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Mechanical Ventilation Augments Poly(l:C)-Induced Lung
Injury via a WISP1-Integrin f3-Dependent Pathway in Mice
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Mechanical ventilation can improve hypoxemia, but can also cause the so-called ventilator-induced lung injury (VILI). Polyinos-
inic:polycytidylic acid (poly(l:C)), an analogyue of natural double-strand RNA virus, can induce luny inflammation. The purpose
of this study was to determine whether moderate tidal volume mechanical ventilation (MTV) augments poly(l:C)-induced luny
injury, and if so, the mechanism responsible for it. Two pyg/g poly(:C) were instilled infratracheally in C57BL/6J wide type (WT)
mice. They were then randomized to MTV (10 ml/ky tidal volume) or spontaneous breathing. Luny tissues and bronchoalveolar
lavaye fluid (BALF) were collected 4 h later for various measurements. Our results showed that MTV did not cause significant injury
in normal lungs, but augmented poly(l:C)-induced lunyg injury. The expression level of WNT-induced secreted protein 1 (WISPT)
was consistent with lung injury, and the amplification of luny injury by MTV could be alleviated by anti-WISP1 antibody freatment.
MTV further increased poly(l:C)-induced inteyrin B3 expression in the luny. We performed coimmunoprecipitation, which showed
there was an interaction between WISP1 and 3. WISP1 significantly increased poly(l:C)-induced TNF-a production in macro-
phayes isolated from WT mice, but not in macrophayes isolated from B3 knockout mice. Cotreatment with WISP1 and poly(:C)
markedly increased the phosphorylation of extracellular signal-related kinase (ERK) in macrophayges. Pretreating macrophayges
with an ERK inhibitor, U0126, dose-dependently antagonized the syneryistic effect of WISP1 on poly(l:C)-induced TNF-a release. In
conclusion, MTV exagyerates poly(l:C)-induced luny injury in a WISP1- and integrin f3-dependent manner, involving, at least in
part, the activation of the ERK pathway. The WISP1-inteyrin B3 pathway could be a novel therapeutic target.
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INTRODUCTION

Mechanical ventilation can protect
injured lungs and improve hypoxemia,
but can also cause ventilator-induced
lung injury (VILI) because of different
overlapping interactions, including:
lung stress due to increased transpul-
monary pressure; overdistension caused
by high tidal volume; cyclic closing and
opening of peripheral airways during
tidal breath; and local and systemic
release of lung-borne inflammatory
mediators (1).

Double-stranded RNA (dsRNA) can
be produced by many viruses during
their replicative cycles (2). Polyinosinic-
polycytidylic acid (poly(I:C)), a synthetic
analog of dsRNA, initiates cascades of
phosphorylation and transcriptional
activation events associated with innate
immunity. Poly(I:C) can induce loss of ep-
ithelial integrity, as well as the production
of characteristic inflammatory cytokines
and chemokines. It is a critical component
in the modulation of infection-associated
inflammatory diseases (3).

*SJand ZC contributed equally to this work.

Address correspondence to Quan Li, Department of Anesthesiology, Shanghai East
Hospital, TongdJi University, 150 Jimo Road, Pudong New Area, Shanghai, China; Phone:
+86-13816262446; E-mail: quanligene@126.com.

Submitted November 4, 2015, Accepted for publication January 5, 2016, Published Online

(www.molmed.org) January 6, 2016.

AR

A AR

" Feinstein Institute
for Medical Research
Northwell Health~

54 | JIN ET AL. | MOL MED 22:54-63, 2016

Moderate tidal volume mechanical
ventilation (MTV) has been reported
to function as a cofactor in the initi-
ation of acute lung injury (ALI) by
amplifying the inflammatory response
induced by pathogens (4,5). A study
by Chun CD et al. (6) found that
mechanical ventilation at 10 ml/kg for
6 h in mice augmented poly(I:C)-induced
cytokine release, polymorphonuclear
(PMN) counts, 70-kD fluorescein
isothiocyanate dextran concentration,
and IgM level in bronchoalveolar lavage
fluid (BALF). The amplification of the
inflammatory response by MTV is
related to the production of endogenous
ligands, which are recognized by MyD88-
dependent transmembrane receptors.

Our previous study has demonstrated
that WNT-induced secreted protein 1
(WISP1), identified through a genome-
wide approach, acts as an adjuvant
adaptor molecule that contributes to
VILI in an autocrine and paracrine
fashion (7). WISP1 (Wntl-inducible



signaling pathway protein 1, also called
CCN4 or Elm1), is a cysteine-rich, ma-
tricellular protein, allocated to the CCN
protein family (8). Members of the CCN
family are crucial for embryonic devel-
opment and have important roles in
inflammation, wound healing and injury
repair in adulthood (9). Konigshoff et

al. (10) also demonstrated that WISP1

is a potential therapeutic target for pul-
monary fibrosis. Heise and colleagues
(11) reported that WISP1 was induced
by mechanical stretch in mouse alveolar
type II cells, and the increased WISP1
expression level could be reduced in cells
treated with a WISP1 antibody. These
studies indicate that WISP1 contributes
to the process of lung injury.

Integrins are transmembrane adhesion
receptors that provide essential links be-
tween the extracellular environment and
intracellular signaling pathways (12).
The members of the integrin family
play an important role in ALI through
regulating lung inflammatory cytokines
release and alveolar capillary permeabil-
ity (13). Results from Wang B et al. (14)
showed that inhibiting integrin avp3
reduced inflammation and attenuated
VILI in rats. However, whether WISP1
and integrin 3 are involved in the am-
plification of MTV in poly(I:C)-induced
lung injury remained unknown. We
therefore hypothesize that MTV exac-
erbates poly(I:C)-induced lung injury
via a WISP1-integrin f3-dependent
pathway. The purpose of this study was
to determine whether MTV augments
poly(I:C)-induced lung injury, and if
so, the role of the WISP1-integrin 3
signaling in this process.

MATERIALS AND METHODS

Experimental Animails

Male pathogen-free C57BL/6] wide
type (WT) mice were purchased from
the Laboratory Animal Research Cen-
ter of Shanghai. Integrin B3 knockout
mice were purchased from Jackson
Laboratory and bred at the core
facility at the University of Pittsburgh.
Phenotype was confirmed by PCR

before each experiment. A total of

160 male C57 BL/6] mice (8~12 wks)
were included in the experiment. WT
mice (120 were randomized to vari-

ous groups (n = 30 each group, half

of the mice were used to determine
alveolar-capillary permeability, half were
used for other parameters): spontaneous
breath (control); spontaneous breath
with poly(I:C) treatment (tlrl-pic, Invivo-
gen); moderate tidal volume mechanical
ventilated group (MTV); mechanical
ventilation with poly(I:C) pretreat-

ment group (poly(I:C) + MTV). In the
poly(I:C) + MTV group, another 20 mice
were randomized to the anti-WISP1
antibody group or IgG group. For in vitro
studies, fifteen C57 BL/6] mice and five
integrin B3 knockout mice were used

for isolation of peritoneal macrophages.
The mice were housed in a temperature-
controlled room on a 12 h light/dark
cycle and fed on a standard Purina
mouse chow diet. Animal experimenta-
tion was carried out in accordance with
the Guide for the Care and Use of Laboratory
Animals, (15). The Institutional Animal
Care and Use Committee (IACUC) of
Tongji University (TTMED-013-062) has
approved all procedures.

Experimental Protocol

All mice were anesthetized by ketamine
(45 mg/kg) and xylazine (10 mg/kg)
intraperitoneally (i.p.). For intubation,
mice were placed on a procedure bench
equipped with a closed-loop system to
control body temperature. The trachea
was intubated with a 3-cm length of tube.
Poly(I:C) was dissolved into 10 mg/mL
with saline, then 2 nug/g per body weight
of poly(L:C) were instilled through the
catheter, mice were then randomized to
MTV (10 mL/kg tidal volume, positive
end-expiratory pressure of 0 cm H,O, and
FiO, 0.21, 140 breaths/min), for 4 h with
a volume-cycled mouse ventilator (Model
Inspira, Harvard Apparatus) or sponta-
neous breath.

All animals were studied over 4 h
of mechanical ventilation. The right
lung was ligated and was collected for
hematoxylin and eosin (H&E) stain,
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immunohistochemistry (IHC), RNA
extraction, protein extraction and lung
wet:dry weight ratios. The left lung was
lavaged to determine cytokine levels,
total protein levels and cell counts.

A total of 5 ml isotonic sterile saline
was used to wash the left lung for every
mouse. Bronchoalveolar lavage fluid
(BALF) was centrifuged immediately
(4°C, 2000g for 15 min) for harvesting
of the cells and the supernatant. Total
protein levels in the supernatant were
measured using bicinchoninic acid
(BCA) and cytokine levels were assayed
by enzyme-linked immunosorbent assay
(ELISA). The deposits were collected for
PMN counts by Wright-Giemsa-stained
slides.

WISP1 Antibody Treatment

For the WISP1-blockade study, 20 mice
were randomized to WISP1 antibody
group or IgG group, and received
5 mg/kg body weight of anti-WISP1
neutralizing antibody (MAB1680, R&D
Systems) or nonspecific isotype-specific
antibody IgG (MAB002, R&D Systems)
i.p., respectively. One hour later, animals
were subjected to poly(I:C) + MTV as
described previously. We use a pilot
experiment to determine the dose of
antibody.

Measurement of Alveolar-Capillary
Permeability

The lung barrier function of the mice
was assayed with Evans blue albumin
(EBA). Phosphate-buffered saline (PBS;
Sigma-Aldrich) without Ca*/Mg”" was
used to dissolve Evans blue (0.5% EB,
Sigma-Aldrich) and bovine serum albu-
min (Sigma-Aldrich). One hour before
the mice were euthanized, EBA (2% in
saline, 2 mL/kg) was intravenously admin-
istered. Blood was removed by cardiac
puncture, plasma was immediately
separated by centrifugation (30 min at
5000g). Lungs were perfused with 1 mL
PBS (5 mmol EDTA), then removed and
snap frozen in liquid nitrogen. Samples
were then homogenized in 2 mL PBS,
then incubated in 2 mL formamide
at 60°C for 18 h. Optical density was
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determined at 620 and 750 nm. A stan-
dard curve normalized to plasma EB
level was used to calculated the extrava-
sated EB concentration. (16,17)

Lung Wet:Dry Weight Ratio

Lung edema was estimated by com-
paring wet:dry weight ratios. The wet
weight of the middle lobe of the right
lung was determined immediately after
removal. The lobe was then placed in an
oven at 65°C for 48 h, after which the dry
weight was obtained.

Cytokines Assay in BALF

Concentrations of TNF-a and IL-6 in
BALF were determined by mouse TNF-a
and IL-6 ELISA kits (R&D Systems),
respectively, according to the manufac-
turer’s protocol. In brief, assay diluent
RD-14 was added to the center of each
well. Sample, control and standards
were inserted into the wells via pipette
then mixed gently and incubated at
room temperature for 2 h. Each well was
washed five times with wash buffer,
then TNF-a and IL-6 conjugate were
added and the wells were incubated
for 2 h at room temperature. The aspi-
ration/wash steps were repeated, then
a substrate solution was added to the
wells, after which they were incubated
for 30 min at room temperature and
protected from light. Next, a stop solu-
tion was inserted into each well and a
microplate reader set to 450 nm using a
correction to determine the optical
density of each well.

Histological Examination

The right superior lobe lung of each
animal was examined histologically.
A light microscope was used for acqui-
sition of images. To grade the degree
of lung injury, a score system based on
the following pathologic features was
used: edema, neutrophil margination
and tissue infiltration; hyperemia and
congestion; intraalveolar hemorrhage
and debris; and cellular hyperplasia.
Each feature was graded as absent,
mild, moderate, or severe, with a score
of 0~3 (18).

Western Blot Analysis

The right inferior lobe of the lung
was removed rapidly. NP-40 buffer con-
taining protease inhibitors (Roche) and
phenylmethylsulfonyl fluoride (PMSF)
were added to lyses tissues. Samples
from each group were evenly divided
between gels and transferred to nitro-
cellulose membrane. Membranes were
blocked with 5% skim milk, incubated
with mouse primary antibody against
WISP1 (ab178547, Abcam), Integrin
B3 (ab75872, Abcam), phosphoryla-
tion extracellular signal-related kinase
(pERK) (ab 115617, Abcam) and B-actin
(ab8226, Abcam) subsequently with a
secondary antibody (Licor Biosciences).

Reverse Transcription and Polymerase
Chain Reaction (PCR)

The lung was removed rapidly and
placed in TRIzol (Invitrogen) total RNA
isolation reagent according to the man-
ufacturer’s instructions (Sigma-Aldrich).
Total RNA was reverse-transcribed in
a 20 pL reaction using the OmniScript
RT kit (TaKaRa Bio Inc.). The Premix
Taq Version 2.0 (TaKaRa Bio Inc.) was
used to amplify the reverse transcription
product. PCR products were confirmed
on 2% agarose gel and visualized by
SYBR green staining, Image Lab software
(Bio-Rad) was used to quantitate the
expression of mRNA. Following is the list
of primers used: wisp1, 137 bp forward 5'-
CAGCA CCACT AGAGG AAAGG A-3,
reverse 5'-CTGGG CACAT ATCTT
ACAGC ATT-3'. Integrin 33, 107 bp,
forward 5'-CCACA CGAGG CGTGA
ACTC-3', reverse 5'-CTTCA GGTTA
CATCG GGGTG A-3'. B-actin, 154 bp,
forward 5'-GGCTG TATTC CCCTC
CATCG-3, reverse 5'-CCAGT TGGTA
ACAAT GCCAT GT-3'.

Coimmunoprecipitation (Co-IP)

To explore the interaction between
WISP1 and integrin B3, Co-IP was per-
formed. 500 pl of lysis buffer was added
to lung homogenates and the samples
were placed on ice for 30 min. Lysates
were spun at 5000g at 4°C for 10 min.
The supernatants were collected as
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input controls, or incubated with protein
A/G beads overnight in the presence

of anti-WISP1 (sc-8866, Santa Cruz), or
anti-B3 (sc-6627, Santa Cruz) antibodies,
respectively. After incubation, samples
were washed with 500 pl of lysis buffer
five times at 4°C. Supernatants were
collected and 6 x sodium dodecyl sul-
fate (SDS) loading buffer was added
into each sample. Before separating
protein by gel electrophoresis using a
10% SDS-PAGE gels, the samples were
boiled at 100°C for 5 min. The samples
were then transferred to nitrocellulose
membranes and blocked with 5% nonfat
milk in tris buffered saline containing
Tween-20 (TBST) at room temperature
for 1 h. After blocking, membranes were
incubated with either a rabbit monoclo-
nal primary antibody against integrin
B3 (ab75872, Abcam) or rabbit poly-
clonal primary antibody against WISP1
(ab178547, Abcam) overnight at 4°C. The
membranes were washed three times
with TBST and incubated with second-
ary antibody for 1 h at room tempera-
ture. The signals on the membrane were
determined using an Odyssey image
analysis system (Licor Biosciences) after
extensive washing.

Peritoneal Macrophage Isolation
Macrophages were isolated from
C57 BL/6] and integrin B3 knockout
mice as described by Takeda et al. (19).
Briefly, three days before euthaniza-
tion, mice were injected i.p. with 2 mL
4% thioglycollate medium. Peritoneal
macrophages were isolated by injection
of 10 mL of RPMI 1640 medium (Sigma-
Aldrich) into the peritoneal cavity and
plated at a density of 5 x 10° cells/mL
in RPMI 1640 medium containing 10%
FBS, 50 U/mL penicillin G sodium and
streptomyecin sulfate. Overnight, the non-
adherent cells were washed away with
PBS and incubated in fresh medium. On
the next day, the adherent macrophages
were incubated in serum-free medium
RPMI1640 at 37°C for 2 h and then
treated with poly(I:C) in the presence or
absence of recombinant WISP1 (1680-
WS-050, R&D Systems).



Statistical Analysis

Statistical analyses were carried out
using the GraphPad Prism 5 program.
Data were presented as the means + SEM
and analyzed by either a one-way
analysis of variance (ANOVA) and
Student-Newman-Keuls test or indepen-
dent samples group ¢ test. P < 0.05 was
considered statistically significant.

All supplementary materials are available
online at www.molmed.org.

RESULTS

MTV Exaggerated Poly(l:C)-Induced
Lung Injury

To determine if mechanical ventilation
would augment responses in the lung
induced by exposure to dsRNA, mice
received intratracheal poly(l:C) (2 ug/g)
followed by MTV (10 ml/kg) for 4 h.
The lung wet:dry weight ratio was used
to assess lung edema. There were no
statistically significant differences in lung
EBA permeability (Figure 1A) or wet:dry
weights ratios (Figure 1B) between the
control group and the MTV alone group.
Similarly, MTV alone had no signifi-
cant effects on the total protein level
(Figure 1C), TNF-a level (Figure 1D),
IL-6 level (Figure 1E) and PMNs number
(Figure 1F) in BALF. Although adminis-
tration of poly(I:C) into the trachea alone
significantly increased the lung wet:dry
weight ratio, the total protein level,
TNF-a level and IL-6 level in BALF, the
addition of MTV further significantly
increased these parameters. EBA perme-
ability and PMN numbers in BALF in the
poly(L:C) + MTV group increased signifi-
cantly compared with those in poly(I:C)
group (Figure 1).

H&E staining of lung tissues revealed
normal lung histology in control and
MTV alone groups. Moderate inflamma-
tory changes were observed in lung tis-
sues from poly(I:C)-treated mice. In the
poly(I:C) + MTV group, the lung injury
score was markedly increased (Figure 2).

Taken together, these results indicated
that mechanical ventilation with a tidal
volume of 10 ml/kg for 4 h alone had
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Figure 1. Alterations in (A) EBA permeability, (B) wet:dry ratio of lunygs, and (C) levels

of total protein, (D) TNF-a and (E) IL-6, as well as (F) PMNs numbers in BALF at 4 h affer
poly(l:C) and MTV freatment. Data are presented as means + SEM (n = 15) and com-
pared by one-way ANOVA and Student-Newman-Keuls test. For comparing the poly(:C)
group with the untreated control group *P < 0.05, #¥P < 0.01, **P < 0.001. For comparing
the poly(I:C) + MTV group with the poly(l:C) group **P < 0.01, ***P < 0.001.

no significant effects on normal lung,
but amplified preexisting lung injury
induced by intratracheal poly(I:C).

WISP1 Expression in the Lung

WISP1 is known to be induced by
mechanical ventilation and contributes to
the inflammatory response during VILI
induced by high tidal volume. (7) As
shown in Figures 3A-3B, MTV alone
did not alter WISP1 expression in the
lung. In the poly(I:C) alone group, wispl
mRNA level in the lung was increased

significantly; however, WISP1 protein
levels were slightly elevated but not to a
significant level compared to control mice.
In contrast, the combination of intratra-
cheal poly(I:C) followed by MTV resulted
in a marked increase in lung WISP1
expression at mMRNA and protein levels.

Anti-WISP1 Antibody Aftenuates
Poly(1:C) + MTV-Induced Lung Injury
To determine the role of WISP1 in
poly(I:C) + MTV-induced lung injury,
an anti-WISP1 antibody or control IgG
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Figure 2. Morpholoyic alterations of the lungs as determined by photomicro-
graphy. Control: photomicroyraph of a pulmonary section from a control mouse.
MTV: photomicroyraph of a lunyg section fromm a normal mouse treated with MTV.
Poly(I:C): photomicrograph of a luny section from a poly(l:C) challenged mouse.
Poly(I:C) + MTV: photomicrograph of a luny section from a poly(l:C)-challengyed
mouse treated with MTV. Original magnification: 400x. A total histopatholoygic score
of luny injury was calculated for each animal. Data are presented as means + SEM
(n =5) and compared by one-way ANOVA and Student-Newman-Keuls test. For
comparinyg the poly(l:C) yroup with the untreated control yroup **P < 0.001. For
comparing the poly(l:C) + MTV group with the poly(I:C) group ***P < 0.01.

A B

wisp1/B actin
WISP1/B actin

Figure 3. Alterations in pulmonary levels of wisp1 mMRNA expressed as (A) the ratio to the
housekeeping gene p-actin and protein and (B) the rafio to the housekeeping protein
B-actin at 4 h after poly(I:C) and MTV treatment. Data are presented as means + SEM

(n = 15) and compared by one-way ANOVA and Student-Newman-Keuls test. For com-
paring the poly(:C) group with the untreated control group **P < 0.01. For compariny the
poly(:C) + MTV group with the poly(:C) group *P < 0.05, **P < 0.01.

was injected i.p. 1 h before mechanical
ventilation. As shown in Figures 4A—4F,
administration of the WISP1 antibody pre-
vented the increase in EBA permeability,

the lung wet:dry weight ratio, as well as
the increase in total protein and TNF-a,
IL-6 levels and PMN counts in BALF
induced by poly(I:C) + MTV.
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Taken together, these finding suggest
that the rapid increase in WISP1 induced
by poly(I:C) + MTV contributed to the
lung injury and inflammation in this
model.

Integrin B3 Expression in the Lung Is
Increased by the Combination of
poly(l:C) + MTV

Similar to WISP1 expression, MTV
alone had no effects on integrin 3
expression in the lung (Figure 5).
Although poly(I:C) alone upregu-
lated integrin 3 mRNA expression in
the lung, it did not significantly alter
integrin B3 protein levels. Intratracheal
poly(I:C) followed by MTV further
upregulated integrin f3 mRNA and
protein levels in the lung.

Interaction Between WISP1 and
Integrin 3 in Poly(I:C) + MTV Mice

Co-IP was performed to determine if
WISP1 interacts directly with integrin
B3 following poly(I:C) + MTV treat-
ment. Lung tissue lysates isolated at
the end of MTV were immunoprecip-
itated with anti-WISP1 (Figure 6A) or
anti-pB3 (Figure 6B) antibodies and then
analyzed for B3 or WISP1 by Western
blot. Figure 6 shows that WISP1 inter-
acts with integrin B3 at baseline and
the interaction was enhanced in the
poly(I:C) + MTV group.

The Synergetic Effect of WISP1 and
Poly(1:C) on Macrophages

Peritoneal macrophages isolated
from C57 BL/6] mice were treated with
poly(I:C) in the presence or absence
of recombinant WISP1 (1680-WS-050,
R&D Systems) in serum-free medium
for up to 24 h. TNF-a levels in the
medium were measured by ELISA. We
found that rWISP1 alone had no effects
on TNF-a release, but significant
enhanced poly(I:C)-induced TNF-a
secretion. As shown in Figure 7A,
the strongest synergistic effect was
observed at 5 ng/mL poly(I:C), with
no further increase in TNF-a levels
at 10 pg/mL rWISP1. A time course
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Figure 4. Effects of anti-WISP1 tfreatment on (A) EBA permeability, (B) wet:dry ratio of
lunys, and (C) levels of total protein, (D) TNF-a and (E) IL-6, as well as (F) PMNs numbers
in BALF af 4 h after poly(l:C) and MTV treatment. Animals received the anti-WISP1 block-
ing antibody or control IyG i.p. 1 h before mechanical ventilation. Data are presented
as mean = SEM (n = 10) and compared by paired t test. For comparing the anti-WISP1

group with the IgG ygroup *P < 0.05, **P < 0.01.

study showed that WISP1-enhanced
TNF-o production became significant
by 16 h after macrophage exposure to
rWISP1 + poly(I:C) (Figure 7B). These
results confirmed that WISP1 can reg-
ulate poly(I:C)-induced inflammatory
cytokine release in macrophages.

WIPS1 Enhances Poly(l:C)-Induced

TNF-o Release Dependent on Integrin B3
To determine whether integ-

rin B3 plays a role in WISP1 and

poly(I:C)-induced TNF-a excretion in

macrophages, we isolated peritoneal

macrophage from C57BL/6] WT mice as
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well as B3 knockout mice. The cells were
treated with poly(I:C) in the presence

or absence of WISP1 for 16 h. WISP1
alone had no effects on TNF-a pro-
duction in macrophages. As shown in
Figure 8, WISP1 significantly increased
poly(I:C)-induced TNF-a production

in macrophages isolated from WT mice
but not in macrophages isolated from

B3 knockout mice, indicating that the
synergistic effect of WISP1 and poly(I:C)
on TNF-a production is dependent on
integrin 3.

ERK Activation Is Linked to the
Synergetic Effect of WISP1 and
Poly(l:C) on TNF-o Secretion
WISP1-induced signaling through
integrins has been shown to involve
the ERK (20). We therefore hypoth-
esized that the ERK pathway may
mediate the synergistic effect of
WISP1 on poly(I:C)-induced TNF-a
release. To test this idea, the effects
of poly(I:C) and /or WISP1 on phos-
phorylation of ERK was examined
in peritoneal macrophages isolated
from C57 BL/6] WT mice. As shown
in Figure 9A, cotreatment with WISP1
and poly(I:C) markedly increased the
phosphorylation of ERK at 60 min.
To establish the role of ERK in WISP1
plus poly(I:C)-induced TNF-a release,
we pretreated macrophages with a
specific ERK inhibitor, U0126, and
measured TNF-a release in response
to WISP1 and poly(I:C) treatment. As
shown in Figure 9B, the ERK inhibitor
dose-dependently suppressed WISP1 +
poly(I:C)-induced TNF-a release. Thus,
it appears that WISP1 and poly(I:C) act
through the ERK-dependent signaling
pathway to induce TNF-a secretion in
macrophages.

DISCUSSION

WISP1 is downstream of Wnt/B-catenin
signaling. Its expression is regulated by
multiple signaling pathways which are
activated by biochemical cues such as
mechanical stretch. It remains unknown
exactly how WISP1 modulates cellular
function and through which receptors.
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Integrin B 3/B actin

Integrin 8 3/ actin

Figure 5. Alterations in pulmonary levels of infegrin 3 mMRNA expressed as (A) the ratfio

to the housekeepiny yene B-actin and protein and (B) the ratio to the housekeepiny
protein B-actin at 4 h after poly(:C) and MTV treatment. Data are presented as

means + SEM (n = 15) and compared by one-way ANOVA and Student-Newman-Keuls
test. For comparing the poly(l:C) group and MTV yroup with the untreated control yroup:
P < 0.001. And for comparing the poly(l:C) + MTV group with the poly(l:C) and MTV

groups: ***P < 0.001.

Several studies have confirmed the func-
tional interaction of WISP1 with integrins
(21,22). Integrin 3 is expressed on endo-
thelial cells, smooth muscle cells, fibro-
blasts, leukocytes and platelets. It binds to
multiple ligands in the extracellular matrix
such as WISP1, through interaction with
the Arg-Gly-Asp motif (23). In this study,
we show that integrin B3 is required for
the amplification of inflammation and

Control
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Total lysates s  SmS—— 110LD
IB: B3 IB:p3 |
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B Control  Poly LC+MTV IP: B3 p3 Ab
Total lysates v - :
, 40 kD
B:wispl |

lung injury mediated through WISP1
when MTV is combined with intratracheal
poly(L:C) treatment in mice.

The main findings of this study are:
1) MTV augmented poly(I:C)-induced
ALI in mice; 2) this augmented response
is associated with the broad modulation
of WISP1 and B3 in the lung, partly
through the ERK pathway; 3) WISP1
and poly(I:C)-induced inflammatory

cytokine release in cultured macro-
phages depends on integrin 3.

Extracellular dsRNA, a potent stim-
ulator of the innate immune response,
induces inflammatory cytokine and
chemokine production in many cell types.
Our present study showed that MTV
augmented poly(I:C)-induced lung injury
by synergistically upregulating WISP1 and
integrin B3 expression in mice. The result
that an anti-WISP1 antibody attenuated
lung injury further confirms that WISP1
is involved in the interaction between
MTV and poly(I:C). Co-IP results showed
that B3 and WISP1 interact in the lungs
of mice exposed to both MTV and intra-
tracheal poly(I:C). The synergistic effect
of rWISP1 and poly(I:C) on TNF-a. secre-
tion is observed in macrophages isolated
from WT mice, but not from integrin B3
knockout mice. These results confirm our
hypothesis that mechanical ventilation
with a tidal volume of 10 mL/kg enhances
the expression of WISP1 induced by
poly(I:C), as well as the receptor integ-
rin B3, resulting in amplification of the
inflammatory response from concurrently
administered poly(I:C).

Toll-like receptors (TLRs) play an
important role in pathogen recogni-
tion and innate immunity. Several
TLRs including TLR2, TLR3, TLR6 and
TLR10 have been reported to recog-
nize poly(I:C) (24). Our previous study

Poly I.C+MTV

Goat IgG  WISP1Ab

Goat IgG

Poly .C+MTV

Goat IgG B3 Ab

v

Goat IgG

Figure 6. Effects of poly(l:C) + MTV on WISP1/inteyrin B3 interaction. Luny tissues were harvested from C57BL/6J mice in the control and
poly(:C) + MTV groups. Total lysates were immunoprecipitated with an anti-WISP1 antibody or an anti-p3 antibody before immunoblot
was performed. (A) Glycosylated form of integrin 3 (110 kD) was detected with an anti-integrin 3 antibody (IB: integrin p3) either in the
whole lung tissue lysates (Total Lysates) or after immunoprecipitation with an anti-WISP1 antibody (IP: WISP1). (B) WISP1 was detected
with an anti-WISP1 antibody (IB: WISP1) either in the whole luny fissue lysates (Total Lysates) or after immunoprecipitation with an anti-
integrin B3 antibody (IP: inteyrin B3). Antibody species matched serum (Goat IyG) was used as a neygative control for coprecipitation
experiments. WISP1 and inteyrin B3 interact was enhanced in the poly(1:C) + MTV group as compared with the control group.
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Figure 7. Effects of WISP1 on poly(l:C)-induced TNF-a. production in macrophages. (A) Peritoneal macrophage isolated from
C57BL/6J mice were treated with WISP1 (10 ng/mL) in the presence or absence of various concentrations (0-10 py/mL) of poly(:C)
in serum-free medium for 16 h. TNF-a levels in the supernatant were measured by ELISA. (B) Perifoneal macrophagye isolated from
C57BL/6J mice were treated with WISP1(10 ug/mL) in the presence or absence of poly(I:C) (6 ng/mL) in serum-free medium for up
to 24 h. TNF-a levels in the supernatant were measured by ELISA at 0 h, 4 h, 8 h, 12 h, 16 h, 20 h and 24 h after stimulation. Data are
presented as mean + SEM (n = 5) and compared by two-way ANOVA. For comparing the poly(l:C) + WISP1 group with the poly(l:C)

alone yroup *P < 0.05, ***P < 0.001.
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Figure 8. Effects of infeyrin B3 knockout on WISP1 plus poly(l:C)-induced TNF-a production

in macrophayes. Peritoneal macrophayes

isolated from C57BL/6J and inteyrin B3 knock-

out mice were freated with WISP1 (10 ng/mL) and poly(l:C) (6 ng/mL) for 16 h in serum
free medium. TNF-a levels in the supernatant were measured by ELISA. Data are pre-
senfed as mean + SEM (n = §) and compared by two-way ANOVA. ***P < 0.001 C57BL/6J
versus integrin B3 knockout after WISP1 plus poly(l:C) freatment.

found that WISP1 acts as an endoge-
nous signal through a TLR4-MyD88
pathway to increase alveolar capillary
permeability in VILI (7). Studies from
others show that cooperative signaling
through both TLR4 and TLR3 medi-
ated by MyD88 is involved in lung
inflammation induced by mechanical
ventilation (6). Consistent with the idea

that TLR3 can induce inflammation
not only through Trif but also MyD88,
Alexopoulou et al. demonstrated that
activation of TLR3 by poly(I:C) in-
duces cytokine production through
a signaling pathway dependent on
MyD88 (2). To determine whether
TLRS and signaling downstream
were involved in poly(I:C)-induced

lung injury, we measured TLR3,

TRIF and MyD88 mRNA levels in
poly(I:C)-administrated mice. The results
showed that 6 h after endotracheal injec-
tion of poly(I:C), TLR3 and TRIF mRNA
levels increased significantly, but MyD88
levels remained the same as the control
(Supplementary Figure S1). This suggests
that TLR3-Trif may be activated in our
model, but selective deletion of TLR3-
Trif would be required to confirm the
involvement of this pathway.

Activation of the p38 MAPK pathway
plays an important role in virus-induced
acute lung injury. It upregulates the
inflammatory responses and exaggerates
lung injury (25). Stowell et al. showed
that MAPK/ERK kinase kinase 1 were
significantly upregulated in cells stim-
ulated with dsRNA (26). Alexopoulou
et al. also demonstrated that dsSRNA
can activate the MAPK pathway (2).
Other research has shown that lung
inflammation can negatively regulate
the MAPK signaling (27-29). Since the
MAPK signaling pathway is essential
for lung injury and pathogen inva-
sion, we measured the protein level
of pERK in macrophages exposed to
recombinant WISP1 and poly(L:C). As
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Figure 9. Effects of WISP1 and poly(l:C) on ERK phosphorylation in macrophayes

(A) Peritoneal macrophayes isolated from C57BL/6J mice were treated with WISP1

(10 pg/mL) or poly(l:C) in serum free medium for 15, 30 and 60 min. ERK phosphoryla-
tion was detected by Western blot. Effects of an ERK inhibitor, U0126, on WISP1 and
poly(l:C)-induced TNF-a release in macrophayges. (B) Peritoneal macrophaye isolated
from C57BL/6J mice were freated with WISP1 (10 pg/mL) and poly(l:C) (6 ng/mL) in the
presence or absence of various concentrations (0-1.0 umol/L) of U0126 in serum free
medium for 16 h. TNF-a levels in the supernatant were measured by ELISA. Data are
presented as means + SEM (n = 5) and compared by two-way ANOVA. For comparing
the poly(:C) + WISP1 group pretreated with U0126 0.5 umol/L with poly(l:C) + WISP1

untreated with U0126 group ***P < 0.001.

expected, when combined with WISP1,
poly(I:C) increased the expression

of pERK as compared with poly(I:C)
alone. Furthermore, inhibition of ERK
signaling inhibited TNF release by
macrophages in response to WISP1
and poly(I:C). This result suggests that
the synergistic effect of WISP1 and
poly(I:C) on TNF-a production may be
MAPK-dependent.

CONCLUSION

In summary, our study confirms that
moderated volume mechanical ventilation
enhances lung injury and inflammation in

the setting of TLR3 activation. We extend
work in this area to show that MTV does
this through the up-regulation of the
matricellular protein, WISP1. WISP1, in
turn, signals through integrin g3, which
itself is up-regulated in the model of
MTV+poly(I:C). These observations
suggest that the WISP1-integrin B3 axis
should be further explored as both a bio-
marker and a therapeutic target in acute
lung injury in ventilated patients.
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