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Rationale: Despite advances in clinical management, there are cur-
rently no reliable diagnostic and therapeutic targets for acute respira-
torydistresssyndrome(ARDS).Theinflammasome/caspase-1pathway
regulates the maturation and secretion of proinflammatory cytokines
(e.g., IL-18). IL-18 is associated with injury in animal models of
systemic inflammation.
Objectives:We sought to determine the contribution of the inflamma-
some pathway in experimental acute lung injury and human ARDS.
Methods: We performed comprehensive gene expression profiling
on peripheral blood from patients with critical illness. Gene expres-
sion changes were assessed using real-time polymerase chain reac-
tion, and IL-18 levels were measured in the plasma of the critically
ill patients. Wild-type mice or mice genetically deficient in IL-18
or caspase-1 were mechanically ventilated using moderate tidal
volume (12 ml/kg). Lung injury parameters were assessed in lung
tissue, serum, and bronchoalveolar lavage fluid.
Measurements and Main Results: In mice, mechanical ventilation en-
hanced IL-18 levels in the lung, serum, and bronchoalveolar lavage
fluid. IL-18–neutralizing antibody treatment, or genetic deletion of
IL-18 or caspase-1, reduced lung injury in response tomechanical ven-
tilation. In human patients with ARDS, inflammasome-related mRNA
transcripts(CASP1, IL1B,andIL18)were increased inperipheralblood.
In samples from four clinical centers, IL-18was elevated in the plasma
of patients with ARDS (sepsis or trauma-induced ARDS) and served
as a novel biomarker of intensive care unit morbidity andmortality.
Conclusions: The inflammasome pathway and its downstream cyto-
kines play critical roles in ARDS development.
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Acute lung injury (ALI), a common and severe pulmonary com-
plication of critical illness, affects approximately 10 to 15% of pa-
tients hospitalized in the intensive care unit (ICU) (1). Acute
respiratory distress syndrome (ARDS), the most severe form of
ALI, has a mortality rate of approximately 40%, despite modern
ICU care (2). Since the first description of this syndrome, ARDS
mortality has decreased through the implementation of improved
supportive measures and a cytoprotective low tidal volume strat-
egy (3). Nevertheless, we still cannot reliably predict ARDS sus-
ceptibility (4), nor do we possess effective targeted therapies for
afflicted patients (5).

“Inflammasomes” are intracellular macromolecular complexes
that serve as platforms for the activation of the proinflammatory
caspase-1, which in turn cleaves IL-1b and IL-18 from their re-
spective proforms (6). These inflammasome-activated cytokines
belong to the IL-1 cytokine family (7) and play central roles in
the propagation of the acute inflammatory response. At least four
inflammasome complexes are now recognized (designated NLRP1,
NLRP3, IPAF, and AIM2) (6). The NALP3 inflammasome has a
basic structure consisting of nucleotide-binding-domain, leucine-
rich repeat domain containing protein (NLRP) and the adaptor
protein ASC (apoptosis-associated speck-like protein contain-
ing caspase-1 activator domain [CARD]), which recruit and ac-
tivate procaspase-1 (8, 9).

In macrophages, the NLRP3 inflammasome can be activated
by combined exposure to Toll-like receptor-4 (TLR4) ligand and
increased K1 ion efflux via purinergic P2X7 receptors (P2X7R)
(10–12). Additionally, the NALP3 inflammasome responds to
activation by bacterial and viral pathogens (13) or lysosomal dis-
ruption caused by particle irritants such as silica (14), asbestos,
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Currently there are no effective predictors or therapies for
acute respiratory distress syndrome (ARDS). Although in-
flammatory processes are known to play a role in acute lung
injury (ALI)/ARDS pathology, currently the specific role of
inflammasome-dependent inflammatory responses remains
unknown.

What This Study Adds to the Field

This study suggests that caspase-1–dependent inflammatory
responses involving the production and activation of IL-18
may play a role in the propagation of ALI/ARDS.
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monosodium urate crystals (15), and excess production of re-
active oxygen species (i.e., neutrophil or mitochondria-derived)
(16, 17). In contrast, the IPAF and AIM2 inflammasomes repre-
sent specialized responses to activation by gram-negative bacteria
and DNA (18, 19).

Recent studies show that inflammasome-dependent responses
can be triggered by cell death (17, 20), suggesting intriguing roles
for inflammasomes in the development of ARDS. In the current
study, we demonstrate that IL-18, whose secretion is increased
in ARDS, can serve as a novel biomarker associated with the
severity of illness and mortality in the critically ill. Using a mouse
model of ventilator-induced lung injury (VILI) in rodents, we
have assessed the role of the inflammasome pathway in lung
injury. Some of the results of these studies have been previously
reported in the form of abstracts (21–23).

METHODS

Patients

We established a Registry of Critical Illness (RoCI) in the Brigham
and Women’s Hospital (BWH) medical ICU (MICU). RoCI is ap-
proved by the Partners Human Research Committee. Informed con-
sent was obtained for blood collection. Patients were classified as
nonseptic ICU control subjects, systemic inflammatory response syn-
drome (SIRS), sepsis, no sepsis ARDS, and sepsis with ARDS (sepsis/
ARDS) (see Table E1 in the online supplement). Clinical data were
validated using samples from three independent cohorts (Vanderbilt
University, Massachusetts General Hospital/Beth Israel Deaconess Med-
ical Center [MGH/BIDMC], and University of Pennsylvania) (see online
supplement).

Human Plasma Analysis

Human plasma was prepared from blood drawn fromRoCI patients and
independent patient cohorts. IL-18 and caspase-1 protein levels were
measured in plasma using ELISA (Invitrogen [Carlsbad, CA]
and R&D Systems [Minneapolis, MN]) (see online supplement).

Human Microarray Analysis

Total RNA was collected from 88 RoCI patients (Table E1). Gene ex-
pression profiles were generated using Human HT-12 v4 BeadChip
arrays (Illumina, San Diego, CA) according to the manufacturer’s pro-
tocol. The microarray data are available through the Gene Expression
Omnibus of the National Center for Biotechnology Information (GEO,
accession number GSE32707). Gene expression changes were vali-
dated using TaqMan Real Time Polymerase Chain Reaction (PCR)
(see online supplement).

Mouse Experiments

All animal protocols were approved by the BWH Institutional Animal
Care and Use Committee. Mice genetically deficient in IL-18 (Il182/2)
(C57Bl/6) or caspase-1 (Casp12/2) (NOD/shi) (Jackson Laboratories,
Bar Harbor, ME; n ¼ 40/group) were allowed to spontaneously breathe
or were mechanically ventilated (12 ml/kg tidal volume, 8 h) using a ro-
dent ventilator (Voltek Enterprises, Toronto, ON, Canada). Mouse se-
rum was analyzed for IL-18 using ELISA (Invitrogen). Bronchoalveolar
lavage fluid (BALF) was analyzed for total, differential cell counts, and
IL-18 ELISA. Left lung tissue was analyzed by hematoxylin and eosin,
immunohistochemical, and immunofluorescence staining, and homoge-
nates were prepared for IL-1b, IL-18 (Invitrogen), and IL-33 (R&D
Systems) quantitative ELISA. Right lungs were used to measure wet-
to-dry lung weight ratio (see online supplement).

Mouse Microarray Analysis

Total RNA was extracted from lung tissues of ventilated and control
NOD/shi mice. Microarray expression profiles were generated using

Ref-8 mouse arrays (Illumina) according to the manufacturer’s proto-
col. The microarray data are available through the GEO accession
number GSE29920. Gene expression was confirmed using quantitative
TaqMan Real Time PCR (see online supplement).

Mouse IL-18–Neutralizing Antibody Treatment

C57Bl/6 mice (n ¼ 12/group) inhaled 10 mg of mouse IgG (Abcam,
Cambridge, MA) or polyclonal rat IL-18 antibody in 10 ml of normal
saline 1 hour before experiments. Mice (n ¼ 6) were randomly selected
for mechanical ventilation (MV) or control as described above (see
online supplement).

Statistics

For human plasma analysis, IL-18 and caspase-1 level were represented
as mean 6 SEM. Means were compared using Student t test. To compare
differences in mortality based on IL-18 level, we usedWilcoxon two-sample
test for continuous IL-18 level and Fisher exact test for categorical levels.
Analyses were performed using SAS software (SAS Institute, Cary, NC)
and significance levels were set at P , 0.05. For mouse experiments, the
results are presented as mean6 SEM. Kruskal-Wallis test was performed
for multiple group comparison, and intergroup differences were ana-
lyzed with the Wilcoxon rank sum test using SPSS software (SPSS, Inc.,
Chicago, IL). Significance level was P , 0.05 (see online supplement).

RESULTS

VILI Increases Inflammasome Gene Expression

Using microarray analysis of lungs harvested from rodents sub-
jected to MV in established models of VILI, we have discovered

TABLE 1. GENE EXPRESSION ANALYSIS OF INFLAMMASOME-
RELATED GENES IN EX VIVO MOUSE VENTILATOR-INDUCED
LUNG INJURY

ENTREZ ID Functional Description Fold Change P Value

16175 Interleukin 1 alpha (Il1a) 3.4 1.70 3 1023

1677 Interleukin 1 receptor 1 (Il1r1) 2.6 2.60 3 1022

16178 Interleukin 1 receptor 2 (Il1r2) 2.1 5.00 3 1022

105844 Caspase recruitment domain

10 (Card10)

0.5 3.30 3 1022

Isolated, perfused mouse lungs were ventilated with 225 cm H2O pressure

(overventilation) or 210 cm H2O pressure (control) for 3 h and their lung gene

expression profiles were compared. Microarray was performed on total RNA

extracted from whole lung tissue using Codelink Uniset I 10K Bioarrays. Average

gene expression fold changes represent overventilation/control, and their respec-

tive P values are listed for statistical significance. Technical details and microarray

analysis is explained in Reference 24.

TABLE 2. GENE EXPRESSION ANALYSIS OF INFLAMMASOME-
RELATED GENES IN IN VIVO MOUSE VENTILATOR-INDUCED
LUNG INJURY

ENTREZ ID Functional Description Fold Change P Value

16178 Interleukin 1 receptor 2 (Il1r2) 6.17 3.20 3 1024

16176 Interleukin 1 beta (Il1b) 1.62 3.70 3 1023

16177 Interleukin 1 receptor 1 (Il1r1) 0.53 2.50 3 1023

257632 Caspase recruitment domain 15

(Card 15)

0.52 7.70 3 1023

16182 Interleukin 18 receptor 1 (Il18r1) 0.45 3.70 3 1022

105844 Caspase recruitment domain 10

(Card 10)

0.08 1.19 3 1025

Sedated mice were ventilated with 10 ml/kg tidal volume for 8 h with 2 cm

H2O positive end-expiratory pressure (ventilation) or allowed to breathe sponta-

neously (control), and their gene expression profiles were compared. Microarray

was performed on total RNA extracted from whole lung tissue using Codelink

Uniset I 20K Bioarrays. Average gene expression fold changes represent ventila-

tion/control, and their respective P values are listed for statistical significance.

Technical details and microarray analysis is explained in Reference 25.
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novel target molecules potentially modulating VILI (24, 25). We
first performed gene expression profiling analysis of 10,000
mouse genes in an ex vivo model of experimental VILI using
isolated, blood-free, perfused BALB/c mouse lungs subjected
to high negative-pressure ventilation (225 cm H2O) versus
low-pressure ventilation (210 cm H2O) (24). In a retrospec-
tive analysis of this study, we found significant changes in
inflammasome-related gene expression, including interleukin-
1a (Il1a), caspase-activator domain-10 (Card10), and IL-1
receptor-1 and -2 (Il1r1 and 2) (Table 1). Furthermore, mem-
bers of the inflammasome complex family were significantly
regulated in a microarray study of an in vivo model of VILI,
using C57Bl/6 mice subjected to MV (10 ml/kg tidal volume for
8 h) (25). We identified caspase-activator domain-10, and -15,
(Card10 and 15), IL-18 receptor-1 (Il18r1), Il1r2, and IL-1b
(Il1b) as genes with significant expression change after MV

(Table 2). In a current global gene expression analysis of mice
subjected to MV (12 ml/kg tidal volume for 8 h), the expression
of the Asc gene, a component of the inflammasome complex,
was up-regulated 1.49-fold after MV. TaqMan Real Time PCR
analysis confirmed this finding (fold-change ¼ 1.46, P ¼ 0.0075).

Gene Expression Profiling of Critically Ill Patients

As described above, we observed that genes representing inflam-
masome complex molecules and downstream cytokines were
significantly regulated in ex vivo and in vivo animal models
of VILI. We then sought to evaluate whether inflammasome
family genes are also regulated in human critical illness such
as sepsis and ARDS. We extracted total blood RNA from 88
patients to determine the global gene expression profile of ICU
control subjects and patients with SIRS, sepsis, and sepsis/

Figure 1. Critical illness modulates caspase-1, IL-1b, and

IL-18 expression in peripheral blood cells. TaqMan poly-

merase chain reaction (PCR) results are shown for CASP1

(A), IL1B (B), and IL18 (C). RNA was obtained frommedical
intensive care unit admission day blood samples. Data are

expressed as relative fold-change compared with systemic

inflammatory response syndrome (SIRS) ¼ 1. For statistical
analysis, the Kruskal-Wallis test was performed for multiple

group comparison, and intergroup differences were ana-

lyzed with Wilcoxon rank sum test, P , 0.05, n ¼ 6 ran-

dom samples/group. *Represents significant differences
between sepsis/acute respiratory distress syndrome (ARDS)

and SIRS samples.

TABLE 3. DEMOGRAPHICS OF BRIGHAM AND WOMEN’S HOSPITAL REGISTRY OF CRITICAL ILLNESS PATIENTS

RoCI SIRS ICU Control P Value Sepsis P Value Sepsis/ARDS P Value No Sepsis/ARDS P Value

N 61 35 94 28 7

Age, mean (SD) 54.9 (15.9) 63.9 (14.5) ,0.01* 58.3 (14.7) 0.16 54.0 (14.5) 0.82 56.3 (6.9) 0.2

Gender, male % (N) 57.4 (35) 57.1 (20) 0.79 56.4 (53) 0.81 46.4 (13) 0.3 71.4 (5) 0.51

Race, % (N)

Asian/Pacific Islander 3 (2) 0 (0) 2 (2) 4 (1) 0 (0)

Black 22 (13) 17 (6) 11 (10) 0 (0) 0 (0)

Hispanic 6 (4) 3 (1) 7 (7) 14 (4) 0 (0)

White 69 (42) 80 (28) 80 (75) 82 (23) 100 (7)

Length of stay, d, median (min–max) 10 (0–46) 4 (1–21) ,0.01* 12 (1–64) 0.15 19 (1–70) 0.01* 14 (5–41) 0.24

In-hospital mortality, % (N) 31.1 (19) 2.8 (1) ,0.01* 21.3 (20) 0.15 60.7 (17) 0.01* 71.4 (5) 0.04*

APACHE II score, mean (SD) 22.15 (9.5) 19.63 (6.4) 0.09 25.7 (8.0) 0.02* 30.46 (9.0) ,0.01* 28.86 (5.7) 0.09

Source of infection, % (N)

Gastrointestinal N/A N/A 14 (13) 13 (13) N/A

Genitourinary N/A N/A 11 (10) 4 (1) N/A

Central nervous system N/A N/A 5 (5) 0 (0) N/A

Lung N/A N/A 43 (40) 61 (14) N/A

Definition of abbreviations: APACHE ¼ Acute Physiology and Chronic Health Evaluation; ARDS ¼ acute respiratory distress syndrome; ICU ¼ intensive care unit; max ¼
maximum; min ¼ minimum; N/A ¼ not applicable; RoCI ¼ Registry of Critical Illness; SIRS ¼ systemic inflammatory response syndrome.

* Represents significant differences SIRS vs. other patient groups (P value , 0.05, Student t test).
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ARDS. On MICU admission, we observed significant up-
regulation of ASC and IL1B genes in patients with sepsis/
ARDS when compared with SIRS (1.43-fold and 1.44-fold
increase, respectively; P , 0.05). To confirm the relevance of
these gene expression changes, we performed TaqMan Real
Time PCR for selected downstream effectors of the inflamma-
some pathway. The expression of CASP1, IL-18, and IL1B

mRNA transcripts was significantly higher in patients with
sepsis/ARDS when compared with SIRS (Figure 1).

Protein Profiling of Critically Ill Patients

We measured caspase-1 and IL-18 plasma protein levels in 225
critically ill MICU patients in the BWH RoCI. The clinical

Figure 2. Plasma IL-18 levels are elevated in critical illness.
(A) IL-18 plasma levels were measured in the Brigham and

Women’s Hospital (BWH) Registry of Critical Illness (BWH

RoCI). Samples were drawn after admission (Day 1) and at

Day 3 and Day 7. Patients with sepsis/acute respiratory
distress syndrome (ARDS) have higher levels of IL-18 in

their plasma than intensive care unit (ICU) control subjects,

patients with systemic inflammatory response syndrome
(SIRS), or patients with sepsis only. (B) Patients with severe

sepsis-induced ARDS (Vanderbilt cohort) display higher

levels of IL-18 than SIRS (control). IL-18 levels in severe

sepsis: 603.68 pg/ml6 71.7, n ¼ 30, coefficient of variance
(CV) ¼ 0.65; ARDS with severe sepsis: 509.48 pg/ml 6
72.82, n ¼ 31, CV ¼ 0.8; and SIRS: 266.59 pg/ml 6
46.49, n ¼ 28, CV ¼ 0.92. (C) Levels of IL-18 in patients

with sepsis-induced ARDS are also elevated in the Massa-
chusetts General Hospital and Beth Israel Deaconess Hos-

pital (MGH/BIDMC) cohort when compared with

patients without ARDS (control). IL18 level in sepsis/
ARDS: 1,184.8 pg/ml 6 178.29, n ¼ 23, CV ¼ 0.72

and in control patients without ARDS who had either

SIRS or sepsis: 386.1 pg/ml 6 43.36, n ¼ 29, CV ¼ 0.6.

(D) Patients with sepsis/ARDS (ARDS) displayed higher
levels of IL-18 when compared with patients with SIRS

only (control) in the BWH cohort at Day 1. IL-18 level in

sepsis/ARDS: 1,043.06 pg/ml 6 108.09, n ¼ 21, CV ¼
0.47 and in SIRS: 571.73 pg/ml 6 83.38, n ¼ 57, CV ¼
1.1. (E) IL-18 levels are increased in nonsepsis/ARDS BWH

patients (ARDS), when compared with ICU control sub-

jects (control). IL-18 levels in ARDS: 696.68 pg/ml 6
81.0, n ¼ 7, CV ¼ 0.32 and in ICU control subjects:
311.46 pg/ml 6 28.47, n ¼ 35, CV ¼ 0.7. By compari-

son, IL-18 levels of patients with trauma-induced ARDS

(trauma ARDS, University of Pennsylvania cohort [U Penn])
are similar to patients with ARDS in BWH, and elevated

relative to their ICU control subjects (control). IL-18 levels

in trauma ARDS: 636.05 pg/ml 6 104.89, n ¼ 20, CV ¼
0.74 and in their control subjects: 134.75 pg/ml 6 37.51,
n¼ 18, CV¼ 1.18. *Significant differences any condition vs.

control. #Significant difference sepsis vs. sepsis/ARDS. Stu-

dent t test was performed on log10 transformed data, P ,
0.05. Sample numbers/condition are listed in the extended
METHODS section in the online supplement.

Figure 3. IL-18 correlates with mortality in the critically ill.
(A) Increased IL-18 levels at medical intensive care unit

Day1 were associated with increased in-hospital mortality

among critically ill patients. Data were based on 217

patients, of whom 161 were discharged from the hospital
and 56 died during hospitalization. Wilcoxon two-sample

test, P ¼ 6 3 1027. (B) Mortality stratification based on

plasma IL-18 level quartiles. *Represents significant differ-

ences among quartiles, Fisher exact test, P ¼ 5 3 1025,
n/quartile ¼ 54, 53, 55, 55. Changes in quartiles related to

death, odds ratio ¼ 2.02; 95% confidence interval, 1.48–

2.76; P ¼ 1 3 1025.
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characteristics of patients in the RoCI are listed in Table 3 and
Table E1. IL-18 levels were increased in subjects with SIRS,
sepsis, and sepsis/ARDS, with the greatest increase observed
in the subjects with sepsis/ARDS (Figure 2A). The kinetics of
IL-18 expression in the plasma was also measured as a function
of time after MICU admission. Samples were drawn within
48 hours after MICU admission (Day 1), at 72 to 96 hours
(Day 3), and at 168 to 192 hours (Day 7). Persistently elevated
levels of IL-18 were observed at all time points for patients with
sepsis/ARDS from the RoCI (Figure 2A). Caspase-1 plasma
levels were also significantly elevated in patients with sepsis/
ARDS at Day 1 when compared with control subjects and pa-
tients with SIRS (ICU control ¼ 113.19 pg/ml 6 35.58, SIRS ¼
153.06 pg/ml 6 30.04, sepsis ¼ 157.16 pg/ml 6 21.22, sepsis/
ARDS ¼ 258.35 pg/ml 6 47.09).

To validate our findings in the RoCI patients, we measured
IL-18 levels in plasma samples in independent cohorts of critical
illness. Samples from the VALID study at Vanderbilt University
showed increased IL-18 levels in patients with severe sepsis and
ARDS when compared with SIRS control (Figure 2B). In the
Molecular Epidemiology of ARDS Study cohort from MGH/
BIDMC, patients with sepsis/ARDS at the time of diagnosis
had significantly higher levels of IL-18 than control patients
without ARDS who had either SIRS or sepsis (Figure 2C). In
the BWH RoCI population, IL-18 was significantly higher in the
sepsis/ARDS group at Day1 when compared with patients with
SIRS only (Figure 2D). IL-18 levels were also elevated in
nonsepsis/ARDS (ARDS) patients from the BWH RoCI at
Day 1 compared with ICU control subjects (Figure 2E). How-
ever, these levels were lower than those with sepsis/ARDS.
Similar findings were demonstrated in major trauma subjects
from the University of Pennsylvania. In trauma-induced non-
septic ARDS (trauma ARDS), plasma IL-18 levels were similar
to those observed in nonsepsis ARDS and significantly higher
than similarly injured ICU control subjects without ARDS
taken from the same trauma cohort (Figure 2E).

Human Plasma IL-18 Levels Are Correlated with Disease

Severity and Mortality in Critically Ill Patients

Plasma levels of IL-18 at the time of MICU admission were
higher with increasing disease severity categories (control, SIRS,
sepsis, and sepsis/ARDS), with the highest levels observed in
patients with sepsis/ARDS (Figure 2A). Patients with elevated
IL-18 levels at the time of MICU hospitalization had increased
mortality (Figure 3A and 3B). For example, after adjusting for
important covariates, including Acute Physiology and Chronic
Health Evaluation (APACHE) II score, for each 500-pg/ml in-
crease in IL-18 level, patients had a 60% increase in their odds
of death (odds ratio, 1.60; 95% confidence interval (CI), 1.17–
2.20; P ¼ 0.004). To further explore the usefulness of IL-18 as
a marker of lung injury, we correlated MICU admission IL-18
levels with plasma lactate levels and APACHE II scores. We
found that for each 100-pg/ml increase in IL-18 there is a
0.3-mg/dl increase in lactate level and a 0.1-unit increase in
APACHE II score (95% CI, 0.2–0.4; P , 0.0001; and 95%
CI, 0.07–0.15; P , 0.0001, for lactate and APACHE II score,
respectively).

VILI Increases IL-18 and Other Inflammasome-associated

Cytokine Levels

To further study cytokine expression in the lung we used amouse
model of VILI. Mice were subjected to MV (12 ml/kg, 8 h) with
a positive end-expiratory pressure of 2 cm H2O without airway
recruitment to induce injury. We measured the protein expres-
sion of IL-1b, IL-18, and IL-33 in lung tissue (Figure 4A). In-
creases in IL-18 levels were also detected in the serum (Figure
4B) and the BALF (Figure 4C), suggesting that IL-18 originating
and activated in the lung contributes to the systemic cytokine
response.

Alveolar Macrophages Are Critical Sources of IL-18 in VILI

The increased IL-18 expression in the lung tissue of mice after
MV was confirmed by immunofluorescence staining using an an-
tibody against cleaved IL-18 (Figure 5A). MV elevated the
numbers of Mac-3 positive cells in the lung, which colocalized
with IL-18–positive cells (Figure 5B–5D). Of the cells that can
infiltrate the alveoli, monocytes and alveolar macrophages ex-
press Mac-3, implying that these cells contribute to increased
IL-18 production in VILI.

Figure 4. Inflammatory caspase-activated cytokines are regulated in

ventilator-induced lung injury. Mice were mechanically ventilated (ven-
tilation) for 8 hours with 12 ml/kg tidal volume and 2 cm H2O positive

end-expiratory pressure (A). IL-18, IL-1b, and IL-33 levels were mea-

sured in whole lung homogenates of ventilated wild-type mice and
their nonventilated counterparts. Cytokine expression increased in ven-

tilated mice when compared with control animals. IL-18 levels were

similarly elevated in serum and in the bronchoalveolar lavage fluid

(BALF) (B and C). Kruskal-Wallis test was performed for multiple group
comparison and intergroup differences were analyzed with Wilcoxon

rank sum test, P , 0.05. For all other animal studies the same statistical

tests were performed. *Represents significant differences between ven-

tilation and control, n ¼ 8 animals/group.
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Genetic Deletion of IL-18 and Caspase-1 Confers Resistance

to VILI In Vivo

To further investigate the role of IL-18 and caspase-1 in the
mechanism of ALI, we exposed mice genetically deficient in
IL-18 (Il182/2) or caspase-1 (Casp12/2) and their correspond-
ing wild-type mice to MV and evaluated indices of inflammation
and lung injury. We measured total and neutrophil cell counts in
the BALF as an index of MV-induced inflammation. Both
Il182/2 and Casp12/2 mice exhibited fewer cells in the BALF
after MV when compared with their wild-type counterparts
(C57Bl/6 and NOD/shi, respectively) (Figures 6A and 6B). His-
tological analysis also showed a lower number of infiltrating
neutrophils in the lung after injury in Il182/2 mice (data not
shown). Il182/2 mice were protected from MV-induced alveolar-
capillary barrier dysfunction as assessed by total protein concen-
tration in the BALF and wet-to-dry lung weight ratio (Figures 6C
and 6D). An increased number of apoptotic cells, as assessed by
caspase-3 immunohistochemical staining of lung tissue, were
detected in wild-type mice after MV, whereas a significant re-
duction in caspase-3–positive cells was observed in both Il182/2

and Casp12/2 mice (Figure 6E). The Casp12/2 mice displayed
no increases in IL-18 production in response to MV (Figure 6F),
confirming that caspase-1 is required for the increased IL-18
expression observed in VILI.

IL-18–Neutralizing Antibody Treatment Reduces VILI

We tested whether exogenous IL-18 inhibition can prevent VILI.
Wild-type mice inhaled a single dose of IL-18–neutralizing

antibody (10 mg) or an equal dose of control IgG 30 minutes
before MV, and lung injury indices were compared. IL-18–
neutralizing antibody treatment significantly altered total and
neutrophil cell count in the lavage of ventilated mice (Figures
7A and 7B). However, IL-18–neutralizing antibody had no
effect on alveolar edema formation (Figures 7C and 7D).

DISCUSSION

Our present findings demonstrate that the inflammasome-
regulated cytokine IL-18, and its upstream regulator caspase-1,
play important roles in the propagation of lung injury in mice,
as well as in critically ill patients. Using gene expression analysis,
we describe genes corresponding to the inflammasome pathway
that are differentially expressed in VILI and in human ARDS.
We demonstrate that the plasma level of IL-18 is strongly associ-
ated with ARDS risk and indices of morbidity and mortality in
four independent cohorts of critically ill patients. Using genetically
modified mice, we demonstrate that caspase-1–dependent inflam-
masome cytokine responses are critical to the propagation of ALI
in a rodent model of VILI. This suggests a role for inflammasome
pathway activation and its downstream cytokines in ARDS.

The results of our comprehensive gene expression profiling in
VILI prompted us to focus on the inflammasome-dependent
IL-18 inflammatory pathway (Tables 1 and 2). To evaluate
inflammasome-related pathway activation in critical illness, we
performed global gene expression profiling using the blood of
88 critically ill patients. ASC and IL1B gene expression was

Figure 5. Mechanical ventila-
tion (MV) increases the expres-

sion of the cleaved form of

IL-18 in alveolar macrophages.

(A) Lung tissue samples ob-
tained from control and venti-

lated mice were stained with

fluorophore-labeled antibodies

against IL-18 (cleaved form,
Cy3, red), macrophage marker

Mac-3 (FITC, green), DAPI

(blue nuclear stain) and ana-
lyzed by confocal microscopy.

Representative images are

shown. Magnification 3100,

scale 10 mm ¼ 10 mm. En-
larged area magnification

3200, scale 5 mm ¼ 10 mm.

Results are quantified by

counting positively stained
cells in five independent areas.

(B) MV increased the number

of cleaved IL-18 positive alveo-
lar cells when compared with

controls. (C) MV increased

the number of cells that stain-

ed positive for both cleaved
IL-18 and Mac-3. (D) MV in-

creased the relative number

of IL-18–positive alveolar mac-

rophages. Numbers are ex-
pressed as the percentage of

total cells in lung sections.

*Represents significant differen-

ces between control and venti-
lation. P , 0.05.
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higher in sepsis/ARDS when compared with patients with SIRS.
TaqMan analysis confirmed that inflammasome-regulated cyto-
kines IL18, IL1B, and their upstream regulator CASP1 have
increased expression in sepsis/ARDS. By comparing SIRS to
patients with sepsis/ARDS, we aimed to find pathways that
were activated early in illness that influence ARDS develop-
ment. Our group has previously shown that patients with
sepsis/ARDS carry a unique genomic signature different from
sepsis alone (26).

To assess the biological relevance of the observed gene ex-
pression changes in critical illness, we measured plasma IL-18
and caspase-1 levels in 225 patients (Figure 1, Table 3, and
Table E1). IL-18 levels were significantly elevated on admission
and remained high in patients with sepsis/ARDS when com-
pared with noninfectious control subjects or patients with sepsis
alone. We confirmed our findings by measuring IL-18 levels
in independent critical care populations from Vanderbilt Uni-
versity, MGH/BIDMC, and the University of Pennsylvania.
Our observations of higher IL-18 plasma levels in patients with
sepsis/ARDS, nonseptic ARDS, and trauma-induced ARDS
compared with similarly critically ill at-risk control subjects
are suggestive of pulmonary contribution to inflammatory cyto-
kine production. Data obtained from patients with severe sepsis
with and without ARDS (Vanderbilt University) implies that in
severe disease IL-18 production may reach a maximum level
beyond which additional organ failure (i.e., lung) will not fur-
ther contribute to rising cytokine levels.

In the lung, alveolar macrophages produce excessive amounts
of IL-1b in patients with ARDS (27). Chemical and biological
inhibition of the IL-1 pathway has improved indices of VILI
in animal models (28, 29), but most patients with ARDS did
not benefit from IL-1 receptor antagonist treatment (30).
Inflammasome-mediated IL-1b secretion has been implicated
in the pathology of lung inflammation (31), but its relationship
to IL-18 is not known. Elevated IL-18 levels have so far been
associated with critical illnesses including myocardial ischemia,
ALI, acute kidney injury, and sepsis (32–36). Sepsis complicated
with ARDS has a high mortality in the ICU (37), yet there are
no reliable predictors of mortality (38). In our patient cohort,
high levels of IL-18 at admission correlated with increased in-
hospital mortality. Although our analysis is limited by not mea-
suring cytokines previously associated with mortality (i.e., IL-6,
IL-8) (4, 39, 40), IL-18 level is associated with lactate levels,
a clinically established biomarker, and APACHE II scores, a
severity indicator, that have both been associated with ICU
morbidity and mortality (41–43). Future studies will be needed
to compare the predictive power of multiple biomarkers in
tandem.

Caspase-1 protein was also detectable in human plasma with
a significant increase in sepsis/ARDS patients at MICU admis-
sion. However caspase-1 levels rapidly declined to control values
by Day 3. The significance of extracellular caspase-1 in the
progression of ALI remains unclear, and further studies are war-
ranted to determine its role in inflammation. Recently, Kolliputi

Figure 6. IL-18 and caspase-1 modulate indices of lung
injury. IL-18 (Il182/2) or caspase-1 (casp12/2) knockout

mice and their corresponding C57Bl/6 or NOD/shi wild-

type mice, respectively, were mechanically ventilated

(ventilation) for 8 hours with 12 ml/kg tidal volume and
2 cm H2O positive end-expiratory pressure. After ventila-

tion or control treatments, mice were analyzed for indices

of lung injury. (A) Mechanical ventilation increased bron-

choalveolar lavage fluid (BALF) total cell count in wild-type
(Il181/1 and casp11/1) mice. The Il182/2 and casp12/2

mice show minimal increase in total cell count after me-

chanical ventilation. (B) Il182/2 and casp12/2 mice re-

spond to mechanical ventilation with reduced alveolar
neutrophil infiltration. (C) Il182/2 and casp12/2 mice are

resistant to ventilator-induced lung injury (VILI)-induced

alveolar protein leakage. (D) Lung wet-to-dry ratio mea-
surement confirmed that Il182/2 and casp12/2 mice have

increased resistance against alveolar pulmonary edema

formation in VILI. (E) Il182/2 and casp12/2 mice were also

protected from apoptotic cell death as measured by the
number of caspase-3 positive-staining cells in lung tissue.

Results were quantified and expressed as the percentage of

cells positively stained for caspase-3. (F). IL-18 levels in

lung tissue decreased in casp12/2 mice when compared
with wild-type mice after mechanical ventilation. *Repre-

sents significant differences between ventilation and con-

trol; n ¼ 8/group for BALF and lung tissue measurements,
n ¼ 12/group for wet-to-dry lung weight ratio mea-

surements, and n ¼ 3/group for immunohistochemical

analysis.
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and colleagues observed increased inflammasome complex for-
mation and subsequent IL-1b release in alveolar macrophages
of mice exposed to hyperoxia (44). Although unable to directly
measure inflammasome complex formation in human samples,
we provide indirect evidence of increased inflammasome path-
way activation in these samples that culminated in observed
increases in IL-18 and caspase-1 release.

To further study the role of the inflammasome pathway in
ALI, we used a sterile inflammation mouse VILI model. In mice,
we observed elevated levels of IL-1b and IL-18 in the lung
tissue. MV increased the number of Mac-3–positive cells in
the lung, indicating increased numbers of mononuclear cells.
Cleaved IL-18 colocalizes with Mac-3–positive alveolar cells.
Furthermore, we detected increased IL-18 levels in mouse se-
rum and BALF. From these results we conclude that infiltrating
mononuclear cells and alveolar macrophages represent im-
portant sources of circulating IL-18 in VILI. Because the inflam-
masome is critical for IL-18 cleavage in macrophages, we
propose that inflammasome activation impacts proinflammatory
responses in ALI. Our results also show elevated IL-33 levels
in VILI. IL-33 is a proinflammatory cytokine cleaved and subse-
quently inactivated by caspase-3 and caspase-7 but not caspase-1
during apoptosis (45). These findings suggest that inflamma-
tory caspases not only initiate but also regulate VILI-induced
inflammation.

The critical role of caspase-1 was illustrated in Casp12/2

mice, which were protected against VILI. In agreement with
our findings, Rowe and colleagues and Fahy and colleagues
observed delayed apoptosis in neutrophils isolated from LPS-
treated Casp12/2 mice with a transitional inflammatory re-
sponse (46, 47). The authors concluded that caspase-1 was
not required for IL-1b activation but likely modulated lung
inflammation via IL-18. Here, we show that Casp12/2 mice
produce low levels of IL-18. These results demonstrate that
the enhanced production of IL-18 observed in VILI was the
product of caspase-1, which was necessary for the propagation
of injury. Accordingly, we have also found that the tissue injury
was mitigated by the genetic deletion or chemical blockade of
IL-18.

The inflammasome plays a central role in host defense against
a wide variety of infectious and noninfectious agents (14–16, 19,
20). Our laboratory and others have demonstrated that the
NLRP3 inflammasome also regulates IL-18 release in response
to proinflammatory stimuli triggered by mitochondrial DNA
(17, 48). However, it is unclear to what extent specific inflam-
masome complexes (i.e., NLRP3) are involved IL-18 activation
in ALI and how infection contributes to the propagation of
IL-18–mediated injury. Lamkanfi and colleagues have recently
suggested that Il182/2 mice have normal susceptibility to bac-
terial endotoxemia (13). The role of IL-18 in inflammation is
further complicated by the fact that neutrophils and alveolar
epithelial cells can produce IL-18 via inflammasome-independent
neutrophil protease-3 and caspase-4–regulated mechanisms (49,
50). In the future, studies with live bacterial models of pneumonia
in mice that are deficient in IL18 and IL1B gene, as well as neu-
tralizing antibody experiments, will be necessary to describe the
role of IL-18 in ALI.

Our study includes important limitations. Although findings
suggest that IL-18 measurement is correlated with disease sever-
ity, lung injury, and mortality in MICU patients, the predictive
usefulness of IL-18 measurement as a biomarker remains to be
established. We have presented analyses accounting for differ-
ences in measurement technique; differences in IL-18 levels
between centers (i.e., IL-18 levels in patients at Vanderbilt Uni-
versity compared with BWH) suggest prudence in the interpre-
tation of absolute IL-18 level until measurement methods
become standardized. A second potential limitation of this study
is the lack of lung tissue and/or BALF samples from our MICU
patients to measure local inflammasome-related cytokine ex-
pression. Additional limitations include the lack of severity score
measured (i.e., APACHE II and Sequential Organ Failure As-
sessment score) at multiple time points. Future studies will be
needed to compare the additive usefulness of IL-18 to commonly
measured clinical variables and additional reported (4) and
established (41) biomarkers of ICU mortality.

In conclusion, inflammasomes are critical regulators of the in-
nate and adaptive immune system that connect cell death and
inflammatory pathways (7, 9, 47). Here, we have found that

Figure 7. IL-18–neutralizing antibody blocks ventilator-
induced inflammation. Wild-type C57Bl/6 mice were me-

chanically ventilated (ventilation) for 8 hours with 12 ml/kg

tidal volume and 2 cmH2O positive end-expiratory pressure.

(A) IL-18 antibody (IL-18AB) inhalation significantly reduced
ventilator-induced inflammatory cell count in the bronchoal-

veolar lavage fluid (BALF) when compared with IgG-treated

control mice. (B) BALF neutrophil cell count was also lower in

IL-18–neutralizing antibody–treated mice. (C) IL-18AB inha-
lation only partially reduced protein leakage to the alveoli.

(D) No differences were found in wet-to-dry lung weight

ratio after ventilation between treatment groups. *Represents

significant differences between ventilation and control; (n ¼
6) animals/group.
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the inflammasome pathway dependent on caspase-1 is activated
in critically ill patients and, furthermore, that increases in cir-
culating IL-18 correlate with disease severity and mortality in
the MICU. Moreover, we demonstrate that IL-18 and caspase-1
play critical roles in the development of lung injury. Our animal
experiments suggest that therapeutics targeting the inflamma-
some pathway and its downstream mediators may hold promise
as novel approaches to therapy.

Author disclosures are available with the text of this article at www.atsjournals.org.
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