L))

Check for
updat

Page 1 of 11

Review Article

Lessons learned in acute respiratory distress syndrome from the
animal laboratory

Nadir Yehya

Department of Anesthesiology and Critical Care Medicine, Children’s Hospital of Philadelphia and University of Pennsylvania, Philadelphia, PA,
USA

Correspondence to: Nadir Yehya, MD. Department of Anesthesiology and Critical Care Medicine, 6040A Wood Building, Children’s Hospital of
Philadelphia, 3401 Civic Center Boulevard, Philadelphia, PA 19104, USA. Email: yehyan@email.chop.edu.

Abstract: Since the description of the acute respiratory distress syndrome (ARDS) in 1967, investigators
have struggled to reproduce the syndrome in the animal laboratory. While several different models of
experimental acute lung injury (ALI) have been developed, none completely capture the inciting etiologies,
initial inflaimmation, heterogeneity, and resolution of human ARDS. This potentially has contributed to the
poor translation of potential therapeutics between animal ALI models and human ARDS. It was only recently
that standardized criteria were suggested for what makes an ALI model comparable to human ARDS.
Nevertheless, despite model heterogeneity, these models have contributed substantially to our understanding
of the syndrome. From the initial studies identifying the risks of mechanical ventilation to the identification
of potentially targetable inflammatory mediators, to modern studies focusing on regional heterogeneity and
novel molecular pathways, animal models continue to inform our understanding of ARDS. This review will
cover several major lessons learned from animal models of ALIL and provide some direction for future studies
in this field.
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Challenges in modeling acute respiratory
distress syndrome (ARDS)

biochemical or molecular diagnostics. Patient heterogeneity
remains the major limitation to using humans to investigate

the mechanisms underlying ARDS, although significant

ARDS in humans constitutes acute hypoxemic respiratory advancements have been made in understanding ARDS

failure after an inciting insult caused by a neutrophil-rich epidemiology (3,8,9) and in testing specific treatments and

exudative pulmonary edema (1-3). Associated features modalities of supportive care (10-19). As of now, there are

include microvessel thrombi, increased permeability across no proven successful specific treatments for ARDS, and

both endothelial and alveolar epithelial layers, reduced fluid supportive care using protective ventilation limiting tidal

clearance, and protein-rich hyaline membrane formation volumes (V1) (10) and plateau pressures (Ppy,) (9), using some

(4,5). Subsequently, the diffuse alveolar damage (DAD) of
the acute phase will either gradually resolve, or progress as
interstitial fibrosis (6), leading to pulmonary impairment in
survivors (7).

The fundamental mechanisms responsible for ARDS
remain elusive, despite over 50 years of research. The
syndrome remains defined clinically, without reliable
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amount of positive end-expiratory pressure (PEEP) (20),
restrictive fluid balances (11), and neuromuscular blockade
(NMB) (15), prone positioning (16), or extracorporeal
membrane oxygenation for refractory cases (17).

Animal models provide an accepted pre-clinical platform
for testing therapies and understanding pathophysiology
in human disorders. Animal experiments bridge clinical
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research and basic bench science. Animal models progress
from simplicity, efficiency, and uncertain applicability to
humans (rodents), to significant complexity, expense, and
translatability (primates). No single animal model captures
all of the features of human ARDS, making pre-clinical
modeling and testing of therapies difficult. This likely also
affects the poor translatability of interventions tested in
animal models to human ARDS. The poor translatability is
exacerbated by a lack of clarity in whether the major causes
of injury are due to the underlying insult, or the associated
mechanical ventilation. The limitations of animal models of
ARDS have been extensively reviewed (21).

Nevertheless, specific models of acute lung injury (ALI)
(here used exclusively to refer to animal models) do capture
elements of human ARDS (Table 1). Interpreted within the
limits of the model and the specific interventions being
tested, animal models can provide excellent targeted data
regarding specific aspects of ARDS physiology. These
findings also need to be interpreted in light of the specific
model organism. For example, rodent models have an
exaggerated response to produce nitric oxide (22) and
recognize different pathogen-associated molecular patterns
at different affinities due to differences in their Toll-like
receptors (23). Sheep possess intravascular pulmonary
macrophages which predispose them to worse lung injury
after endotoxin challenge (24). However, mice have the
advantage of (relatively) easily created knockouts and other
genetic manipulations to interrogate pathways, whereas
larger animals allow for greater physiologic monitoring and
longer lengths of ventilation more congruent with human
ARDS. An official American Thoracic Society statement on
experimental ALI (25) suggested that animal models should
reflect at least three of four central features: histological
evidence of injury, barrier disruption (evidence of edema),
inflammation (neutrophil and cytokine accumulation),
and physiologic dysfunction (usually gas exchange). While
acknowledging that not every model system will be able
to report all requested parameters, these guidelines were
placed to ensure some consistency and assurance that the
injury being modeled is, in fact, comparable to human

ARDS.

Ventilator-induced lung injury (VILI)

The single most translatable finding from animal models
of ARDS was the damage associated with mechanical
ventilation, a multifactorial entity referred to as VILL
Mechanical ventilation at excessive Vi or pressures leads to
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pathophysiological changes reminiscent of human ARDS
(26,27). Damage was shown to be both magnitude- and
duration-dependent (27-30), with both excessive stretch
(27,28) and atelectasis implicated (31). Additionally, VILI
was shown to be influenced by animal size, whether the
thorax was open or closed, and whether extrinsic PEEP was
used.

In 1974, Webb and Tierney subjected intact rats
to mechanical ventilation up to peak pressures up to
45 emH,O, and demonstrated that higher pressures led
to worse and faster pulmonary edema (32), unequivocally
demonstrating the potential for VILI. Further studies
examining vascular pressures and filtration subsequently
clarified that this edema was not primarily hydrostatic, but
rather, represented loss of barrier function, more consistent
with inflammatory exudate (33-36).

Different animal models have demonstrated different
thresholds for what constitutes injurious ventilation. Vr
>30 mL/kg are required for stretch-related injury in rodent
models, with any VILI visible in rodents ventilated with
smaller Vi likely due to atelectasis, readily resolved with a
recruitment maneuver (37). This issue is confounded by the
difficulties in ventilating smaller animals for extended time
periods as they are prone to temperature and hemodynamic
instability, with less invasive monitoring. Therefore, given
the shorter time-courses of ventilation in small animal
experiments, larger Vi is employed. In a meta-analysis of
animal studies of VILI including mice, rats, rabbits, pugs,
and sheep, Caironi ez 4l. proposed that maximal lung strain,

defined as

Tidal volume + PEEP volume
Functional Residual Capacity

Strain =

was the parameter most associated with time to VILI,
and served as a unifying principle for differences in VILI
generation among different animal species (38). These
authors also identified an apparent threshold for strain >2
as associated with near-immediate VILI. Maximal lung
stress (transpulmonary pressure at end-inspiration) was also
associated with time to VILI generation, although not as
strongly as was strain.

Animal evidence about the risks of VILI was translated
into clinical practice after the publication of the landmark
ARDSNetwork trial comparing low V1 [6 mL/kg ideal body
weight (IBW), Py, <30 cmH,0O] versus high V- (12 mL/kg
IBW, Py, <50 emH,0), showing a 9% absolute mortality
reduction with lower V. This study was limited to
effectively using Vi and airway Py, as surrogates for strain

Ann Transl Med 2019;7(19):503 | http://dx.doi.org/10.21037/atm.2019.09.33



Annals of Translational Medicine, Vol 7, No 19 October 2019

Table 1 Select animal models of acute lung injury
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Model Features Similarity to ARDS Dissimilarity to ARDS
Direct
LPS (IT) Alveolar neutrophilitis Alveolar neutrophils and Sterile; no systemic effects;

Acid aspiration

Bacteria (IT)

Surfactant depletion

Ischemia/reperfusion

VILI

Hyperoxia

Indirect

LPS (IV)

CLP/peritonitis

Bacteria (IV)

Oleic acid (IV)

Two-hit models

Surfactant
depletion + VILI

LPS (IT) or acid
(IT) + VILI

CLP + hemorrhage

Alveolar neutrophilitis; rapidly
progressive injury with epithelial
damage

Alveolar neutrophilitis; hyaline
membrane formation

Some alveolar neutrophilitis;
predisposes epithelia to further
damage

Alveolar neutrophilitis; hyaline
membrane formation

Alveolar neutrophilitis; rapidly
progressive injury with epithelial
damage and hypoxemia

Vascular congestion; mild pulmonary

edema

Profound shock, pulmonary
hypertension and RV failure

Systemic abdominal sepsis;

pulmonary hypertension and RV failure

Profound shock, extensive endothelial

damage, thrombosis and some
pulmonary edema

Mimics fat emboli causing endothelial

damage

More neutrophilitis and inflammation

than surfactant depletion alone

More epithelial damage than either
LPS or acid alone

Alveolar neutrophilitis; hyaline

membrane formation; some epithelial

damage

cytokines; interstitial and
alveolar edema

Alveolar neutrophils and
cytokines; repair with fibrosis

Pneumonia model;
heterogeneous injury; intrinsic
variability

Loss of surfactant only; minimal
inflammation or permeability

Reproduces acute ARDS well

Significant epithelial injury and
impaired barrier function

Reproduces acute and repair
phase of ARDS well

Pulmonary congestion,
hemorrhage

Mild inflammatory lung injury

Reproduces septic ARDS

Heterogeneous, inflammatory
lung injury; pulmonary
hypertension and RV failure

More similar alveolar neutrophils
and cytokines

Reproduces acute ARDS well;
heterogeneous injury

Reproduces acute ARDS well

minimal epithelial damage;
hypoxemia inconsistent

Sterile; few systemic effects;
easy to make immediately lethal

Minimal systemic effects;
inconsistent edema formation

Rapidly reversible by improving
atelectasis

Model difficult, usually terminal;
no data on repair/fibrosis

Uncertain translation to ARDS
absent inciting insult

Minimal alveolar neutrophilitis
and inflammation acutely;
uncertain translation to human
ARDS

Sterile; minimal alveolar
neutrophilitis and inflammation

ARDS is usually mild with little
epithelial damage (unless
combined with VILI)

Minimal epithelial damage or
alveolar neutrophilitis

Variable hemodynamic effects;
uncommon cause of ARDS;
sterile

Sterile; difficult to translate to
ARDS (more like neonatal RDS)

Sterile; few systemic effects

Difficult to perform and keep
animal alive

ARDS, acute respiratory distress syndrome; CLP, cecal ligation and puncture; IT, intratracheal; IV, intravenous; LPS, lipopolysaccharide;
RV, right ventricle; VILI, ventilator-induced lung injury.
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and stress, respectively. However, these may not be the best
estimates of strain and stress, and one size may not fit all
patients, particularly in a heterogeneous process like ARDS.
Ongoing studies, discussed in more detail below, have taken
advantage of imaging to further quantify the heterogeneity
of VILI in animal models of ALI, and attempt to move us
beyond V. and airway pressures.

In a separate line of VILI investigations, extrinsic
PEEP has also been tested in animal models of ALI,
with conflicting results. When peak pressures and end-
inspiratory volumes are kept constant, PEEP has generally
been protective in animal models (32,39,40), with suggestion
that large cyclic changes in lung volume promote edema
formation, with protection by PEEP. The reduction in
cardiac output in response to PEEP in closed-chest animals
was also thought to contribute to lower edema formation
with PEEP (41,42). Thus, in healthy lungs subject to
injurious ventilation, the beneficial effects of PEEP appear
attributable to reducing cyclic deformation, reduced cardiac
output, and potentially surfactant stabilization. However,
the generalization of this to humans, particularly critically
ill humans, is questionable. Reduction in cardiac output,
for example, can be deleterious for patients with shock and
already compromised oxygen delivery.

In an acid aspiration model of ALI in rats, PEEP
prevented worsening inflammation and edema (43). In
a model of surfactant depletion, significant atelectasis
contributed to worsened oxygenation and over-distension in
non-atelectatic lung, which was reversed by application of
PEEP and surfactant (44). In a separate study using direct
in vivo microscopy, investigator exposed surfactant-depleted
porcine ALI model to different combinations of Vr and
PEEP, and demonstrated that a low V- (6 mL/kg) and high
PEEP (20 cmH,O) resulted in the optimal stabilization of
alveoli, relative to higher V. and lower PEEP levels (45).
These results need to be considered in light of the
limitations of the surfactant depletion model (Tuable 1):
specifically, the responsiveness of this particular model (of
de-recruitment) to PEEP (re-recruitment).

However, the relevance of these findings to human ARDS
is less clear. To date, four trials of high versus low PEEP
have failed to demonstrate an advantage to higher PEEP
(18,19,46,47). While oxygenation improved, this did not
translate to improved mortality, and in at least one instance,
aggressive recruitment and setting PEEP according to
best compliance resulted in increased mortality (47).
This is potentially related to animal models of ALI failing
to reproduce the frailty and co-morbidities of human
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ARDS. Experiments of PEEP in healthy animals may
underestimate the cardiovascular effects of PEEP and
recruitment maneuvers in critically ill adult humans with
ARDS. This is particularly salient when we recognize
that most deaths in ARDS are due to multisystem organ
failure or withdrawal of care due to poor neurologic or
medical prognosis, rather than hypoxemia (48,49). Thus,
the animal models of PEEP in ALI may have appropriately
translated the benefits of PEEP on re-recruitment, alveolar
stabilization, and hypoxemia, but failed to translate the
hemodynamic risks.

Imaging to gain insight into ARDS and
mechanical ventilation

While global reductions in V. and airway Py, have
occurred after publications demonstrating improved
outcomes with lower V ventilation, concerns about VILI
persisted, but became significantly more nuanced. Regional
heterogeneity was appreciated as a potential contributor to
ongoing VILI despite low V. Advanced imaging techniques
in animal models of ALI have allowed us to quantify these
observations and develop testable hypotheses regarding
residual contributors to VILI.

Regional airspace sizes can be estimated iz vivo during
mechanical ventilation by measuring the apparent diffusion
coefficient (ADC) of helium-3 (‘He) using diffusion-
weighted hyperpolarized gas magnetic resonance imaging
(MRI) (44,50,51). A study of surfactant-depleted rats
demonstrated the co-existence of atelectasis and over-
distension, consistent with atelectasis resulting in reciprocal
overdistension of neighboring airspaces, with improvement
after the addition of PEEP and exogenous surfactant (44).
These pockets of atelectasis and overdistension were not
visible on computed tomography (CT), confirming the
utility of modalities such as hyperpolarized gas MRI.
Significantly, overdistension was not confined to non-
dependent lung regions, but occurred within the atelectatic
regions, suggesting that the reciprocal overdistension was
occurring within neighboring airspaces, and was a local
as well as a global phenomenon. Finally, overdistension
occurred in this model despite using Vr of 10 mL/kg, lower
than what is typically used to exacerbate VILI in surfactant-
depleted rats. These findings were confirmed using
synchrotron CT to obtain Xenon-enhanced ventilation
and density maps in surfactant-depleted rabbits (52). These
studies have contributed to our understanding of VILI by
demonstrating that atelectasis and overdistension can co-
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exist in close proximity.

In a separate series of experiments, investigators used CT
to assess how lung injury was propagated in the presence or
absence of prior injury (53). In the absence of an inciting
injury, rats were ventilated with injurious (30 mL/kg) V.
and zero PEEP. Injury started in the periphery, and moved
centrally towards the hilum in this VILI model. Importantly,
all animals experienced strain >2. As a comparator, a
separate group of rats were exposed to acid aspiration and
modest (12 mL/kg) V; and low (3 cmH,0O) PEEP. In this
model with pre-existing lung injury, two patterns of injury
from acid aspiration were noted: propagated and contained.
When examining which variables predicted propagation
of injury, the strongest predictor was strain, with a strain
>1.29 associated with injury propagation and mortality.
Interestingly, hypoxemia after initial acid aspiration did not
predict whether injury would propagate or stay contained.
In the animals with propagating injury, injury progressed
from an initial central distribution to the periphery, the
opposite pattern than that of VILI in uninjured rats. This
study, for the first time, documented the progression of
different types of lung injury, reinforced the importance
of strain for predicting injury propagation, and quantified
the lower threshold of excess strain necessary for injury
propagation in the setting of a pre-existing inflammatory
insult.

Positron emission tomography (PET) has also been
used to understand pulmonary physiology, as well as
inflammation during experimental ALI. Imaging of
surfactant-depleted sheep after injection of nitrogen-13
("N,) demonstrated a consistent inverse correlation
between regional shunt and regional aeration (54).
Interestingly, in response to PEEP, while aeration
(expectedly) improved, the change in perfusion was more
variable, visually demonstrating the difference between
PEEP-induced gains in aeration (anatomic recruitment)
and the ensuing contribution of that region to the total
shunt fraction and oxygenation (functional recruitment).
These relationships were only evident using imaging and
assessing regional contributions, as the association between
global aeration and global shunt fraction was poor. Thus,
the physiologic responses to PEEP (oxygenation) appear
to be dissociated from anatomic recruitment, related to
differential effects on aeration and blood flow. In a separate
study (55), this group demonstrated using "N,-PET that
prone positioning improves gas exchange in surfactant-
depleted sheep by improving aeration and thus reducing
shunt in the dorsal regions of the lung. Blood flow to the
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dorsal regions remained substantial; thus, the mechanism
of improved oxygenation was likely reduced shunt fraction,
rather than re-direction of blood flow away from atelectatic
regions. The authors also noted that recruitment of dorsal
lung spaces led to a more homogenous distribution of V-
and lower airway pressures, suggesting beneficial effects
related to minimizing VILI while in the prone position.

PET scans tracking uptake of ""F-fluorodeoxyglucose
have demonstrated neutrophil accumulation and activation
in experimental ALI (56-58). However, PET requires a
substantial radiation burden and long acquisition times.
Novel imaging methodologies exploit the accumulation
of lactate and elevated lactate-to-pyruvate ratio (LPR) as
surrogate markers for neutrophil accumulation (43,59).
Hyperpolarized carbon-13 (C) MRI tracks the fate of
injected "C-pyruvate during ALI, allowing for identification
of the regional LPR, and presumably inflammation. In an
acid aspiration rat model undergoing low (8 mL/kg) V
ventilation with (5 cmH,0) or without (0 cmH,0) PEEP,
hyperpolarized "C MRI demonstrated elevated LPR
predominantly in the dependent lungs of animals ventilated
without PEEP (43). LPR was correlated with hyaline
membrane deposition, edema formation, and expression of
myeloperoxidase, consistent with its role as a non-invasive
biomarker of neutrophil activity. This study contributes
additional imaging evidence that atelectasis contributes
to lung inflammation, and that this inflammation can be
mitigated by PEEP. However, it should be noted that
in separate studies comparing different doses of acid
aspiration, LPR was lower in rats exposed to higher acid
concentrations, a phenomenon partially explained by hyper-
perfusion of those regions (59). Thus, "C MRI needs to
be interpreted in light of other metrics of ALI, such as
oxygenation and compliance, to be useful.

Spontaneous breathing during mechanical
ventilation

One of the ongoing controversies regarding mechanical
ventilation and minimizing risk of VILI deals with whether,
to what degree, and in which patients should be allow
spontaneous respiratory effort. Spontaneous ventilation has
been described as both beneficial and harmful in animal
models of ALI In healthy rabbits subject to modest (10
to 15 mL/kg) V1 and low (2 emH,0) PEEP, spontaneous
breathing lowered PaCO, and reduced dead space (60).
However, in surfactant-depleted rabbits, moderate (7 to
9 mL/kg) V1 with strong spontaneous effort had worse
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lung injury compared with lower (6 mL/kg) Vr or less
spontaneous breathing (61). The least lung injury occurred
in animals with low (6 mL/kg) V and strong spontaneous
breathing. In these studies, all animals had moderate
(8 cmH,0) levels of PEEP. These authors concluded that
the benefits of spontaneous breathing during mechanical
ventilation after surfactant-depletion depended upon
the Vp used. In the group with moderate (7 to 9 mL/kg)
Vi with strong spontaneous effort (highest damage),
transpulmonary pressures often exceeded 30 cmH,0,
despite airway Py, remaining <30 cmH,O, whereas this
threshold was not breached in animals with low (6 mL/kg)
V. and strong spontaneous breathing (least damage). Thus,
as long as spontaneous effort was not causing excessive
transpulmonary pressures, it may have some benefit by
recruiting dependent lung.

These same authors extended these findings to testing the
benefits of spontaneous breathing on two different severities
of lung injury (62). Mild ALI was induced by surfactant
depletion, and severe ALI was induced by surfactant lavage
followed by injurious ventilation for two hours. Rabbits
were then subject to controlled mechanical ventilation
with and without strong spontaneous effort at modest (9 to
11 cmH,0) PEEP. In mild ALI, spontaneous breathing was
beneficial, whereas in severe ALI, spontaneous breathing
worsened lung injury, with higher transpulmonary pressures
than the other groups, consistent with the previous studies.
Thus, in severe ALI, spontaneous breathing has more
potential to result in excessive transpulmonary pressures,
and should be avoided. This was invoked as one of the
potential mechanisms for the beneficial effects of NMB in
moderate/severe ARDS (15).

In follow-up studies, the same group questioned whether
the injurious effects of spontaneous breathing could be
mitigated by using volume-controlled ventilation (VCV)
and limiting transpulmonary pressures (63). VCV, in
contrast to pressure-controlled ventilation (PCV), places
a constraint on the amount of Vi inspired in the setting of
strong spontaneous effort. Thus, they reasoned that VCV
with strong spontaneous effort would be lung protective
by limiting transpulmonary pressure, relative to PCV with
strong spontaneous effort. Surfactant-depleted rabbits
were subject to moderate (approximately 8 mL/kg) V- and
low 3 cmH,0) PEEP in either VCV or PCV with and
without spontaneous effort. While VCV was successful at
reducing transpulmonary pressure, it was not successful
at preventing damage. CT scans demonstrated occult
pendelluft during strong spontaneous effort in dependent
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regions of the lung, causing regional over-distension.
These findings were confirmed in a parallel porcine
model of surfactant depletion using electrical impedance
tomography (EIT), which showed movement of air from
non-dependent to dependent lung regions (i.e., pendelluft)
during spontaneous respiration. In a follow-up study (64),
using a model of severe ALI (surfactant depletion followed
by injurious ventilation), the damaging effects of pendelluft
and dependent hyperinflation during spontaneous effort
were largely abrogated by using higher PEEP (13 versus
5 emH,0). In these experiments, higher PEEP resulted
in lower transpulmonary pressure by reducing strong
inspiratory drive (thus mitigating a strongly negative pleural
pressure with spontaneous effort) and with more uniform
redistribution of the V| over more recruited lung. Thus,
high enough levels of PEEP can potentially permit the
use of spontaneous breathing, even in severe ARDS, by
minimizing pendelluft and regional overdistension in the
dependent lung regions. However, this requires an explicit
trial comparing NMB to a high PEEP strategy, as well as an
assessment of both short- and long-term outcomes.

These findings complement the previously discussed
finding of atelectasis and overdistension occurring in close
proximity to one another using hyperpolarized gas MRI (44)
on a global, rather than local, scale. The novel use of CT
and EI'T reinforce the utility of imaging to identify regional
mechanics as a supplement to global mechanics when
understanding the risk factors and mechanisms of VILL

Pathways implicated in ARDS

Multiple inflammatory pathways have been implicated in
ARDS on the basis of animal models [reviewed in (65,66)].
A thorough discussion of all implicated pathways is beyond
the scope of this manuscript. Indeed, the lack of translation
of many of these therapies to human ARDS, despite promise
in animal ALI, should prompt us to re-assess how well we
actually understand the pathophysiology of this syndrome,
and to carefully consider the steps between pathway
identification in an animal model to trials in humans. We
will focus on two pathways which have received greater
attention in recent studies as illustrative.

Inflammasome

Inflammasomes are intracellular protein complexes
activated during infection or stress which serve as a
platform for activation of caspase-1, which in turn activates
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the interleukin (IL)-1 family cytokines IL-1B and IL-18 (67).
After demonstrating elevated levels of circulating IL-1f
and IL-18 in subjects with ARDS, a group of investigators
assessed the relevance of the inflammasome in a mouse
model of VILI (Vy 12 mL/kg for 8 hours) (68). In this
model, VILI induced elevated inflammasome cytokines,
with the alveolar macrophage as the likely origin. Genetic
deletion of either IL-18 or caspase-1 conferred resistance
to VILI, as did pharmacologic inhibition of IL-18. The
relevance of the inflammasome was confirmed in separate
model of LPS + VILI, in which genetic deletion of
caspase-1 and pharmacologic inhibition of IL-1B protected
mice from hypoxemia (69). Deletion of caspase-1 also
protected mice subject to intratracheal LPS (70). Finally,
pharmacologic IL-1B inhibition has been demonstrated to
protect rats from VILI (28).

Importantly, all of these models implying benefit
to neutralization of the inflammasome or its cytokines
were sterile, and did not involve live bacteria. In a mouse
pneumonia model using Pseudomonas aeruginosa, induction
of the inflammasome was associated with impaired bacterial
clearance and increased mortality (71). Depletion of alveolar
macrophages, inhibition of caspase-1, or genetic deletion of
IL-1B or IL-18 improved bacterial clearance and mortality,
suggesting a therapeutic role for inflammasome inhibition
even in an ALI model with live bacteria.

A separate investigation investigating the role of
Staphylococcus aureus alpha toxin provides some additional
nuance to these findings (72). In this mouse pneumonia
model, administration of Staphylococcus or alpha toxin was
sufficient to activate the inflammasome, and inflammasome
activation prevented bacterial clearance. However,
inhibition of neither IL-1p, IL-18, nor both improved
bacterial clearance and mortality. However, direct inhibition
of the inflammasome itself or caspase-1 improved bacterial
clearance and mortality. This was affected via re-direction
of cellular mitochondria sway from inflaimmasomes and
towards phagosomes containing bacteria. This effect was
mediated by alpha toxin. In other words, Staphylococcus
aureus alpha toxin induces inflammasome activation, which
draws mitochondria towards the inflammasome and away
from bacteria-containing phagosomes, thus preventing
bacterial clearance. In this scenario, inflammasome
inhibition, but not cytokine inhibition, improved
bacterial clearance and outcomes. As pneumonia is the
most common cause of ARDS, premature trials of IL-1p
or IL-18 inhibition in human ARDS may have been
doomed to failure, due to an imprecise appreciation of the

© Annals of Translational Medicine. All rights reserved.

Page 7 of 11

underlying pathophysiology. These studies also highlight
the importance of testing ALI therapies in multiple models,
some of which need to include live bacteria, given the
prevalence of infection as an inciting etiology in human

ARDS.

Soluble receptor for advanced glycation end-products

The soluble receptor for advanced glycation end-products
(sSRAGE) has long been identified as a biomarker of ARDS
diagnosis and prognosis (73-77). RAGE is a membrane
receptor most highly expressed on type I alveolar epithelial
cells, but also expressed in other tissues. RAGE is a
pattern recognition receptor activated by AGEs. The
soluble form (sSRAGE), resulting from either alternative
splicing or by active cleavage, has been suggested to be an
epithelial-specific marker of ARDS severity, and elevated
sRAGE is consistently associated with poor outcome in
ARDS. The source and function of SRAGE is not entirely
clear, and it is possible that it is a marker of epithelial
damage; alternatively, in the setting of inflammation,
elevated sSRAGE may act as a decoy receptor to dampen
inflammation by binding AGEs and other agonists of
membrane-bound RAGE.

In a model of acid aspiration in which mice were
allowed to recover, levels of alveolar and plasma sRAGE
rose initially after injury and returned to baseline by day 4,
tracking with changes in oxygenation and permeability (78).
Alveolar fluid clearance, measured by instilling a tracer
protein intratracheally and measuring its presence at
subsequent timepoints, was impaired during ALI, and was
inversely correlated with SRAGE levels. Thus, these authors
concluded that elevated SRAGE was associated impaired
alveolar fluid clearance during ALIL. These findings were
validated in a small cohort of humans with ARDS.

In a follow-up study, these same authors investigated the
effects of modulating the RAGE axis in an acid aspiration
model of ALI in mice (79). Treatment with either sSRAGE
or a monoclonal antibody inhibiting membrane-bound
RAGE prevented hypoxemia, restored alveolar fluid
clearance, and attenuated alveolar permeability after acid
aspiration. Separate studies have demonstrated the benefits
of RAGE inhibition in a mouse pneumonia model (80),
suggesting that modulating this pathway may have some
utility in ALI models with live bacteria, as well. Finally,
the similar results seen from treatment with sSRAGE or an
antibody inhibiting the receptor suggests that sSRAGE may
be functioning primarily as a decoy receptor during ARDS,
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which is why it correlates well with epithelial damage,
alveolar fluid clearance, ARDS severity, and mortality.

Conclusions

Despite the challenges of animal models in studying ARDS,
significant advances have been made. Future studies should
more consistently evaluate the regional heterogeneity
of ARDS, with use of novel and more sensitive imaging
modalities to assess regional, in addition to, global
mechanics. Therapeutics should likely be tested in multiple
models, as none sufficiently reproduce the heterogeneity
of ARDS. This includes direct versus indirect ALI models,
as well as those with and without live bacteria. Two-hit
models may more accurately reproduce human ARDS,
although their use requires additional skill. Better and
longer supportive care mimicking the intensive care unit,
particularly for larger animal models which can withstand
ventilation for >8 hours, are also necessary for improved
translation to humans. As the clinical definition of ARDS
improves, and biomarker-defined subtypes of disease are
identified, these will need to be explicitly modeled, as well.
Ongoing interaction between clinicians, basic scientists, and
translational scientists is essential for future optimal design
of future ARDS studies.
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