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Although strides have been made to reduce ventilator-induced lung
injury (VILI), critically ill patients can vary in sensitivity to VILI, sug-
gestinggene–environment interactions could contribute to individual
susceptibility. This study sought to uncover candidate genes associ-
atedwith VILI using a genome-wide approach followed by functional
analysis of the leading candidate in mice. Alveolar–capillary perme-
ability after high tidal volume (HTV) ventilation was measured in 23
mouse strains, and haplotype associationmappingwas performed. A
locus was identified on chromosome 15 that contained ArfGAP with
SH3 domain, ankyrin repeat and PH domain 1 (Asap1), adenylate cy-
clase 8 (Adcy8),WNT1-inducible signaling pathway protein 1 (Wisp1),
and N-myc downstream regulated 1 (Ndrg1). Information from pub-
lished studies guided initial assessment to Wisp1. After HTV, lung
WISP1 protein increased in sensitive A/J mice, but was unchanged in
resistant CBA/J mice. Anti-WISP1 antibody decreased HTV-induced
alveolar–capillary permeability in sensitiveA/Jmice, and recombinant
WISP1protein increasedHTV-inducedalveolar–capillary permeability
in resistant CBA/J mice. HTV-induced WISP1 coimmunoprecipitated
with glycosylated Toll-like receptor (TLR) 4 in A/J lung homogenates.
After HTV, WISP1 increased in strain-matched control lungs, but was
unchanged in TLR4 gene–targeted lungs. In peritoneal macrophages
from strain-matched mice, WISP1 augmented LPS-induced TNF re-
lease that was inhibited in macrophages from TLR4 or CD14 antigen
gene–targetedmice, and was attenuated in macrophages frommye-
loid differentiation primary response gene 88 gene–targeted or TLR
adaptor molecule 1 mutant mice. These findings support a role for
WISP1 as an endogenous signal that acts through TLR4 signaling to
increase alveolar–capillary permeability in VILI.
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The incidence of acute lung injury (also known as acute respira-
tory distress syndrome) is z190,000 patients per year in the
United States (1). Mechanical ventilation is a component of
supportive therapy in the management of acute lung injury
(2), but such therapy may produce an iatrogenic complication
referred to as ventilator-induced lung injury (VILI). Much of
the overall reduction in mortality from acute lung injury over
the years has been ascribed to limiting VILI through lung-
protective mechanical ventilation strategies (3). Nonetheless,
the etiology of VILI remains unclear, and the sensitivity to VILI
varies in patient subpopulations, suggesting that genetic deter-
minants may control individual susceptibility.

Previously, multiple investigators have reproduced elements
of acute lung injury after high tidal volume (HTV) in experimen-
tal animals. Several approaches have been used to identify pro-
teins that contribute to the pathogenesis of VILI in these models.
In addition, microarray analysis has yielded several candidate
transcripts in pathways of inflammation, innate immunity, oxida-
tive stress, and intracellular signaling associated with VILI in
rodents (4–6). Specific proteins and pathways include neutrophil
elastase (7), Toll-like receptors (TLRs) (8, 9), nuclear factor
(erythroid-derived 2)–like 2 (10), nitric oxide synthase 2 (11),
nitric oxide synthase 3 (12), integrins (13), JNK signaling (14),
and ectonucleotidases (15). Amphiregulin and other proteins
have also been associated with injury in ventilated perfused
mouse lung (devoid of contributions of neutrophils or other
leukocytes) (4). Other investigators have noted that mouse
strains differ in acute lung injury induced by various forms of
high volume/pressure ventilation (16, 17). These studies were
limited to a few inbred strains, but nonetheless provide a strong
rationale for a systematic study of VILI in inbred mice.

Haplotype association mapping provides an approach for
identifying susceptibility genes and molecular pathways that un-
derlie a given trait (18). Advances in genome sequence analysis
and high density single-nucleotide polymorphism (SNP) maps
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CLINICAL RELEVANCE

The current study using haplotype association mapping in
inbred mouse strains identified several candidate genes
associated with ventilator-induced lung injury (VILI).
Functional analysis demonstrated that WNT1-inducible
signaling pathway protein 1 protein plays an important role
in the pathogenesis of VILI in mice probably through
modulating and/or amplifying Toll-like receptor 4–mediated
signaling.
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have facilitated our ability to identify genetic determinants of
complex traits in mice. Its relevance to human pathophysiology
is apparent in that 99% of mouse genes have homologs in
humans, 96% are in syntenic locations, and many genetic alter-
ations identified in mouse models have a common genetic equiv-
alent (or ortholog) in humans (19). In the present study, we
quantified changes in alveolar–capillary permeability with Evan’s
blue albumin (EBA) after HTV ventilation (20 ml/kg 3 4 h) in
23 inbred mouse strains and performed haplotype association
mapping to identify genes with significant SNP association with
VILI.

MATERIALS AND METHODS

Experimental animal protocols were performed in accordance with
guidelines approved by the Institutional Animal Care and Use Com-
mittee at the University of Pittsburgh (Pittsburgh, PA). Inbred mice (fe-
male, 8–12 wk) used for haplotype association mapping were purchased
from The Jackson Laboratory (Bar Harbor, ME). A genetically diverse
panel of 23 mouse strains was phenotyped, and haplotype association
mapping was performed as described previously (20). VILI-induced
alveolar capillary permeability of EBA was measured as described
previously (9). Briefly, anesthetized mice were ventilated with HTV
(20 ml/kg body weight 3 100 breaths/min 3 4 h; 0 positive end-
expiratory pressure). Another group of strain-matched control mice
(CON) underwent tracheotomy, but breathed spontaneously for 4 hours.
Previously, we noted no significant difference in alveolar–capillary per-
meability between low tidal volume ventilation (7 ml/kg body weight)
and spontaneous breathing. After HTV or spontaneous breathing, A/J
mouse lungs were homogenized in immunoprecipitation lysis/wash
buffer (Pierce, Rockford, IL) with complete mini-protease inhibitors
(Roche, Mannheim, Germany). Coimmunoprecipitation was performed
with an affinity-purified anti–WNT1 inducible signaling pathway protein
(WISP) 1 antibody (R&D Systems, Minneapolis, MN) or anti–TLR4–
MD2 antibody (BD Pharmingen, San Diego, CA). To examine the con-
tribution of specific TLR signaling proteins, TNF release was measured
after LPS with or without WISP1 protein from peritoneal macrophages
obtained from gene-targeted mice, including mice deficient in TLR4
(TLR42/2) (21), myeloid differentiation primary response gene (MyD)
88 (MyD882/2) (22), and CD14 antigen (CD142/2) (23). In addition,
peritoneal macrophages from TLR adaptor molecule 1 (a.k.a., TRIF)
(TRIF2/2) mutant mice were used (24). Responses of macrophages from
these mice were contrasted with responses of peritoneal macrophage
from strain-matched (C57BL/6J) mice. Peritoneal macrophages were
obtained with PBS containing 5 mM EDTA (Sigma-Aldrich, St. Louis,
MO), seeded in 96-well plates at a density of 6 3 104/well, and treated
with LPS with or without WISP1 protein in reduced serum OPTI-MEM
medium (Invitrogen Life Technologies, Carlsbad, CA) (22 h; 5% CO2;

378C). Culture medium was collected and TNF levels were measured by

Figure 1. Ratio of Evan’s blue albumin (EBA) permeability in high tidal

volume (HTV) ventilated mice compared with spontaneous breathing

control (CON) mice in 23 mouse strains. EBA permeability index was

calculated by dividing the pulmonary tissue EBA at 620 nm absorbance
per gram of lung tissue by the plasma EBA at 620 nm absorbance. EBA

permeability in each strain was normalized as permeability ratio of HTV

mice to CONmice. Values are means (6SEM); n ¼ 216 mice, four to six

mice per mouse strain in each CON and HTV group.

Figure 2. Haplotype association mapping of ventilator-

induced lung injury (VILI) using single-nucleotide poly-
morphisms (SNPs) in mice. (A) Haplotype association

map for VILI in mice. The scatter (Manhattan) plot of

corresponding 2log (P) association probability (ordinate)
for each SNP at the indicated chromosomal location

(abscissa). The horizontal dashed line indicates the signif-

icance level of 2log (P). (B) Candidate genes on mouse

chromosome 15 associated with VILI. Genes with one or
more significant SNPs (2log (P) . 6.0) included ArfGAP

with SH3 domain, ankyrin repeat and PH domain 1

(Asap1), adenylate cyclase 8 (Adcy8), WNT1-inducible

signaling pathway protein 1 (Wisp1), and N-myc down-
stream regulated 1 (Ndrg1).
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ELISA kit (R&D Systems, Minneapolis, MN). Data are means (6SEM).
Statistically significant differences (P , 0.05, P , 0.01, P , 0.001) were
determined by two-way or one-way ANOVA, followed by Bonferroni’s
multiple comparisons or Tukey’s post test, respectively, using Graphpad
Prism ver. 5.0 (GraphPad Software, San Diego, CA). Further details on
the methods are presented in the supplemental material.

RESULTS

Haplotype Association Mapping of SNPs Associated with

VILI in Inbred Mouse Strains

Because structural impairment in the alveolar–capillary mem-
brane barrier, with subsequent increased pulmonary vascular
permeability, is a prominent feature of acute lung injury, we
used the ratio of EBA levels after HTV to EBA levels after
spontaneous breathing as a quantitative trait to discriminate
lung injury after mechanical ventilation in each mouse strain.
The EBA permeability ratio after HTV varied roughly 2-fold
among the 23 mouse strains tested (Figure 1). The resulting phe-
notypes were used for haplotype association mapping (Figure 2),
and 33 SNP associations were linked to VILI (2log (P) ¼ 6.0–9.5)
that resided within 18 genes (Table 1). Four genes, ArfGAP with
SH3 domain, ankyrin repeat and PH domain 1 (Asap1), adenylate
cyclase 8 (Adcy8), Wisp1, and N-myc downstream regulated
1 (Ndrg1), were located in a single region (64.1–66.7 Mbp) on
chromosome 15 (Figure 2). Haplotype association mapping
identifies SNP associations in linkage with functional SNPs
(25); therefore, we evaluated the potential functional SNPs in
these 18 candidate genes using the next generation sequencing
map in various strains of mice (26).

We identified SNPs that would lead to amino acid substitution
in a functional domain of the corresponding protein or alter pu-
tative transcription factor binding site in the 59 untranslated
region (UTR) of the gene. From these SNPs, we selected SNPs
that had .10% minor allele frequency that could account for
.10% of the phenotypic difference between the most disparate
strains (see Table E1 in the online supplement). This approach
identified nine genes. Three genes, human immunodeficiency virus
type I enhancer binding protein 3 (Hivep3), contactin-associated
protein-like 2 (Cntnap2), and heparan sulfate (glucosamine) 3-O-
sulfotransferase 4 (Hs3st4), had one or more nonsynonymous SNPs
in a functional domain. The other six genes, including Wisp1 and
Ndrg1, had one or more SNPs in the 59 UTR that could alter
a putative transcription factor binding site.

Comparison of Sensitive (A/J) and Resistant (CBA/J)

Mice to HTV

HTV increased EBA permeability in the sensitive A/J mouse
strain compared with spontaneously breathing control (CON) af-
ter 4 hours, whereas HTV did not increase EBA permeability in
the resistant CBA/J mouse strain (Figure 3A). Similarly, protein
content (Figure 3B), total cell count (Figure 3C), neutrophils
(Figure 3D), and macrophages (Figure 3E) in bronchoalveolar
lavage (BAL) fluid increased more in sensitive A/J mice than in
resistant CBA/J mice after 4 hours of HTV.

We initiated an assessment of the candidate genes on chromo-
some 15 based on biological plausibility, including possible func-
tional significance in VILI and transcript expression in themouse
lung. Wisp1 appears to be a leading candidate among the iden-
tified genes of causing VILI because: (1) WNT/b-catenin signal-
ing has previously been associated with lung injury (27–30); (2)
Wisp1 mRNA increased in alveolar epithelia after mechanical
stretch (31); and (3) Wisp1 has been associated with pulmonary
fibrosis in mice (32).

WISP1 protein increased markedly in lungs after HTV in
the sensitive A/J mouse strain as compared with the resistant
CBA/J mouse strain (Figure 4A). In addition, WISP1 protein
was detected in airway and alveolar epithelium and alveolar
macrophages in A/J mice exposed to spontaneous breathing
control (Figure 4B), and similar localization was also found
in A/J mice after HTV and resistant CBA/J mice after CON
and HTV (data not shown). Immunoreactive WISP1 protein
was apparent in primary alveolar macrophages obtained from
either the A/J or CBA/J mouse strain (Figure 4C), but increased
only in the sensitive A/J mouse strain in alveolar macrophages
obtained after HTV (Figure 4D). Immunoreactive WISP1 was
also present in BAL fluid (Figure 4E), suggesting that it can be
secreted and act as an extracellular molecule. Similar to lung
homogenate, WISP1 protein was elevated in BAL fluid of the
sensitive, but not the resistant, mouse strain at 4 hours after
HTV.

TABLE 1. SIGNIFICANT SINGLE-NUCLEOTIDE POLYMORPHISMS
IDENTIFIED BY HAPLOTYPE ASSOCIATION MAPPING OF
VENTILATOR-INDUCED LUNG INJURY IN MICE

Chromosome Position dbSNP Region Alleles 2log (P) Symbol

1 181141730 rs32601567 Intron C/T 6.75 Smyd3

1 181145346 rs31517246 Intron A/G 6.08 Smyd3

1 181167686 rs32357487 Intron A/G 6.75 Smyd3

1 181254194 rs32370428 Intron C/T 6.75 Smyd3

1 181254863 rs32390461 Intron A/G 6.75 Smyd3

1 181330284 rs13476264 Intron C/T 6.87 Smyd3

1 181970809 rs32668729 Intron C/T 6.84 Cdc42bpa

1 189141678 rs31931745 Intron A/G 6.45 Gpatch2

3 75255647 rs13477201 Coding C/T 7.01 Wdr49

4 119751327 rs6401898 Intron A/G 6.12 Hivep3

5 65197908 rs33714346 Intron C/T 7.23 Klf3

5 142665148 rs33587040 Intron A/G 6.34 Sdk1

6 45945581 rs30354170 Intron C/T 6.02 Cntnap2

7 131322893 rs31985864 Intron C/T 6.41 Hs3st4

11 4442382 rs29417270 Intron A/G 9.12 Mtmr3

11 4447839 rs26938982 Intron A/C 8.69 Mtmr3

11 4470221 rs26923056 Intron A/G 8.69 Mtmr3

11 4552514 rs29438722 Intron A/T 6.50 Ascc2

11 30780223 rs13467861 39 UTR A/T 6.17 Psme4

15 64110550 rs31110351 Intron C/G 6.02 Asap1

15 64129266 rs6177246 Intron A/T 7.23 Asap1

15 64129349 rs6177728 Intron C/T 6.64 Asap1

15 64169932 rs31589408 Intron A/C 6.64 Asap1

15 64579156 rs31127725 Intron C/G 9.40 Adcy8

15 64579327 rs31127727 Intron C/T 9.40 Adcy8

15 64624571 rs31131314 Intron A/G 9.40 Adcy8

15 64646875 rs13482616 Coding C/T 9.51 Adcy8

15 64685909 rs32478823 Intron A/T 9.40 Adcy8

15 66752215 rs13482623 39 UTR C/T 7.39 Wisp1

15 66791317 rs31744623 Intron C/G 8.10 Ndrg1

15 66792183 rs31588658 Intron A/G 7.23 Ndrg1

16 41868185 rs4178707 Intron C/T 8.62 Lsamp

19 50686324 rs30420148 Intron C/T 6.23 Sorcs1

Definition of abbreviations: Adcy8, Adenylate cyclase 8; Asap1, ArfGAP with SH3

domain, ankyrin repeat and PH domain 1; Ascc2, activating signal cointegrator 1

complex subunit 2; Cdc42bpa, CDC42 binding protein kinase alpha; Cntnap2,

contactin associated protein-like 2; dbSNP, National Center for Biotechnology

Information single-nucleotide polymorphism identification number; Gpatch2,

G patch domain containing 2;Hivep3, human immunodeficiency virus type I enhancer

binding protein 3; Hs3st4, heparan sulfate (glucosamine) 3-O-sulfotransferase 4; Klf3,

Kruppel-like factor 3 (basic); 2log(P), negative log of the probability; Lsamp, limbic

system-associated membrane protein; Mtmr3, myotubularin related protein 3; Ndrg1,

N-myc downstream regulated gene 1; Position, basepair location of gene; Psme4,

proteasome (prosome; macropain) activator subunit 4; Sdk1, sidekick homolog 1

(chicken); Smyd3, SET and MYND domain containing 3; Sorcs1, Sortilin-related

VPS10 domain containing receptor 3; UTR, untranslated region;Wdr49, WD repeat

domain 49; Wisp1, WNT1-inducible signaling pathway protein 1.
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Reversal of Phenotype to VILI via WISP1 in Mice

Sensitive A/J mice were administered anti-WISP1 monoclonal
antibody or serum IgG (0.5 mg/g in 50 ml intratracheal instil-
lation) before HTV. Anti-WISP1 monoclonal antibody inhi-
bited HTV-induced EBA increase in sensitive A/J mice,
whereas serum IgG did not affect lung injury after HTV (Fig-
ure 5A). Resistant CBA/J mice were administered recombi-
nant mouse WISP1 (rmWISP1) protein (0.5 mg/g in 50 ml
intratracheal instillation) or PBS (50 ml intratracheal instilla-
tion) before HTV or spontaneous breathing control. rmWISP1
increased HTV-induced EBA permeability in resistant CBA/J
mice, whereas PBS did not affect lung injury after HTV
(Figure 5B).

WISP1 Contributes to VILI via TLR4 Signaling

Because WISP1 appears to be a critical link between mechanical
stretch and innate immunity in airway epithelium (31), and
TLR4 appears to be important in VILI (8, 9, 33), we assessed
the relationship between WISP1 and TLR4 in VILI. TLR4 was
readily detectable in A/J mouse lung, and glycosylated TLR4
(120 kD) slightly increased after 4 hours of HTV (Figure 6A).
In coimmunoprecipitation assays with anti-WISP1 antibody or
anti–TLR4-MD2 antibody, total WISP1 increased and copreci-
pitated with glycosylated TLR4 after 4 hours of HTV (Figure
6A and 6B). TLR4 gene–targeted (TLR42/2) mice were tested
to pursue this association further. We initially confirmed that
TLR42/2 mice were resistant to HTV-induced lung injury
(Figure 7A) (8, 33), and we further found that lung WISP1 protein

increased after HTV in TLR41/1 mice, but not in TLR42/2 mice, in
lung tissue homogenates (Figure 7B). In peritoneal macrophages
from strain-matched mice, rmWISP1 augmented LPS-induced
TNF release that was inhibited in peritoneal macrophages from
TLR42/2 or CD142/2 mice, and was attenuated in peritoneal
macrophages from MyD882/2 or TRIF2/2 mice (Figure 7C).

DISCUSSION

In this study, inbred mouse strains were found to vary roughly
2-fold in sensitivity to HTV, as manifested by increased EBA
permeability. We chose to contrast HTV to spontaneously
breathing mice, as we previously noted (9) that low tidal volume
ventilation (7 ml/kg, 140 breaths/min) resulted in similar EBA
permeability, as was determined in spontaneously breathing ani-
mals. The use of spontaneous breathing as a control also reduced
the time of phenotyping and the number of mice to be tested.
Using 23 mouse strains (n ¼ 216 mice), haplotype association
mapping yielded 18 genes with significant SNPs (2log (P) ¼
6.0–9.5) that associated with VILI (Table 1).

Of these 18 genes, four (Asap1, Adcy8, Wisp1, and Ndrg1)
were located in a single region (64.1–66.7 Mbp) on chromosome
15 (Figure 2B). Proteins derived from these genes are associ-
ated with cell–cell focal adhesion (34), GTP-mediated cell sig-
naling (35), WNT/b-catenin–mediated cell signaling (36), and
p53-mediated caspase activation (37), respectively. It is note-
worthy that none of these genes that emerged from our ap-
proach were previously noted as candidate genes for VILI.

Figure 3. Lung injury increased in sensitive A/J mice after

HTV ventilation as compared with resistant CBA/J mice. (A)

EBA permeability increased in sensitive A/J mice compared

with CON, whereas HTV did not increase EBA permeability
in resistant CBA/J mice after 4 hours of mechanical venti-

lation. Values are means (6SEM) (four to six mice/group).

(B) HTV increased bronchoalveolar lavage (BAL) protein

concentration in sensitive A/J mice, whereas it failed to
increase BAL protein concentration in resistant CBA/J mice

after exposing them to 4 hours of mechanical ventilation

compared with CON. Values are means (6SEM) (four to
six mice/group). (C) HTV increased BAL total cell number

counts in sensitive A/J mice compared with CON after

4 hours, whereas HTV did not increase BAL total cell num-

ber counts in resistant CBA/J mice. (D) HTV increased BAL
neutrophils in sensitive A/J mice compared with CON after

4 hours, whereas HTV did not increase BAL neutrophil

counts in resistant CBA/J mice. (E) HTV increased BAL mac-

rophages in sensitive A/J mice after 4 hours of HTV com-
pared with CON. Values are means (6SEM) (four to six

mice/group). Significant difference from control (**P ,
0.01, ***P , 0.001), as determined by two-way ANOVA
followed by Bonferroni’s multiple comparisons.
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To prioritize among these candidate genes, we evaluated
whether each gene had tissue-specific expression (e.g., mRNA/
protein expressed in mouse lung), was relevant to VILI (e.g., rea-
sonable, functional role critical to barrier function), or genetic
variation with possible functional significance in VILI (e.g., poly-
morphisms exist that produce gain- or loss-of-function). This ap-
proach is reminiscent of the decision plan in prioritizing data
from microarray analysis of interstitial pulmonary fibrosis in
which Wisp1 emerged as a leading candidate for Königshoff
and colleagues (32).

Assessment of SNPs in Wisp1 revealed potential functional
SNPs within the 59 UTR that would cause the loss of transcription
factor CP (TFCP) 2 (a.k.a., LBP-1 or LSF) that could account for
45% of the phenotypic differences between the polar strains. In
addition, three SNPs (rs35244636, rs116716037, and rs113859079)
present in the human WISP1 promoter could alter putative tran-
scription factor binding site, and rs35244636 also could result in
the loss of a predicted TFCP2 binding site. Previous studies indi-
cate that TFCP2 can be activated by secreted phosphoprotein 1
(38), activates fibronectin promoter upon epithelial–mesenchy-
mal transition (EMT) induction by snail homolog 1 (Snail1) (39),
and enhances angiogenesis by transcriptional activation of matrix

metalloproteinase 9 (40) that modulates matrix turnover and in-
flammation in VILI (41, 42). Accordingly, we pursued WISP1
protein in further detail in the current study on VILI in mice.

A CCN family (a family of secreted cysteine-rich growth reg-
ulators named as an abbreviation derived from designations of
the main members: CYR61, CTGF, and NOV) protein, WISP1
contains four conserved cysteine-rich domains: insulin-like growth
factor–binding domain, von Willebrand factor type C module,
thrombospondin domain, and C-terminal cysteine knot-like do-
main (43). WISP1 is a secreted matricellular protein that has been
associated with cell proliferation, differentiation, and extracellular
matrix deposition and turnover (36). As a target gene in WNT/
b-catenin signaling, Königshoff and colleagues (32) reported that
WISP1 mRNA increased in bleomycin-induced pulmonary fibro-
sis. In addition, neutralizing WISP1 antibody attenuated pulmo-
nary fibrosis (decreased lung collagen), improved lung function
(increased lung compliance), and increased survival in mice. In cell
culture, recombinant WISP1 protein increased proliferation and
EMT in mouse primary cultured type II cells and enhanced depo-
sition of extracellular matrix proteins in murine and human lung
fibroblasts. In addition, activation of WNT/b-catenin pathway in
bleomycin-induced fibrosis in mice was confirmed with Tcf-Optimal

Figure 4. Mechanical ventilation increased WISP1 protein

in sensitive A/J mice. (A) HTV ventilation increased WISP1
protein level in lung tissues determined by immunoblot in

sensitive A/J mice, whereas there was no change in WISP1

levels in resistant CBA/J mice exposed to 4 hours of HTV.

b-actin was the loading control. Data are representative of
three tests. (B) Immunohistochemistry of WISP1 protein in

CON mice from the sensitive A/J strain. The localization of

WISP1 protein was similarly detected in airway and alveo-

lar epithelium (arrow) and alveolar macrophages (arrow-
head) in both sensitive A/J and resistant CBA/J strains after

CON and HTV. Data shown are representative of two tests.

(C) Immunofluorescence staining for WISP1 protein (Alexa-

488 fluorescently labeled antibody, green color) in alveolar
macrophages increased more in sensitive A/J mice than in

resistant CBA/J mice after HTV. (D) The mean fluorescence

intensity for WISP1 immunostaining was determined by
quantifying fluorescent intensity of 10–20 cells in 4–5 fields

that were randomly selected with Nikon image software

NIS-Element AR 3.2. Values are means (6SEM). Significant

difference from control (***P , 0.001), as determined by
two-way ANOVA followed by Bonferroni’s multiple compar-

isons. (E) Immunoblot of WISP1 protein in BAL fluid was

elevated after 4 hours of HTV in the sensitive A/J strain

compared with the resistant CBA/J strain.

Figure 5. Anti-WISP1 monoclonal antibody (mAb) or recom-
binant mouse WISP1 protein (rmWISP1) reversed phenotype

to VILI in sensitive A/J mice or resistant CBA/J mice, respec-

tively. (A) A/J mice were intratracheally administered anti-
WISP1 mAb or serum IgG (0.5 mg/g in 50 ml PBS) using a

MicroSpray syringe before HTV mechanical ventilation. Lung

injury was evaluated by measuring EBA permeability after

4 hours of HTV or CON. Anti-WISP1 mAb decreased EBA
permeability after 4 hours of HTV-induced lung injury in sen-

sitive A/J mice, whereas serum IgG did not decrease lung

injury. Values are means (6SEM) (four to six mice/group).

Significant difference from control (*P , 0.05, ***P, 0.001),
as determined by one-way ANOVA followed by Tukey’s post

test. (B) CBA/J mice were intratracheally instilled with

rmWISP1 (0.5 mg/g in 50 ml PBS) or 50 ml PBS as a control using a MicroSpray syringe before HTV mechanical ventilation or CON. Values are

means (6SEM) (n ¼ four to six mice/group). Significant difference from control (*P , 0.05), as determined by two-way ANOVA followed by
Bonferroni’s multiple comparisons.
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Promoter b-Galactosidase (TOPGAL) reporter mice, and localiza-
tion to alveolar type II cells was confirmed by immunohistochem-
istry, including expression of important WNT/b-catenin target
molecules in addition to WISP1. These and other observations in
this comprehensive study clearly delineate the potential importance
of WISP1 in injury and repair of airway epithelium.

The importance of WNT/b-catenin signaling in VILI was put
forth by Slutsky and colleagues (27, 28), who have proposed
a role of this pathway and EMT in VILI and subsequent pul-
monary fibrosis (44). In addition, Heise and colleagues (31) re-
ported that WISP1 mRNA increased in mechanically stretched

mouse alveolar type II cells, and that stretch-induced decreases
in epithelial cadherin 1 and increases in vimentin and actin
transcript levels were prevented in cells treated with WISP1
antibody. Accordingly, activation of WNT/b-catenin signaling
and one of its target genes, Wisp1, in airway epithelium is an
early and important part of lung injury and repair, including the
response to mechanical stretch.

In our study, we found that WISP1 protein in the lung and the
BAL fluid increased in sensitive A/J mice, but not in resistant
CBA/J mice, after HTV (Figure 4). Interestingly, the identified
potential functional SNP in proximal promoter in the Wisp1
gene may account for the differential expression of WISP1 pro-
tein level in the sensitive A/J strain and resistant CBA/J strain.
Moreover, the strategy of using either WISP1 antibody in sen-
sitive A/J mice or recombinant WISP1 protein in resistant
CBA/J mice successfully reversed the strain-specific response
to VILI, thereby supporting a functional role of WISP1 protein
in VILI. Collectively, these findings suggest that, as a secreted
protein, WISP1 plays an important role in the pathogenesis of
VILI in mice.

TLRs play a pivotal role in the innate immune response in
sensing and responding to cellular injury in the lung (45).
TLR4 has been associated with VILI in animal models (8, 9,
33). Previously, we reported that the TLR4–MyD88 signaling
pathway is critical to VILI in mice in that lung TLR4 increased
and led to reduced “anti-inflammatory” IkBa, suggesting that
increased TLR4 accounts for the increased inflammatory re-
sponse (9). Furthermore, the demonstration that innate immu-
nity transduces mechanical stress responses via WNT/b-catenin
pathway in alveolar epithelial cells (31) prompted us to pursue
such interconnections between WISP1, TLR4, and VILI. We
confirmed that TLR4 gene–targeted mice (TLR42/2), com-
pared with strain-matched control (TLR41/1), lack an increase
in HTV-induced EBA permeability (Figure 7A). We also found
that TLR42/2 mice did not have increased WISP1 protein after
4 hours of HTV (Figure 7B).

Figure 6. WISP1 interacted with Toll-like receptor (TLR) 4 in VILI. A/J

mouse lung tissues obtained from 4-hour CON or HTV mechanical
ventilation were homogenized and total lysates were immunopre-

cipitated (IP) with anti-WISP1 antibody or anti–TLR4–MD2 antibody be-

fore immunoblot (IB) was performed. (A) Glycosylated form of TLR4

(120 kD) was detected with anti-TLR4 antibody (IB: TLR4) either in the
whole lung tissue lysates (Total Lysates) or after immunoprecipitation

with anti-WISP1 antibody (IP: WISP1). (B) WISP1 was detected with

anti-WISP1 antibody (IB: WISP1) either in the whole lung tissue lysates

(Total Lysates) or after immunoprecipitation with anti–TLR4–MD2 an-
tibody (IP: TLR4-MD2). Antibody species-matched serum (Rat IgG) was

used as a negative control for coprecipitation experiments. Results are

representative of tests performed on three occasions.

Figure 7. WISP1 contribution to VILI is depen-

dent on TLR4 signaling pathway. (A) HTV in-

creased EBA permeability in TLR41/1 mice

compared with CON, but did not increase
EBA permeability in TLR42/2 mice after 4 hours

of mechanical ventilation. Values are means

(6SEM) (n ¼ 3 mice/group). Significant differ-
ence from control (*P , 0.05), as determined

by two-way ANOVA followed by Bonferroni’s

multiple comparisons. (B) WISP1 protein ex-

pression was determined in strain-matched
control (TLR41/1) and TLR4 gene–targeted

(TLR42/2) mice after 4 hours of HTV ventilation.

HTV increased WISP1 protein expression in

TLR41/1 mice, but not in TLR42/2 mice com-
pared with CON. b-actin was the loading con-

trol. Data are representative of three tests. (C)

rmWISP1 enhanced LPS-induced TNF release in
peritoneal macrophages via CD14–TLR4 signal-

ing. Peritoneal macrophages were seeded in

96-well plates at a density of 6 3 104 cells/well

for 24 hours before treating with indicated
concentrations of rmWISP1, LPS, and LPS 1

rmWISP1 for 22 hours, and TNF release in the culture medium was measured by ELISA. rmWISP1, by itself, caused minimal TNF release. rmWISP1,

however, enhanced LPS-induced TNF release in peritoneal macrophages from C57BL/6J strain-matched control (WT-B6), but did not amplify LPS-

induced TNF release in macrophages obtained from TLR4 gene–targeted (TLR42/2) mice or CD14 gene–targeted (CD142/2) mice. In addition,
rmWISP1-enhanced LPS-induced TNF release was inhibited more in macrophages isolated from myeloid differentiation primary response gene 88

gene–targeted (MyD882/2) mice than in macrophages from TLR adaptor molecule 1 (TICAM1; a.k.a., TRIF) mutant (TRIF2/2) mice. Values are means

(6SEM) from three independent experiments in duplicate wells.
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In the current study, we also found that glycosylated TLR4 (120
kD) increased, and, more importantly, we demonstrated for the
first time that WISP1 coimmunoprecipitated with the TLR4–
MD2 complex in sensitive A/J mouse lung after HTV-induced
injury, indicating a physical interaction between WISP1 and
TLR4 (Figure 6). The glycosylation of TLR4 and MD2 is essential
in maintaining functional TLR4 signaling (46). In addition, WISP1
is capable of binding directly with other extracellular matrix pro-
teoglycans, including biglycan and decorin (47). Small leucine-rich
proteoglycans, biglycan and decorin, can act as powerful damage-
associated molecular pattern moleclues (DAMPs) after proteo-
lytic release from the extracellular matrix, and are expressed in
the lung during lung injury (48, 49).

To test the possible consequence to cell signaling of the
WISP1 and TLR4 interaction, we further examined the effect
of recombinant WISP1 protein on cytokine release in primary
cultures of mouse peritoneal macrophages. rmWISP1, by itself,
did not cause a measureable increase in TNF release in primary
macrophages, but it was capable of enhancing TNF release from
TLR41/1 primary macrophages in the presence of the proto-
typic TLR4 agonist, LPS. This enhanced effect of rmWISP1 on
LPS-induced TNF release was not likely due to endotoxin con-
tamination within rmWISP1, as levels of the latter (<37 pg/ml
LPS) were below that required (100 pg/ml) to activate cultured
peritoneal macrophages in our laboratory and those of others
(50). In addition, although LPS-stimulated TNF release by
macrophages was totally inhibited by polymyxin B treatment,
the amplified effect of rmWISP1 on TNF release in primary
macrophages, combined with other TLR agonists or another
DAMP, high-mobility group box-1 protein, was present even
after polymyxin B treatment (unpublished data).

The effect of rmWISP1 on LPS-induced TNF release was
inhibited in macrophages isolated from TLR42/2 or CD142/2

gene–targeted mice. This effect was decreased more in macro-
phages from the innate immune adaptor molecule MyD882/2

gene–targeted mice than in macrophages from another innate
immune adaptor molecule, TRIF2/2 mutant mice (Figure 7C),
suggesting that the enhanced effect of WISP1 with LPS is TLR4
and CD14 dependent, and is probably more likely mediated
through TLR4–MyD88 signaling than through TLR4–TRIF
signaling.

Although we did not detect an effect of rmWISP1 alone on
inflammatory cytokine release in primary macrophages in vitro,
this is probably due to lack of cofactors likely to be present
in situ in lung injury. WISP1 increased alveolar–capillary per-
meability in vivo (Figure 5B) and magnified the effect of TLR4
agonist in vitro (Figure 7C) with its physical interaction with
TLR4 (Figure 6), suggesting that WISP1, as a secreted protein,
may be released from epithelial cells and activated alveolar
macrophages within the extracellular matrix under HTV me-
chanical stress. This supports WISP1 as an adaptor protein that
binds and presents cofactors (perhaps DAMPs or LPS itself)
to CD14 to activate TLR4 signaling in macrophages and
modulate or amplify a robust inflammatory response in an auto-
crine and paracrine fashion, resulting in inflammation and pul-
monary edema (VILI).

In summary, the current study demonstrates that WISP1,
identified by a genome-wide approach, acts as an adjuvant adap-
tor molecule that contributes to VILI in mice, probably through
modulating and/or amplifying TLR4-mediated cellular func-
tions. The association of WISP1 with TLR4 is 2-fold, and inclu-
des both the increased WISP1 levels in HTV and activation of
TLR4 signaling, leading to further lung injury. Modulation of
both TLR4 and WNT/b-catenin signaling may provide novel
preventive (e.g., used as a biomarker) and therapeutic strategies
in VILI in the future.

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