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ABSTRACT
Despite over 30 years of intensive research for targeted therapies,
treatment of acute respiratory distress syndrome (ARDS) remains
supportive in nature. With mortality upwards of 30%, a high-fidelity
pre-clinical model of ARDS, on which to test novel therapeutics, is
urgently needed. We used the Yorkshire breed of swine to induce a
reproducible model of ARDS in human-sized swine to allow the study
of new therapeutics, from both mechanistic and clinical standpoints.
For this, animals were anesthetized, intubated and mechanically
ventilated, and pH-standardized gastric contents were delivered
bronchoscopically, followed by intravenous infusion of Escherichia
coli-derived lipopolysaccharide. Once the ratio of arterial oxygen partial
pressure (PaO2) to fractional inspired oxygen (FIO2) had decreased to
<150, the animals received standard ARDS treatment for up to 48 h. All
swine developed moderate to severe ARDS. Chest radiographs taken
at regular intervals showed significantly worse lung edema after
induction of ARDS. Quantitative scoring of lung injury demonstrated
time-dependent increases in interstitial and alveolar edema, neutrophil
infiltration, and mild to moderate alveolar membrane thickening. This
pre-clinical model of ARDS in human-sized swine recapitulates the
clinical, radiographic and histopathologic manifestations of ARDS,
providing a tool to study therapies for this highly morbid lung disease.

KEY WORDS: Animal model, Lung, Inflammation, Systemic,
Pathophysiology, Pulmonary function

INTRODUCTION
Acute respiratory distress syndrome (ARDS) is a highly lethal pattern
of lung injury, with hospital mortality rates of 35-46%, depending on
severity (Bellani et al., 2016). Despite more than 30 years of clinical
trials, targeted therapeutics with proven mortality benefits remain
elusive (Matthay et al., 2017; Shaw et al., 2019). Evidence to
support adjunctive treatments, including extracorporeal membrane
oxygenation (Combes et al., 2018; Peek et al., 2009), have remained
equivocal. Thus, the treatment of ARDS is supportive in nature,
relying on therapies aimed at improving ventilation and oxygenation,
and limiting further lung damage, such as lung protective ventilation
(Acute Respiratory Distress Syndrome Network et al., 2000), prone
positioning and neuromuscular blockade (Papazian et al., 2010)
while waiting for the patient to recover. Examining novel, targeted
therapeutics, from both mechanistic and clinical standpoints,
using a pre-clinical model with direct clinical relevance, therefore,
remains a research priority for the National Heart, Lung, and
Blood Institute (NHLBI) and American Thoracic Society (ATS)
(Semler et al., 2020; Shaw et al., 2019).

The precise clinical criteria of ARDS diagnosis provided by the
Berlin Definition (ARDS Definition Task Force et al., 2012)
(Table S1), routinely used clinically and applied to human-sized
models, allows for critical evaluation of animal models for clinical
relevance. Key features of an experimental model of acute lung
injury in animals include (1) rapid onset after the inciting
event, (2) strong evidence of physiologic dysfunction, (3) robust
inflammatory response, (4) alteration in the alveolar-capillary
barrier and, (5) histologic evidence of tissue injury (Matute-Bello
et al., 2011; Semler et al., 2020). Large animal models of ARDS
induced via repeated broncheoalveolar lavage (Araos et al., 2016),
oleic acid (Borges et al., 2019) or endotoxin infusion (Nieman
et al., 1996), gastric acid aspiration (Meers et al., 2011a) and
inhalation injury (Leiphrakpam et al., 2021) have been reported,
with each model mimicking certain aspects of the human disease
to varying degrees (Ballard-Croft et al., 2012). However, few of
these models rely on multifactorial etiologies of acute lung injury
to both sides of the alveolar-capillary interface (Tiba et al., 2021)
and few have been comprehensively evaluated regarding clinical,
radiographic and histopathologic features.

We hypothesized that dual-hit injury to the epithelium and
endothelium of the lung in human-sized swine can recapitulate
moderate to severe human ARDS clinically, radiographically
and histopathologically. In line with NHLBI and ATS research
priorities, the goal of this study was to identify a reproducible
method for inducing ARDS over an appropriate time scale to allow
studies of new therapeutics within the context of organ dysfunction,
organ support and co-interventions available to human patients.
Such a pre-clinical model is crucial to maximize the utilization of
resources in clinical trials.

Handling Editor: Eckhard Wolf
Received 14 April 2022; Accepted 10 August 2022

1Department of Surgery, Columbia University Medical Center, NewYork, NY 10032,
USA. 2Department of Biomedical Engineering, Columbia University, New York, NY
10032, USA. 3Department of Surgery, Mount Sinai Hospital, Chicago, IL 60608,
USA. 4Vagelos College of Physicians and Surgeons, Columbia University Medical
Center, New York, NY 10032, USA. 5Institute of Comparative Medicine, Columbia
University Medical Center, New York, NY 10032, USA. 6Department of Radiology,
Columbia University Medical Center, New York, NY 10032, USA. 7Department of
Pathology, Columbia University Medical Center, New York, NY 10032, USA.
8Department of Thoracic Surgery, Vanderbilt University Medical Center, Nashville,
TN 37232, USA. 9Department of Pediatrics, Columbia University Medical Center,
New York, NY 10032, USA. 10Department of Medicine, Columbia University Medical
Center, New York, NY 10032, USA.
*These authors contributed equally to this work

‡Author for correspondence (gordana@columbia.edu)

S.R.K., 0000-0002-2179-6787; J.A.R., 0000-0003-3950-2860; M.R.P., 0000-
0003-1759-1145; M.R.H., 0000-0001-5854-0761; P.C., 0000-0003-4023-4752;
J.S.L., 0000-0002-9940-2610; C.B.R.-S., 0000-0002-8921-3445; C.C.M., 0000-
0001-6844-209X; M.B., 0000-0003-4456-4484; N.V.D., 0000-0002-1801-4975;
G.V.-N., 0000-0002-9382-1574

This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution and reproduction in any medium provided that the original work is properly attributed.

1

© 2022. Published by The Company of Biologists Ltd | Disease Models & Mechanisms (2022) 15, dmm049603. doi:10.1242/dmm.049603

D
is
ea

se
M
o
d
el
s
&
M
ec
h
an

is
m
s

https://journals.biologists.com/dmm/article-lookup/DOI/10.1242/dmm.049603
mailto:gordana@columbia.edu
http://orcid.org/0000-0002-2179-6787
http://orcid.org/0000-0003-3950-2860
http://orcid.org/0000-0003-1759-1145
http://orcid.org/0000-0003-1759-1145
http://orcid.org/0000-0001-5854-0761
http://orcid.org/0000-0003-4023-4752
http://orcid.org/0000-0002-9940-2610
http://orcid.org/0000-0002-8921-3445
http://orcid.org/0000-0001-6844-209X
http://orcid.org/0000-0001-6844-209X
http://orcid.org/0000-0003-4456-4484
http://orcid.org/0000-0002-1801-4975
http://orcid.org/0000-0002-9382-1574


RESULTS
Oxygenation impairment and clinical progression
We induced ARDS in the Yorkshire breed of swine by injuring the
lungs of these animals with gastric acid and through infusion of
endotoxin. For this, swine (n=9) were anesthetized, intubated and
mechanically ventilated. Dual-hit injury induction was achieved
by bronchoscopic delivery of standardized gastric contents (pH 2)
followed by intravenous infusion of Escherichia coli-derived
lipopolysaccharide. When the ratio of arterial oxygen partial
pressure (PaO2 in mm Hg) to fractional inspired oxygen (FIO2)
had decreased to <150 – hereafter referred to ARDS 0 h – swine
received standard ARDS treatment for up to 48 h. All swine
developed moderate to severe ARDS (minimum PaO2:FIO2 ratio of
80±17). This produced a moderate to severe oxygenation
impairment, i.e. a decrease in the ratio of arterial oxygen partial
pressure (PaO2 in mm Hg) to fractional inspired oxygen (FIO2)
(minimum PaO2:FIO2 ratio: 63-112), that failed to resolve
(i.e. PaO2:FIO2>300 on minimal ventilator settings) until at least
48 h after induction (see Fig. 1A, for experimental overview).
Baseline measurements and characteristics of all animals were
similar (Table S2). Following dual-hit injury induction, all nine
animals met the diagnostic criteria for ARDS with an average
minimal PaO2:FIO2 ratio of 80±17. On arterial blood gas, the mean
PaO2 was significantly lower at ARDS 0 h (90.3±27.2) relative to
that at baseline (497.5±38.3, P<0.001). Of the nine animals, three

died prior to the planned study endpoint, i.e. at 2 h, 3 h or 8 h after
onset of ARDS (ARDS 2 h, ARDS 3 h or ARDS 8 h, respectively)
caused, respectively, by a massive pulmonary embolus, severe
hypoxemia or a dislodged endotracheal tube, all resulting in
hypoxic cardiopulmonary arrest. Although we observed variations
between animals, the average time until ARDS 0 h – i.e. PaO2:FIO2

<150 following the completion of LPS infusion – was 1.5±1.5 h
(Table S3). The PaO2:FIO2 ratio remained <300, with minimal
ventilator settings for ARDS 6 h endpoint animals (n=3) and ≤48 h.
Owing to severely impaired oxygenation without improvement
upon lung protective ventilation and/or paralytics, five animals
required extracorporeal membrane oxygenation (ECMO).

ARDS induction was associated with arterial hypotension,
pulmonary hypertension and respiratory acidosis. All animals
developed arterial hypotension and seven out of nine animals
required vasopressors to maintain a mean arterial blood pressure of
>55 mm Hg. At ARDS 0 h, mean arterial pressure was below that of
baseline (66±8 mm Hg versus 80±8 mm Hg) (Fig. 2), whereas
pulmonary arterial pressure at ARDS 0 h was significantly elevated
compared to baseline (47±10 mm Hg versus 19±5 mm Hg;
P<0.001), primarily driven by hypoxemic and hypercapnic
pulmonary vascular resistance, and minimally responsive to
ventilator manipulation. Mean arterial pH at ARDS 0 h was
significantly lower than mean arterial pH at baseline (7.318±0.086
versus 7.455±0.052; P=0.002) with an associated increase in PaCO2

Fig. 1. Experimental overview. (A) Schematic of ARDS induction: epithelial lung injury induced by bronchoscopic delivery of 30-50 ml of standardized
(pH 2.0) gastric contents to bilateral lungs, followed by central venous infusion of LPS. (B) Set-up of the operating room. (C) Data collection and experimental
time course; green lines represent animal experiments. LPS, lipopolysaccharide; ABG, arterial blood gas; ECMO, extracorporeal membrane oxygenator;
XR, X-ray machine.
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at ARDS 0 h (52±7 versus 46±5; P=0.156). Pulmonary arterial
pressure remained elevated until the experimental endpoint (Fig. 2).
ARDS induction was also associated with a significant decline in

the number of circulating neutrophils compared to those at baseline
(2.0±0.7×103μl−1 versus 9.3±3.4×103μl−1; P=0.001). In six out of
eight animals, neutrophil counts reached a minimum between
ARDS 0 h and ARDS 3 h (Fig. S2B, Fig. S3B, Fig. S4B, Fig. S5B,
Fig. S6B, Fig. S7B, Fig. S8B, Fig. S9B). On average, numbers of
circulating platelets also decreased following ARDS induction
compared to those at baseline (179±70×103μl−1 versus
356±66×103μl−1).
Plasma cytokines were measured in duplicate at baseline and

ARDS 0 h. At ARDS 0 h, levels of pro-inflammatory cytokines,
i.e. interleukins IL1A, IL2, IL6, IL12 and IL18 (hereafter referred
to as IL-1α, IL-2, IL-6, IL-12, IL-18, respectively) and tumor
necrosis factor alpha (TNF-α) were significantly elevated relative to
baseline (Fig. 3A). Additionally, concentrations of IL1B (hereafter
referred to as IL-1β) and its receptor antagonist IL1RN (also
known as IL-1RA) were significantly increased at ARDS 0 h
(134-1527 pg ml−1, P=0.038 and 770-166,323 pg ml−1, P=0.024).
Plasma concentration of the pro-inflammatory chemoattractant
IL-8 was significantly elevated (249-7839 pg ml−1). Levels of
anti-inflammatory cytokines (IL-4 and IL-10) were also
significantly increased at ARDS 0 h (36-4711 pg ml−1, P=0.0234
and 294-4164 pg ml−1; P=0.0017). Only levels of interferon

gamma (INFG; hereafter referred to as IFN-γ) were not
significantly increased.

Acute-phase reactants (C-reactive protein, D-dimer, ferritin) were
measured in blood plasma or serum by using ELISA (Table S5).
Levels of D-dimer were significantly increased at ARDS 0 h in all
animals (P=0.004) (Fig. 3B). Although not significant when
compared as an average, C-reactive protein was elevated from
baseline in all but one animal (Fig. 3B).

Radiographic evidence of lung edema
Interval chest X-rays demonstrated progressive bilateral
opacification of the lung fields, consistent with the radiographic
component of the Berlin criteria for ARDS diagnosis (Table S1,
Fig. 4) (ARDS Definition Task Force et al., 2012). Semi-
quantitative RALE scoring (as described in Warren et al., 2018)
by two independent reviewers, interobserver agreement by
Pearson’s correlation coefficient (r=0.88, 95% CI 0.82-0.92,
P<0.001; see Fig. S10A) and Bland-Altman plot (Fig. S10B)
were high. Mean lung edema scores increased compared to baseline
(11±7) at ARDS 0 h (21±7, P=0.005; Fig. 4). Lung edema persisted
after ARDS induction through endpoint and negatively correlated
with the PaO2:FIO2 ratio (P<0.001). Lung edema was significantly
worse in lower lung quadrants versus upper lung quadrants at ARDS
0 h (RALE score: 7.7±2.1 versus 2.9±2.8, P=0.016) and 6 h
(9.1±2.0 versus 2.3±2.0, P<0.001) but not significantly different at

Fig. 2. Clinical measurements over experimental time course. (A) PaO2:FiO2 ratio as measured by arterial blood gas over experimental time course.
(B) Mean arterial pressure (black) and pulmonary arterial pressures (open circles) in millimeters of mercury (mm Hg) over experimental time course.
(C) Platelet (black circles) or neutrophil counts (open circles) [×103μl−1] over the experimental time course (in hours).
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ARDS 12 h (8.8±3.0 versus 3.3±2.5, P=0.114) and ARDS 24 h
(8.3±0.4 versus 3.5±2.5, P=0.254) (Fig. 4; Fig. S11).

Histopathologic analysis
H&E slides of experimental and normal swine lung tissue were
randomly numbered prior to pathologic review under light
microscope by an experienced pulmonary pathologist. A

previously described lung-injury severity score, which includes
the number of airway polymorphonuclear (PMN) cells per high-
power field (hpf ), the number of alveolar polymorphonuclear cells
per hpf, alveolar edema, interstitial infiltrates (lymphocytes and
neutrophils in the interstitium around vessels and airways and in
alveolar septa and pleura) and interstitial edema (perivascular and
peribronchial spaced expanded with edematous fluid), as described
in O’Neill et al. (2017), was applied (Fig. S1D, Fig. S2E, Fig. S6E,
Fig. S7E, Fig. S8E, Fig. S9E, Table S7). Minimal and maximum
scores for each sub-score element are 0 and 3, respectively (except

Fig. 3. Change in cytokine and acute-phase reactants from baseline to
induction of ARDS. (A) Cytokine levels at baseline and ARDS 0 h (n=7).
(B) Acute-phase reactants at baseline and ARDS 0 h (n=7). ns, not
significant; *P<0.05; **P<0.01; ***P<0.001. CRP, C-reactive protein. x-axis
labeling shown in B also applies to all graphs in A.

Fig. 4. Radiographic progression of ARDS. (A) Representative chest
X-rays from baseline up to ARDS 12 h demonstrate radiographically the
progression of ARDS (long dashed white lines, approximate delineation of
lung field quadrants; short dashed white lines, area of radiographic edema).
(B) Median radiographic assessment of lung edema score per radiographic
lung field quadrant and as total for ‘baseline’ lung (n=9), ARDS 0 h (n=7),
ARDS 6 h (n=5), ARDS 12 h (n=3), ARDS 24 h (n=3), ARDS 48 h (n=1).
RUQ, right upper quadrant; RLQ, right lower quadrant; LUQ, left upper
quadrant, LLQ, left lower quadrant. Color scale from white (0) to dark blue
(12, individual lung field quadrant; 48, total score).
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interstitial edema, for which the maximum sub-score is 2). The
average total lung injury severity score was 1.0±0.0 for normal
swine lungs, whereas the mean total lung injury severity score was
6.1±1.8 at ARDS <8 h, 7.7±0.4 at ARDS 24 h, and 10.2±2.8 at
ARDS 48 h. Among score components, the interstitial edema and
airway PMN sub-scores were highest for all experimental
timepoints. Animals demonstrated time-dependent increases in
interstitial edema (ARDS <8 h: average 1.5±0.1; ARDS 24 h:
average 1.6±0.3; ARDS 48 h: average 2.0±0.0) and alveolar edema
sub-scores (ARDS <8 h: average 0.8±0.7; ARDS 24 h: average
1.4±0.0; 48 h: average 1.4±1.3, Fig. 5).
There was no significant difference in total lung injury severity

score between left and right lower lobes (LLL and RLL,
respectively) and non-lower lobes, i.e. right upper lobe (RUL),
right middle lobe (RML) and left upper lobe (LUL) at ARDS <8 h

(P=0.0838), ARDS 24 h (P=0.1361), or ARDS 48 h (P=0.1387).
However, lower lobes demonstrated higher alveolar edema sub-
scores at ARDS <8 h (P=0.0103) and ARDS 24 h (P=0.0014) but
not at ARDS 48 h (P=0.2191). Hyaline membranes were not noted
at study endpoint.

Immunofluorescence imaging showed decreased markers of both
epithelial cell and endothelial cell adhesion [EpCAM and P-selectin
(SELP), respectively] in lungs from animals with ARDS relative to
those from healthy controls (Fig. 5C). Immunostaining for
surfactant protein C (SFTPC; also known as pro-surfactant protein
C, pro-SPC) a marker of type 2 alveolar epithelial cells (AT2),
showed reduced immunofluorescence in lung tissue from ARDS
swine compared to that in normal swine tissue. Markers of tight
junctions and epithelial-endothelial barrier integrity (i.e. ZO3 and
ZO1) were similarly decreased.

Fig. 5. Histopathologic analysis. (A) Representative H&E slides from ARDS and normal swine lungs arranged by lung lobe. (B) Lung injury severity score
by severity score element and lung lobe by study endpoint (≤8 h, n=3; 24 h, n=2; 48 h, n=1). Color scale from white (normal) to red (severe injury).
(C) Immunofluorescence images of ARDS and normal swine lungs stained for the epithelial markers EpCAM, ZO3 and pro-SPC, and the endothelial markers
(CD31, ZO1 and SELP). RUL, right upper lobe; RML, right middle lobe; RLL, right lower lobe; LUL, left upper lobe; LLL, left lower lobe; PMN,
polymorphonuclear cells. Scale bars: 100 μm (A), 50 μm (C).
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DISCUSSION
In this present study, we aimed to recapitulate the clinical,
radiographic and histopathologic features of acute respiratory
distress syndrome (ARDS) in a pre-clinical model to facilitate
the study of potential therapeutics for this increasingly frequent
and severe lung disease. We modeled the pathophysiology of
ARDS by using two clinically relevant injuries (gastric acid
aspiration and endotoxin infusion) and fulfilled the criteria
delineated by the NHLBI and ATS for representative ARDS
model (Matute-Bello et al., 2011). We addressed the critical gap
in the need for pre-clinical models that can be used to deepen
our understanding of the pathophysiology of ARDS, identify
biomarkers of each phase of disease and test emerging targeted
therapies.
ARDS induction by gastric acid injury and endotoxin reliably

produced moderate to severe oxygenation impairment that failed to
resolve up to 48 h after induction, suggesting that the lung injury is
not merely a transient pneumonitis. Rapid onset after the inciting
event is a key pre-model feature. One recently published swine
model utilizing both direct and indirect lung injury reached a PaO2:
FIO2 ratio of ≤300 by ARDS 12 h; however, the mean PaO2:FIO2

ratio was above the threshold for severe ARDS (Tiba et al., 2021).
The induction timeframe in that model (i.e. with PaO2:FIO2 ratios
consistent with moderate to severe ARDS within 1.5±1.5 h
following infusion of LPS) mimics the clinical progression of
ARDS in humans and aligns with the temporal diagnostic criterion
of ARDS (ARDS Definition Task Force et al., 2012). In one large
single-institution study, human patients with early-onset ARDS
developed ARDS within 4.2 h, the interquartile range being 2.3-7.4
(Fuchs et al., 2019).
We also observed strong evidence of physiologic dysfunction

beyond oxygen impairment. All hemodynamic responses and
changes in laboratory values seen after intravenous infusion of
LPS (i.e. leukopenia, decreased cardiac output and arterial
hypotension) (Matute-Bello et al., 2008) were observed, as were
significant increases in pulmonary arterial pressure. Because the
model of ARDS presented here involves human-sized animals,
measurement and monitoring of these parameters within an
intensive-care-unit level of care is possible, circumventing the
practical difficulties of repeated blood sampling and prolonged
organ support that limit the applicability of small animal models. To
confirm the alterations in the inflammatory response are consistent
with ARDS, glucocorticoids were not administered (Meduri et al.,
1995). Furthermore, interventions, such as prone positioning,
vasopressors, crystalloid fluid administration, neuromuscular
blockade and ECMO, were co-administered in a manner consistent
with that provided to humans. An advantage of this model is the
ability to test candidate treatments in a clinical context, thereby
mimicking that of human patients.
Neutrophils are central mediators of the pathogenesis of acute

lung injury and crucial for the robust inflammatory response of
ARDS (Abraham et al., 2000; Folkesson et al., 1995). Excessive
neutrophil recruitment to the lungs and neutrophil activation
contribute to the progression of ARDS through damage of
bystander tissue and further loss of lung function (Grommes and
Soehnlein, 2011; Williams and Chambers, 2014). Our finding that
levels of circulating neutrophils significantly decrease (69-93%)
between ARDS 0 h and ARDS 6 h (Fig. 2C) suggests that
neutrophils are largely sequestered within the pulmonary
vasculature, parenchyma and airways. We found that
accumulation of neutrophils within the alveoli and airways in lung
tissues worsened over the experimental time course (Fig. 5), i.e. at

all three histopathologic analysis timepoints after ARDS 0 h lung
tissue contained on average >300 PMN cells per hpf compared to
22 PMNs per hpf in control lung specimens. Additionally, levels of
IL-8 – a potent neutrophil chemoattractant (Grommes and
Soehnlein, 2011; Williams and Chambers, 2014) and suggested
biomarker for ARDS (Whitney et al., 2020; Yadav et al., 2018) –
were significantly elevated from baseline at ARDS 0 h in our
experimental model (Fig. 3).

Other elements of the inflammatory response also developed after
dual-hit lung injury. As previously demonstrated in patients with
ARDS, levels of pro-inflammatory cytokines in the experimental
animals were significantly elevated at ARDS 0 h relative to those at
baseline (Fig. 3) (Meduri et al., 1995; Puneet et al., 2005; Schütte
et al., 1996). Plasma concentrations of IL-1β and its receptor
antagonist IL-1RA, both of which were significantly elevated
after ARDS induction in our model, correlated with ARDS severity
and have been associated with clinical outcomes (Meduri et al.,
1995).

Alteration of the alveolar-capillary barrier and development
of alveolar edema are key pathophysiologic features of ARDS.
Two independent reviewers semi-quantitatively analyzed lung
edema by chest radiography, and found that mean lung edema
had increased from baseline to ARDS 0 h, correlating with
worsening oxygenation (Fig. 4). This alteration of the alveolar-
capillary barrier was further demonstrated by histopathologic
analysis. Diffuse alveolar injury – i.e. the near pathologic correlate
to the clinical entity of ARDS – involves the accumulation of
neutrophils in alveolar or interstitial spaces, formation of hyaline
membranes, thickening of the alveolar wall and enhanced injury
(Cardinal-Fernandez et al., 2017; Matute-Bello et al., 2011). In our
study, we did not observe hyaline membranes in most swine. But
Cardinal-Fernandez et al. also found hyaline membranes and diffuse
alveolar damage (DAD) in only half of human patients undergoing
open-lung biopsies for clinical ARDS (Cardinal-Fernandez et al.,
2017). The predominant lack of hyaline membranes in the swine
model might relate to the timescale of our study or the peripheral
location of the lung specimens. Other pathologic features of the acute
exudative phase of ARDS (i.e. of diffuse alveolar damage, interstitial
and alveolar edema, inflammation, and fibrin deposition) were
observed with increasing severity of lung injury over the experimental
time course (Fig. 5).

Other swine models have examined alternative injury-induction
methods, i.e. repeated saline lavage together with ventilation injury
(Araos et al., 2021, 2016), volutrama and hyperoxia followed by
direct inoculation of Escherichia coli by acidified gastric particles
(Tiba et al., 2021). Most ARDS animal models have demonstrated
injury to the lung epithelium or changes in the pulmonary vascular
compartment, including hypertension and the formation of
microthrombi (Araos et al., 2016; Borges et al., 2019; Nieman
et al., 1996; Meers et al., 2011a; Leiphrakpam et al., 2021), but few
have demonstrated alterations to both sides of the alveolar-capillary
interface in a manner consistent with ARDS in human patients
(Millar et al., 2020). The sheep model used byMillar and colleagues
enables the mechanistic study of ARDS pathophysiology and is
highly suitable for developing and evaluating therapeutics because
it recapitulates the clinicopathologic features of injury to both the
epithelium and endothelium in ARDS.

Ex vivo models, in which human lungs were injured by
intrabronchial instillation of endotoxin (Lee et al., 2009), have
also been used for pre-clinical testing of candidate therapies (Shaw
et al., 2019). One pre-clinical model specifically evaluated
permeability of the lung endothelial barrier and clearance of the
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alveolar fluid, and treatment with bone marrow-derived multipotent
mesenchymal stem cells (MSCs) (Lee et al., 2009; Millar et al.,
2020) and informed subsequent clinical trials in humans (Matthay
et al., 2019). This phase 2a safety trial demonstrated the safety
of allogeneic MSCs for patients with moderate to severe ARDS
but did not evaluate its efficacy (Matthay et al., 2019). Because
the swine model presented here comprehensively recapitulates ARDS
within a clinically relevant context beyond the endothelial barrier, it is
particularly well suited to evaluate dosing strategies and pre-clinical
efficacy of candidate therapeutics, such as MSCs or their secretome,
to maximize resources dedicated to clinical trials.

Limitations
Variations in mechanism and intensity of lung injury may provide
insights into the pathophysiologic mechanisms of ARDS (Beitler
et al., 2022). Although acid aspiration is a reproducible mechanism
of lung injury, the window between injurious and non-injurious
doses is narrow (Matute-Bello et al., 2008), making tuning of the
degree of injury and ARDS severity difficult. The animal-to-animal
variability of this model accurately captures inter-patient variability
but cannot detect small variations in biomarkers or clinical data. By
their very nature, experimental models emulate simplified and
tightly controlled clinical scenarios, a limitation that also applies to
our study.We investigated the inflammatory response in the lungs to
bronchoalveolar lavage. Our model was designed to mimic the
clinical course and treatments experienced by human patients.
However, due to the severe lung dysfunction that occurred by
establishing the ARDS conditions in our model, we were unable to
reliably perform bronchoscopy without compromising oxygenation
and recruitment of the lungs. Furthermore, swine commonly have
underlying lung disease and bacterial colonization, which may
augment the severity of ARDS in this model.
Our model is resource intensive, requiring around-the-

clock intensive care by trained medical and veterinary doctors.
Additionally, the model allows for co-interventions (e.g. ECMO),
which might not be available to all patients in all clinical settings, as it
requires specialized equipment and staffing. Furthermore, a follow-up
period of 48 h is a very short clinical timeframe in the context of
the lengthy pathology of ARDS, particularly as it evolves over the
course of weeks. Future studies focusing on the efficacy of novel
therapeutics would require an extended experimental time course.

Conclusion
This pre-clinical model in human-sized swine recapitulates the
clinical, radiographic, and histopathologic manifestations of ARDS,
providing a much-needed tool to study pathogenesis and targeted
therapeutics for this highly morbid, and increasingly incident, lung
disease.

MATERIALS AND METHODS
Additional details regarding materials and methods are provided in the
Supplementary Materials and Methods as indicated. All animals were treated
in accordancewith the Guide for the Care and Use of Laboratory Animals, 8th
Edition and housed in facilities accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care International (AAALACI). All
studies were approved by the Institutional Animal Care and Use Committee of
Columbia University (National Research Council, 2011).

Pre-procedure preparation
Female Yorkshire swine (49±5 kg, Table S2) were placed under intravenous
general anesthesia after sedation with tiletamine/zolazepam. They were
initially ventilated by using volume-control with tidal volume (VT)
10-12 ml kg−1, positive end-expiratory pressure (PEEP) of 5 cm H2O,

respiratory rate (RR) at 12-20 breaths min−1 and fraction of inspired oxygen
(FIO2) of 100%.

ARDS induction
Gastric aspiration injury was induced by positioning a bronchoscope tip into
bilateral mainstem bronchi to deliver 30-50 ml standardized gastric contents
(pH 2) (Fraisse et al., 2007; Guenthart et al., 2019; Meers et al., 2011b).
Lipopolysaccharide (LPS) from Escherichia coli O55:B5 was then infused
centrally for 30-60 min (see Fig. 1A for experimental overview).

ARDS 0 h was defined as the time when the PaO2:FIO2 ratio first
decreased to <150 mm Hg following LPS infusion. At ARDS 0 h,
lung-protective ventilation was initiated (VT 6 ml kg−1, PEEP and FIO2

per ARDSNet ‘Higher FIO2’ parameters) (Table S4); the RR was titrated to
maintain pH>7.3. PEEP and FIO2 were gradually removed as tolerated,
depending on pulse oximetry and PaO2. The muscle relaxant pancuronium
bromide was used to paralyse animals with severe hypoxia and/or
hypercarbia. Swine were moved into prone position every 6-12 h when
able to tolerate position changes. ECMO was used as rescue therapy to
prevent mortality prior to planned endpoint.

Data and sample collection
Blood samples and chest radiographs were taken at pre-defined timepoints
(Fig. 1). Experimental endpoints were ARDS 6 h (n=3) and ARDS 48 h.
Animals were euthanized prior to planned experimental endpoint when their
clinical status deteriorated despite maximal medical treatment, including
vasopressor support, ECMO and/or attempted cardiopulmonary
resuscitation. Inflammatory markers, i.e. interferon gamma (IFN-γ),
interleukins (IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-18,
interleukin receptor antagonist (IL1RN; also known as IL-1RA) and tumor
necrosis factor (TNF; also known as TNF-α) were analyzed in duplicate by
using the Porcine Cytokine 13-Plex Discovery Assay (Eve Technologies,
Calgary, AB, Canada). Other markers, i.e. D-dimer, C-reactive protein
(CRP) and ferritin, were measured by using commercially available
enzyme-linked immunosorbent assays (ELISAs) according to the
manufacturer’s instructions (Table S5).

Radiographic assessment of lung edema (RALE) scoring
Radiographs were blinded for evaluation of lung edema using the RALE
score by two radiologists. Each radiologist independently scored the
radiographs to evaluate the extent of consolidation and density of alveolar
opacities (Table S6) (Warren et al., 2018).

Histopathologic analysis of lung injury
Lung tissue samples were fixed, paraffin-embedded and sectioned.
Hematoxylin and Eosin (H&E)-stained slides were reviewed blinded by a
pulmonary pathologist using a previously described lung injury severity
score (Table S7) (Guenthart et al., 2019). The pathologist was provided with
background information regarding the study aims but slides were
completely masked as to experimental group or timepoint, as described
by Meyerholz and Beck (2018). Lung sections were stained for additional
proteins and cell markers, i.e. for epithelial cell adhesion molecule
(EPCAM), tight junction protein 1 (TJP1; also known as zonula
occludens-1, ZO1), tight junction protein ZO-3 (TJP3, also known as
zonula occludens-1, ZO3), surfactant protein C (SFTPC; also known as pro-
surfactant protein C, pro-SPC), platelet and endothelial cell adhesion
molecule 1 (PECAM1; also known as CD31) and P-selectin (SELP) (see
Table S8 for antibody information).

Statistical analysis
One-way analysis of variance with Tukey’s multiple comparison post hoc
tests and Student’s t-tests were performed using Prism Version 9
(GraphPad). A value of P<0.05 was considered statistically significant.
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