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Abstract

There is no FDA approved treatment for acute respiratory distress syndrome (ARDS), in spite of 

the relatively large number of patients with the diagnosis. In this report, we provide an overview 

of preclinical studies as well as a description of completed and future clinical trials in humans with 

ARDS. Preclinical studies dealing with acute lung injury (ALI) have suggested roles for 

complement and complement receptors, as well as the evolving role of histones, but details of 

these pathways are inadequately understood. Anti-inflammatory interventions have not been 

convincingly effective. Various cell growth factors are being considered for clinical study. 

Interventions to block complement activation or its products are under consideration. Stem cell 

therapies have shown efficacy in preclinical studies, which have motivated phase I/II trials in 

humans with ARDS.

Epidemiology of ARDS

The Acute Respiratory Distress Syndrome (ARDS) is characterized by a severe, acute 

inflammatory responses within the lung, resulting in diffuse damage to the alveolar-capillary 

barrier, flooding the airspaces with protein-rich edema fluid, with resulting severe gas-

exchange abnormalities (1, 2). This is a common syndrome, with an annual US incidence of 

greater 80 per 100,000 population, and especially common in the elderly (3). ARDS can be 

precipitated by either direct or indirect insult to the lung. Direct insults include pneumonia, 

aspiration of gastric contents, pulmonary contusion, or inhalation of injurious gases. Indirect 

injury can occur as a result of systemic processes such as sepsis, pancreatitis, multiple 

trauma, or massive transfusion of blood products. Sepsis is the most common cause of 

ARDS in humans. Sepsis due to a pulmonary cause carries with it the highest mortality as 

compared to other etiologies of ARDS (3). Early deaths in ARDS are due to hypoxic 

respiratory failure and development of multiple organ failure, whereas deaths after 2 weeks 

are usually attributable to progressive pulmonary dysfunction as a result of exuberant 
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fibroproliferation and/or the development of nosocomial infection, most notably pneumonia 

(4, 5).

Pathogenesis of ARDS

In the initial phase of ARDS (referred to as the exudative phase), direct or indirect insults 

generally result in injury to both the capillary endothelium and the alveolar epithelium (6, 

7). Type I alveolar epithelial cells (AEC) comprise >95% of the alveolar surface, and are 

particularly susceptible to injury. As a consequence of capillary endothelial and AEC injury, 

there is loss of alveolar-capillary barrier function, and accumulation of protein rich edema 

fluid within the pulmonary interstitium and alveolus (1). Denuded epithelium is replaced by 

the formation of proteinaceous hyaline membranes (Figure 1A). The exudative phase of 

ARDS is temporally associated with influx of neutrophils within pulmonary capillaries, 

margination and adherence to the activated endothelium, followed by exuberant 

accumulation of PMNs in both interstitial and alveolar spaces (8). Activated PMNs 

contribute to lung injury by releasing a variety of injurious molecules, including neutrophil 

elastase, metalloproteases, and other proteolytic enzymes, oxidants, and reactive nitrogen 

species (9, 10). In addition to PMNs, there is chemokine-dependent emigration of 

macrophages, which can amplify pulmonary injury by releasing inflammatory cytokines and 

apoptosis-inducing molecules (11).

The fibroproliferative phase of ARDS occurs early after injury (within initial 3 days) and 

temporally overlaps with inflammatory events that characterize the exudative phase. The 

alveolar space becomes engorged with proliferating mesenchymal cells, including 

fibroblasts, myofibroblasts, and locally generated pluripotential mesenchymal progenitor 

cells (12, 13). Type II AEC proliferate to replace necrotic and apoptotic type I cells, and new 

blood vessels form within the provisional matrix. There is also evidence of thrombogenesis 

and impaired fibrinolytic activity, as indicated by the accumulation of fibrin in the distal 

airspaces, together with microthrombi in small pulmonary vessels (14–16). In some patients, 

there is pronounced deposition of matrix components, including fibronectin and replacement 

of type III collagen by type 1 collagen (12). An exuberant fibroproliferative response in 

patients with ARDS is associated with a requirement for prolonged mechanical ventilation 

and increased mortality (5, 17). The CT appearance of the exudative and fibroproliferative 

phases of ARDS is shown in Figure 1B and C, respectively.

Animal Models of Acute Lung Injury (ALI)

No animal model recapitulates all of the key histopathological features of human ARDS. 

However, a number of models of ALI, mostly in rodents, have been described and are 

outlined in Table 1, along with the routes by which the various ALI-inducing agents are 

given. It has been suggested that agents in items 1a-d tend to be associated, at least early on, 

with damage of capillary endothelial cells in lungs (18–20). These agents include oleic acid 

which is known to be toxic to vascular endothelial cells (21). LPS, which is not directly 

toxic to cells, produces a sequence of events that can lead to both endothelial cell and 

alveolar epithelial damage. Live E. coli given via the airways produces a series of events in 

lung similar to the effects of LPS. Bleomycin causes injury to endothelial cells, usually with 
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resultant fibrosis through a series of signaling pathways involving TGFβ and other signaling 

molecules. Agents cited in 2e-k (Table 1) are thought to chiefly target alveolar epithelial 

cells, at least in the early phases of lung injury. HCl given i.t. will cause reversible damage 

to the alveolar epithelium, although, in the case of aspiration pneumonia in humans, there is 

an abundance of particulates (from ingested food) that produces a much more pleomorphic 

and intense inflammatory response than that caused by HCl alone. A more recently 

described transgenic model involves selective diphtheria toxin-induced depletion of type II 

AEC, resulting in progressive fibroproliferation (22). This response is mediated in part by 

recruited macrophages, which elaborate both inflammatory and fibrogenic cytokines and 

produce collagen (23). The combination of damage to capillary endothelial cells and 

alveolar epithelial cells appears to be prominent in models indicated in Table 1 which 

includes ischemia-reperfusion (IR) injury directly involving the lung arterial system. It has 

been also established that IR injury involving distant sites, such as outflow tracts of the 

abdominal aorta (as in the case of a dissecting aneurysm or thrombotic IR of the femoral 

arterial system) can also lead to lung damage via systemic activation of the complement 

system and related events (24–26). It is clear that the designations in Table 1 are arbitrary 

and probably not completely accurate. For instance, airway delivery of LPS results in 

alveolar edema, PMN buildup, and fibrin deposits along with RBC presence in alveolar 

spaces (27). Based on the morphology, it is clear that both vascular endothelial cell and 

alveolar epithelial cell barriers have been damaged, leading to these morphologic changes. 

In the case of sepsis, whether due to infectious agents or related to damage or danger 

associated molecular patterns (DAMPs) as in “sterile sepsis” that occurs in hemorrhagic 

shock, the outcomes are often similar, resulting in severe sepsis or septic shock. 

Remarkably, most examples of ALI usually end up with “resolution” of inflammation 

(return to preinjury state) as well as repair or replacement of damaged cells. Usually, days or 

weeks later after onset of ALI, the morphology of the lung in rodents has returned to 

preinjury state, suggesting that the lung has remarkable regeneration and healing abilities, 

also involving regeneration of damaged or apoptotic or necrotic epithelial and endothelial 

cells. To what extent the “regenerative” outcome in ALI-damaged lung is linked to locally 

present “stem cells” or is due to bone marrow-derived stem cells is a matter of current 

dispute and is discussed below.

The propensity for development of fibroproliferation in ALI appears to be a function of the 

experimental agent employed (bleomycin), but at least experimentally it can also be linked 

to the extent to which there has already been extensive denuding of the alveolar epithelium 

and/or vascular endothelium, resulting in a fibrotic outcome before alveolar epithelial or 

endothelial cell regeneration can be completed. Earlier studies have also suggested that 

reactive oxygen species produced by both PMNs and macrophages, especially the hydroxyl 

radical and myeloperoxidase products (HOCl) from H2O2 also play important roles in the 

extent of alveolar and epithelial cell damage or destruction and a subsequent fibrotic 

response (28). Such events may result in strong activation of fibroblasts and rapid (within 

days) development of pulmonary fibrosis in rodents. Proteases (including matrix 

metalloproteases) and other inflammatory products also appear to contribute to such 

outcomes.

Standiford and Ward Page 3

Transl Res. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Molecular Events in Experimental ALI

Figure 2 summarizes experimental and clinical evidence related to molecular events leading 

to ALI and, often, to multiorgan failure. The latter occurs when the products generated in 

lung (complement activation products, chemokines and cytokines, proteases, etc.) become 

disseminated. Whether ALI is triggered by DAMPs (histones, HMGB1, etc.) or pathogen 

associated molecular patterns (PAMPs) such as LPS, lipoteichoic acid, etc., complement 

activation ensues as well as engagement of extracellular toll like receptors (TLRs) and 

perhaps intracellular NOD-like receptors (NLRs) (29, 30). The role of complement 

activation products and receptors are key in events leading to ALI (31). At the onset of ALI, 

generation of C5a ensues, followed by engagement of C5a with its two receptors (C5aR1, 

C5aR2) which are heavily expressed on PMNs but also at much lower levels on 

macrophages, endothelial cells and a variety of other cell types (31). C5a induces neutrophil 

extracellular traps (NET) formation in PMNs, resulting in local containment of bacteria and 

release of histones, myeloperoxidase, and other products of PMNs (32–34). Extracellular 

histones activate the NLRP3 inflammasome (35, 36) with release of IL-1β and IL-18, both 

of which are proinflammatory. Numerous other cytokines and chemokines are released, the 

bulk of which appear to be deriving from lung macrophages (32, 36), but also by structural 

cells that comprise the alveolus. These mediators have broad proinflammatory effects. 

Histones are also highly lung-damaging, resulting in severe disturbances in gas exchange 

between the capillary compartment and alveolar spaces. In addition, histones are highly 

prothrombotic and trigger venous thrombosis in lung (32). Use of a histone neutralizing 

mAb has been highly protective in the setting of ALI as well as in the setting of sepsis (35, 

37). On the basis of analysis of BALF from humans and mice with ALI, the presence of 

histones has been verified by use of ELISA and Western blots. It appears that histones 

(H2A, H4) are present in BALF obtained from mice and humans with ALI (32). However, 

conclusions are incomplete, since quantitative detection of individual histones by ELISA has 

been difficult due to lack of suitable reagents.

There are limited data suggesting that circulating stem cells as well as stem cells resident in 

the lung may attenuate ALI in mice induced by airway instillation of LPS (38). It may be 

that such outcomes are linked to paracrine release of protective products from marrow-

derived stem cells resulting in enhanced function of residual type II epithelial cells or 

accelerate cell regeneration. In general, past studies have not convincingly established 

whether circulating or in situ stem cells in lung play an important role in recovery from 

defective lung function following onset of ALI. However, Vaughan and colleagues have 

recently shown for the first time that a lung-derived population of lineage-negative epithelial 

stem/progenitor cells proliferate and migrate to sites of alveolar epithelial injury to 

repopulated denuded epithelium in response to either influenza- or bleomycin-induced lung 

injury (39).

Protective Interventions in pre-clinical models of ALI

A large number of interventions has been described in the literature in order to block ALI. 

These include antioxidants, antiproteases, and signal transduction inhibitors. Most studies 

have been employed in rodents. Obviously, our discussion of protective interventions is very 
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limited. Our knowledge regarding interventions that are protective in the setting of ALI has 

come from the use of experimental models of ALI. As indicated in Figure 2, ALI can be 

induced by airway instillation of C5a, IgG immune complexes or LPS, the latter two 

resulting in early complement activation and appearance of C5a, which is reactive with 

C5aR1 and C5aR2. These early events are keystones for events that will evolve into ALI. As 

shown in Table 2, antibody-induced neutralization of C5a or other antibodies that block 

C5aRs are highly protective in the setting of ALI and sepsis (31, 40–42). The appearance of 

histones soon after complement activation is PMN-dependent and requires availability of 

C5aRs (32), suggesting that the bulk of extracellular histones appearing in BALF are 

derived from NETs formed by PMNs. As indicated above, histones have strong 

proinflammatory (32), cell damaging and procoagulant activities for lungs. Targeting 

histones in lung with a neutralizing mAb provides high levels of protection against 

development of ALI (32). Another strategy to protect from ALI is to employ a heparin 

derivative that lacks anti-coagulant activity but has an acidic charge and binds to histones, 

resulting in inactivation of the biological activities. This strategy has been shown to be 

protective in the setting of sepsis (43). The heparin derivative is intriguing since it has 

already received FDA approval in humans (44). Because of the diversity of chemokines and 

cytokines and overlapping interactions with their receptors, it seems unlikely that in vivo 

neutralization of these mediators with mAbs would be effective in humans with ALI. The 

exception to this may be inflammasome-derived IL-1β and IL-18, using the IL-1β receptor 

antagonist (anakinra). This antagonist is clinically effective in rheumatoid arthritis (45) and 

also in mice reduces the intensity of collagen-induced arthritis, which is complement-

dependent (46). Clearly, a more complete understanding of events coming into play in ALI 

is needed in order to identify the most effective candidates that may be considered for use to 

treat humans developing ALI.

Human Clinical Trials Targeting Dysregulated Cellular and Molecular 

Pathways in ARDS

Translating discoveries made in pre-clinical animal models of ALI into effective therapies in 

patients with ARDS has been disappointing. These animal models have been informative in 

identifying cellular and molecular pathways involved but have been much less useful in 

predicting response to therapy. Temporal changes in pathophysiological events, the 

functional redundancy and pleotropic effects of cytokine and chemokine mediators and 

transcription factors, and the heterogeneity in host responses of syndromic diseases such as 

ARDS have made treatment especially challenging. To date, the only intervention proven 

effective in multi-center Phase III trials in ARDS is the use of lung-protective ventilation, 

which reduces alveolar stretch and systemic release of inflammatory mediators (e.g. IL-6) 

(47). Various cellular/molecular pathological pathways have been or are currently being 

targeted (Table 3) in ARDS patients or at-risk patients.

Anti-inflammatory Strategies

Immune activation occurs early in ARDS in response to local or systemic insults, resulting 

in the intrapulmonary and in some instances systemic release of pro-inflammatory 

mediators. However, approaches to suppress deleterious inflammation have not consistently 
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resulted in improvement in patient-oriented outcomes. Targeting of specific pro-

inflammatory cytokines, including TNF-α and IL-1β, has not improved the outcome of 

patients with ARDS or altered susceptibility to ARDS development in at-risk patients. The 

early (first 48 hrs) or late (after 14 days) administration of high-dose corticosteroids has 

been ineffective in reducing the mortality or complications of ARDS (48, 49). However, 

there is some suggestion that corticosteroids given at more moderate doses administered 

during the earlier stages of fibroproliferative ARDS may be of benefit (50), and is currently 

being investigated in a multi-center phase II/III trial. Other failed strategies to broadly 

suppress inflammatory processes include the administration of prostaglandin E1, 

lysophylline, ketoconazole, statins, dietary oils and other anti-oxidants.

Neutrophils and/or neutrophil derived products are believed to play a major pathogenic role 

in ALI/ARDS. Despite promising pre-clinical and phase II results in patients with ARDS, 

administration of neutrophil elastase inhibitors (sivelestat) did not improve and in fact 

caused worsening outcomes in these patients (51). Attempts to inhibit CXC chemokine-

dependent PMN recruitment and/or activation using CXCR1/2 blockade in humans have 

been contemplated but as yet not performed.

Recent data suggests that both vitamin C and vitamin D3 can exert anti-inflammatory 

properties, although the molecular mechanisms accounting for these effects are uncertain 

(52–54). There are ongoing phase II trials to delineate the effect of vitamin D 

supplementation on ARDS development in high risk patients and high dose vitamin C 

administration in patients with established ARDS.

Growth Factors

A recent paradigm in therapeutic strategies is to target factors that promote cytoprotective 

and mitogenic effects on lung epithelium. Examples include growth factors such as 

keratinocyte growth factor (KGF), granulocyte-macrophage colony stimulating factor (GM-

CSF) and hepatocyte growth factor (HGF). Keratinocyte growth factor is a member of the 

fibroblast growth factor family (also known as FGF-7) which exerts both cytoprotective and 

mitogenic effects on lung epithelium (55). Importantly, KGF is an inducer of GM-CSF from 

alveolar epithelium, leading to enhanced GM-CSF-mediated alveolar macrophage 

antimicrobial function (56). Despite promising pre-clinical studies, a multicenter phase II 

trial of KGF administration in ARDS patients failed to demonstrated improvement in 

clinically relevant outcomes. GM-CSF is a pleotropic cytokine with potent activating and 

differentiation effects on myeloid cells (macrophages, dendritic cells and PMN) and 

promotes cytoprotection and mitogenic effects on epithelial surfaces, including alveolar and 

intestinal epithelium. A multicenter phase II trial of GM-CSF administration in patients with 

established ARDS did not change duration of mechanical ventilation, but did resultant in 

trends suggestive of reduced non-pulmonary organ failure and decreased mortality (6% 

absolute reduction, 26% relative reduction) as compared to placebo patients (57). These 

finding are consistent with improved clinical outcomes in other phase II trials involving non-

neutropenic patients with sepsis (58–61), and raise the possibility that the salutary effects of 

GM-CSF observed may be attributable to reversal of leukocyte reprogramming of sepsis or 

mobilization of marrow derived progenitor cells, such as endothelial progenitor cells. A 
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European multicenter trial of GM-CSF administration in patients with sepsis-induced 

immune reprogramming (as indicated by reduced monocyte HLA-DR expression) will begin 

this year. Moreover, a trial of early GM-CSF administration to prevent ARDS development 

and improve patient-oriented clinical outcomes in patients with septic shock or severe sepsis 

due to pneumonia is one of several trials being considered by the newly formed Prevention 

and Early Therapy in Acute Lung Injury (PETAL) Network. A final potential target is 

hepatocyte growth factor (HGF). HGF is produced primarily by fibroblasts which induces 

proliferation of alveolar type II epithelial cells (62–64) and human bronchial epithelial cells 

(65), raising the possibility that this molecule might play a role in lung repair post injury. 

Human trials evaluating effects of HGF administration are contemplated but not yet 

organized.

Coagulation/Complement Cascade

Sepsis and ARDS have in common robust systemic activation of both the coagulation and 

complement cascade, resulting in vascular injury, microthrombi formation, and 

complement-mediated activation of leukocytes and platelets (66). The hypercoagulable state 

in sepsis/ARDS is mediated, in part, by endothelial damage and the systemic release of 

tissue factor, which has been shown to be secreted in membrane-bound vesicles 

(microparticles). Attempts to block factors that promote coagulation or administration of 

anticoagulants in sepsis and ARDS have been largely unsuccessful. However, a small single 

center phase II study suggested that nebulized heparin may reduce duration of mechanical 

ventilation in patients at risk for ARDS (67). This study has motivated a larger phase II trial 

to assess the impact of nebulized heparin on ARDS development in at-risk patients. Finally, 

observational data suggests that pre-admission cyclooxygenase inhibitor use was associated 

with reduced ARDS development (68). A multicenter phase II trial assessing the impact of 

aspirin administration on ARDS development in at risk patients (LIPS-A) has been 

completed and results of this trial have not yet been reported.

Immune activation triggers the rapid release of the anaphylatoxins C3a and C5a, 

dysregulated coagulation, and kallikrein/kinin system activation. Targeting of C3/C3a and/or 

C5/C5a has been limited by the inherent redundancy in anaphylatoxin biological effects and 

lack of available therapeutics. However, pre-clinical models indicate that these pathways can 

be effectively limited by the protein C1-esterase inhibitor (C1INH), a constitutively 

expressed and acute phase reactant plasma serine protease inhibitor (serpin). A recent 

multicenter phase II trial involving 61 patients with severe sepsis found that administration 

of purified human C1INH resulted in a substantial reduction in mortality (33% absolute 

reduction), with an even greater improvement in survival among patients with sepsis-

induced ARDS (69). These intriguing findings have not yet motivated larger phase II/III 

trials.

Cell-based Therapies

Bone marrow-derived mesenchymal stem cells (MSCs) can modulate both local and 

systemic inflammatory and reparative responses by facilitating protective antimicrobial 

innate responses, elaborating anti-inflammatory molecules and growth factors, and 
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differentiation into cells that can reconstitute epithelial and vascular surfaces (70, 71). Pre-

clinical animal models suggest that exogenously administered MSCs can attenuate lung 

injury and reparative responses. In an ex-vivo perfused human lung model, infusion of 

clinical grade, cryopreserved human MSCs reduced alveolar permeability, suppressed 

inflammation and exerted antimicrobial effects after the i.t. administration of live E. coli 

(72). These preclinical observations have motivated phase I trials that indicate infusion of 

allogeneic adipose or bone marrow-derived MSCs is safe and may reduce circulating 

markers of alveolar epithelial injury in patients with moderate to severe ARDS (73–75). A 

larger multi-center phase II trial of bone marrow-derived human MSC administration 

involving up to 60 subjects with moderate-severe ARDS [Stem cells for ARDS Treatment 

(START)] is ongoing (76).

Future Directions

The results of recent and past clinical trials to disrupt dysregulated molecular pathways 

clearly indicate that dramatically new approaches to therapy are required. Candidate 

pathways for modulation include epigenetic machinery regulating gene expression, 

transcription factors (e.g. NF-kB, PPARs), pathways that regulate necrosis/apoptosis (e.g. 

FAS/FASL, TRAIL), angiogenic factors (e.g. VGEF, angiopoietin) and inhibitors of the 

renin-angiotensin system. Cell-based therapy is in its infancy but offers the advantage of 

modulating multiple disrupted cellular and molecular events in ARDS. Given the syndromic 

nature of ARDS, including the considerable heterogeneity in causes of ARDS, timing of 

presentation, and variability in host response, it is highly unlikely that a specific therapy will 

be identified that proves to be equally efficacious in all patients (i.e. the “magic bullet”). In 

addition, more broad-based therapies targeting fundamentally essential biological processes 

(e.g. transcription factors, epigenetic machinery, etc.) are not feasible due to far-reaching 

effects on complex compensatory and homeostatic pathways. For similar reasons, attempts 

to alter pathophysiological events in diseases that cause ARDS, most notably sepsis, have 

proven to be quite challenging. With the exception of low tidal volume ventilation, all 

approaches to modulate the local or systemic host response in sepsis have failed (77). 

Accordingly, a more personalized approach to therapy may ultimately be required, 

necessitating more comprehensive molecular phenotyping of ARDS patients or at-risk 

patients. Precision medicine in acute critical illness will be dependent upon a more coherent 

understanding of dysregulated molecular pathways involved and better biomarkers 

identifying anomalies in these pathways.
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Abbreviations

AEC alveolar epithelial cells

ALI acute lung injury

ARDS acute respiratory distress syndrome

BALF bronchoalveolar lavage fluid

DAMPs danger-associated molecular patterns

GM-CSF granulocyte-macrophage colony stimulating factor

IR ischemia-reperfusion

LPS lipopolysaccharide

NETs neutrophils extracellular traps

PAMPs pathogen-associated molecular patterns

PMNs polymorphonuclear leukocytes (neutrophils)

TLRs toll-like receptors
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Figure 1. 
Histological and radiographic features of ARDS. A. Lung from a patient with ARDS, 

stained with hematoxylin and eosin. There are prominent “hyaline membranes” consisting of 

fibrin deposits along alveolar walls, widespread interstitial edema accompanied by 

neutrophils. Alveolar spaces also contain RBCs and fibrin strands. Panels B and C are 

radiographic appearance of exudative and fibroproliferative phases of ARDS. The exudative 

phase is characterized by diffuse ground glass and alveolar opacities, whereas the 

fibroproliferative phase is characterized by residual linear opacities, traction bronchiectasis 

and honeycombing.

Standiford and Ward Page 14

Transl Res. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Pathophysiological pathways in experimental ALI. These involve component activation, 

engagement of the two C5a receptors, and engagement of TLRs and NLRs. PAMPs are 

pathogen-associated molecular patterns, such as LPS released from gram negative bacteria 

and LTA released from gram positive bacteria. DAMPs are danger-associated molecular 

patterns released from damaged tissues (HMGB1, heat shock proteins, DNA, RNA, etc.). 

Downstream events include release of cytokines and chemokines, formation of neutrophil 

extracellular traps (NETs), and release of histones which are highly cell and tissue 

damaging.
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TABLE 1

Models of Acute Lung Injury in Rodents*

Chief Target Injury-causing Agent Usual Route of Delivery

1. Capillary endothelium a. Oleicacid i.v.

b. LPS i.t.

c. Bleomycin i.t.

d. E. coli (live) i.t. or aerosol

2. Alveolar epithelium e. HCl i.t.

f. Hyperoxia (100% O2) airway

g. Surfactant depletion repetitive BAL

h. Mechanical ventilation airway intubation

i. Bleomycin i.t.

j. FITC i.t.

k. Diphtheria toxin i.p.

3. Both endothelial and alveolar 
epithelial cells l. Ischemia-reperfusion (IR) injury local (lung) pulmonary artery occlusion 

or distal IR injury

m. Sepsis (LPS, CLP, live bacteria) i.t., i.v., i.p.

n. Other conditions (hemorrhagic shock or “double-hit sepsis”, 
hemorrhagic shock followed by CLP) variable

*
Based in part on published reviews, including Bernard GR, et al. The American-European Consensus Conference on ARDS. Am J Respir Crit 

Care Med. 1994 Mar;149(3 Pt 1):818–24.
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TABLE 2

Therapeutic Strategies that Ameliorate ALI in Mice

1. C5a blockade

2. Inhibition of C5aR1, C5aR2

3. PMN or macrophage depletion

4. Neutralization of extracellular histones

5. Blockade of inflammasome [anakinra (IL-1βRa)]
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Table 3

Ongoing Immunomodulatory Clinical Trials in ARDS

Molecular Target Therapeutic Trial Design Outcome Measures

1. Anti-inflammatory a. Low dose 
hydrocortisone Multi-center Phase II/III RCT Mortality, ARDS severity

b. Vitamin C Multi-center Phase II RCT ARDS severity

c. Vitamin D Phase I/II RCT Prevention of ARDS

2. Growth factors d. GM-CSF Multi-center Phase III RCT 
(planned)

Mortality, prevention and severity 
of ARDS

3. Coagulation/complement cascade e. Nebulized heparin Multi-center Phase II RCT Prevention and severity of ARDS

f. Aspirin (LIPS-A) Multi-center Phase II RCT ARDS prevention, mortality

4. Stem cell therapy g. Allogeneic MSC 
infusion

Multi-center Phase I/II open 
label, dose escalation Safety, ARDS severity
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