocytosis by macrophages and dendritic cells in a process known
as efferocytosis, further decreasing the secretion of proinflammatory mediators (141) and increasing the
secretion of antiinflammatory cytokines such as IL-10 (142). Alveolar macrophages and recruited mono-
cytes are primarily responsible for removing apoptotic cells and other debris, such as pathogens, surfactant
components, ECM components, and microparticles (143). Edema fluid is removed through active transport
that is dependent on ion channels in the apical and basolateral membranes of lung epithelial cells. Epithe-
lial sodium transport channels (ENaCs) on the surface of AT2 and AT1 cells permit passive movement of
sodium from the airspaces into the cytoplasm (144). This gradient is maintained through active transport of
sodium into the blood through the Na/K ATPase in the basolateral membrane. Transport of water follows
sodium from the alveolar space into the interstitial and plasma compartments for clearance. Alveolar fluid
clearance (AFC) is regulated by changes in expression and membrane localization of both the ENaC and
the Na/K ATPase in preclinical models (145, 146) and is impaired in ARDS patients (147).

B-Adrenergic agonists enhance AFC by increasing membrane localization and expression of the
ENaC and Na/K ATPase channels in a cAMP-dependent manner (145). The NIH ARDS network
albuterol for the treatment of acute lung injury (ALTA) trial examined the use of aerosolized albuterol to
promote resolution of edema. The study was terminated for futility, with no significant difference in the
primary endpoint (ventilator-free days) (148). A subsequent trial of intravenous salbutamol was also inef-
fective and was stopped early for increased mortality in the treatment group (149). Recently, the phase II
Lung Injury Prevention Study with Budesonide and Beta Agonist, Formoterol, examined the early use
of a combination of inhaled formoterol and budesonide in newly hypoxemic patients at risk for ARDS.
Patients receiving the study drug had improved oxygenation with no significant adverse effects (150).
Further study is needed to determine whether therapies that enhance AFC will be safe and efficacious in
patients with ARDS, and specifically in patients with sepsis-induced ARDS.

The process of resolution and repair described above is orchestrated by different cell types and several
classes of master regulators. Cells such as resident and recruited alveolar macrophages (143, 151) and Tregs
(152) play a vital role in limiting injury and coordinating the repair process. These cells and others exert their
effects through direct cell—cell interaction and through the release of secreted mediators. One class of media-
tors is specialized pro-resolving lipid mediators (SPMs), including lipoxins, resolvins, protectins, and maresins
(153). These molecules coordinate a variety of cellular processes that dampen inflammation and promote res-
toration of the lung barrier by limiting leukocyte recruitment, decreasing cytokine release, promoting debris
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clearance from the alveolar space, and perhaps modulating pyroptosis (153, 154). Administration of SPMs
improved outcomes in some preclinical ARDS models (24, 155), and a small study suggests that specific lipid
mediator signatures in patients with sepsis might correlate with survival and predict ARDS development
(156). Thus, SPMs hold promise as novel biomarkers and therapeutic targets in sepsis-induced ARDS.

Conclusion

Disruption of the alveolar-capillary barrier is the pathophysiologic hallmark of sepsis-induced ARDS. Ini-
tiation of the host response to infection and subsequent dysregulation of that response drives barrier disrup-
tion. Repair of the epithelium and endothelium are essential for resolution of sepsis-induced ARDS. When
the repair process is impaired, lung injury can fail to resolve or progress to fibrosis. Developing effective
therapies for sepsis-induced ARDS has proven difficult due to heterogeneity among ARDS patients, lim-
itations of preclinical models, and a lack of readily available lung tissue from ARDS patients for research.
Additionally, sepsis-induced ARDS can be initiated by a wide array of different inciting infections that
might ultimately require different types of pathogen-specific treatment to interrupt lung injury. However,
with increasing understanding of patient heterogeneity, recent discovery of novel biomarkers as poten-
tial therapeutic targets, and improved molecular tools for phenotyping patients, we remain optimistic that
understanding the underlying biological processes will ultimately lead to the successful translation of new
therapies to prevent or treat ARDS in patients with sepsis.
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